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1. Introduction

Additive manufacturing, commonly known as three-dimensional printing (3D print-
ing), is becoming an increasingly popular method for making components that are difficult
to fabricate using traditional manufacturing processes. It enables a one-step fabrication
of complex parts directly from a 3D design. 3D printed parts are now regularly used
in medical, aerospace, automotive, energy, marine, and consumer product industries [1].
Examples of printed parts include patient-specific, customized medical implants; aero-
engine components; parts with complex, intricate features and internal channels; lattice
structures; and materials with site-specific chemical compositions, microstructures, and
properties [2]. These parts are printed using metallic alloys, polymers, ceramics, and
composites. However, the printing of metals and metallic alloys is the fastest developing
field because of its applications, demand, and ability to print unique, functional parts.
Depending on the material, geometry, and complexity of the part, several 3D printing
processes can be employed [2]. For example, for printing metallic parts, powder bed fusion
and directed energy deposition processes are commonly used. Thin layers of the powder of
wire feedstocks are melted using a high-energy laser, electron beam, or electric arc, which
form the part after solidification. Similarly, several processes are used in the industry to
print parts with polymers, ceramic, and composites.

Several scientific and technological aspects of 3D printing processes are poorly under-
stood [1]. For example, metal printing involves rapid melting, heat transfer, the convective
flow of liquid metal, solidification, and cooling, all of which affect the part’s geometry,
microstructure, and properties [2]. Depending on the printing process, materials, and pro-
cessing conditions, the cooling rates, temperature gradient, and solidification growth rates
may vary significantly, which can produce a wide variety of grain structures, morpholo-
gies, and textures. Printed parts often suffer from defects such as porosity and cracking
that degrade the mechanical properties, quality, and serviceability of the components. In
addition, process planning and control to increase productivity without affecting the part
quality is a challenging task. All of the scientific and technological issues of 3D printing, as
discussed, affect the cost and market penetration of printed parts.

Research and development projects are being performed worldwide to provide a
better understanding of the science and technology of 3D printing to make high-quality
parts in a cost-effective and time-efficient manner. This Special Issue includes contemporary,
unique, and impactful research on 3D printing from leading organizations worldwide.

2. Contributions to This Special Issue

This Special Issue contains eleven articles, including three reviews [3–5], one per-
spective article [6], and seven research articles [7–13] from leading institutes in the United
States, China, Australia, Germany, Sweden, the Netherlands, Slovakia, the Czech Republic,
Egypt, and United Arab Emirates. These articles cover the 3D printing of diverse materials
such as metallic materials [5,7–13], composites [4,6], and soft materials [3].

The articles in this Special Issue cover a wide variety of experimental [8–11,13], the-
oretical [12], and data-science [7]-based research on the science and technology of 3D
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printing. For example, experimental investigations were performed to identify the most
important factors that affect the microstructure and properties of Ti-6Al-4V parts printed
using powder bed fusion [9,11]. In particular, the effects of powder morphology, preheating
temperature, and post-process heat treatment on the size of α-grains, the hardness, and
the tensile properties were studied. In addition, formation mechanisms of defects such as
pores and cracks, and their harmful effects on the mechanical properties of printed parts
were investigated [8,10,12,13]. A high-speed synchrotron X-ray imaging technique [10] was
used to reveal the mechanisms of the evolution of pores during powder bed fusion. A new
computer-aided quality (CAQ) technology [13] was proposed and used to determine the
amount of porosities in the parts printed using powder bed fusion. The mechanical proper-
ties of stainless steel and titanium alloy parts were shown to be affected by the presence of
pores [8]. A theoretical model was proposed and used to identify the conditions of crack
growth and to discuss the detrimental effects of cracking on the mechanical properties of
printed parts [12].

The three reviews and the perspective article indicate the progress made, the existing
challenges, and the research needs in the contemporary fields of study. Recent trends and
innovations in the printing of soft materials for wearable devices, soft robotics, and tissue
engineering were reviewed by Regis et al. [3]. Pervaiz et al. [4] reviewed the 3D printing of
fiber-reinforced plastic composites using fused deposition modeling. In fiber-reinforced
plastic composites, fibers are mixed in a polymeric matrix. These composite materials
are printed to make parts for the defense, automotive, aerospace, and sports equipment
industries. The review also emphasized several challenges in the printing of these com-
posites that need to be solved to increase market penetration. The printing of metallic
materials allows for the fabrication of parts with unique chemical compositions using
elemental powder blends. Chen et al. [5] critically reviewed the progress made in this area
and emphasized several critical technical challenges that require further research. Finally,
a perspective on the printing of tools for carbon fiber-reinforced composite applications
using the binder jet process was provided [6].

3. Summary and Outlook

The eleven articles published in this Special Issue focus on the recent advancements
in the 3D printing of metallic materials, composites, and soft materials. The achievements
reported in this Special Issue are unique, high-quality, and impactful. Due to the wide
variety of published work, including experimental, theoretical, and data science-based
research, this Special Issue would be of significant and immediate interest to a diverse
materials community.

Apart from the exciting advancements, the articles of this Special Issue also identified
several scientific, technological, and economic challenges that need immediate attention.
The articles pointed towards future research and development that are necessary to print
high-quality parts in a cost-effective manner. Clearly, the work in these important areas
of 3D printing is just beginning and several decades of research are needed to make 3D
printing commercially viable for small and medium-sized companies worldwide.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: The laser powder directed energy deposition process is a metal additive manufacturing
technique, which can fabricate metal parts with high geometric and material flexibility. The unique
feature of in-situ powder feeding makes it possible to customize the elemental composition using
elemental powder mixture during the fabrication process. Thus, it can be potentially applied to
synthesize industrial alloys with low cost, modify alloys with different powder mixtures, and
design novel alloys with location-dependent properties using elemental powder blends as feedstocks.
This paper provides an overview of using a laser powder directed energy deposition method to
fabricate various types of alloys by feeding elemental powder blends. At first, the advantage of
laser powder directed energy deposition in manufacturing metal alloys is described in detail. Then,
the state-of-the-art research and development in alloys fabricated by laser powder directed energy
deposition through a mix of elemental powders in multiple categories is reviewed. Finally, critical
technical challenges, mainly in composition control are discussed for future development.

Keywords: metal additive manufacturing; directed energy deposition; alloy design; elemental
powder mixture; advanced materials; composition control

1. Introduction

Additive manufacturing (AM) is a novel manufacturing technique that can fabricate a wide
range of materials and complex structures. The definition given in the American Society for Testing
and Materials (ASTM) states that: AM is “The process of joining materials to make objects from 3D
model data, usually layer upon layer, as opposed to subtractive manufacturing methodologies [1]”.
Due to its layer-based additive nature that is different from subtractive manufacturing, AM created a
paradigm shift in the manufacturing industry [2]. AM has lots of advantages compared to traditional
subtractive manufacturing. For example, AM can directly produce complex 3D parts without much
tooling and assembly. It is also much more material-saving than conventional manufacturing since
conventional manufacturing mainly uses the subtractive method to remove materials to reach the
desired geometry [3]. Thus, AM has become more essential in the manufacturing industry. As metals
and their alloys are of great importance in human life, efforts have been paid on the research and
development of AM of metals and alloys [4]. Based on the mechanism and material, the AM process
has been classified into seven categories [5]. There are four major categories associated with metal
additive manufacturing, which are powder bed fusion (PBF), directed energy deposition (DED),
binder jetting (BJ), and laminated object manufacturing (LOM). Among them, PBF and DED are more
commercialized [5]. According to ASTM F3187-16 standard guide for DED technique [6], the DED
process applies an energy source to fuse feedstock metallic materials by melting during deposition.
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Metallic materials in powder or wire form are fed into the melt pool and solidify into a 2D solid layer.
The tool path is guided by path planning to fill every layer, and the successive layers will be built
until a 3D part is achieved [6]. The laser powder DED process applies laser as the energy source and
metal powder as the raw material feedstock. In this paper, we focus on the laser powder DED, and for
convenience, here we use DED to represent the laser powder DED process. Using computer-aided
design (CAD) tools, a 3D model of a part can be created, and the slicing algorithm can be used to slice
the 3D model into many 2D layers. Figure 1 shows the schematic diagram of the DED process using
powder as feedstock. During the DED process, a laser beam is applied to create a melt pool, and metal
powders are carried and blown into the melt pool by the inert gas. After the laser moves away, melted
powders will join and cool down to form a solid layer. The laser travels according to the toolpath for
each layer. By repeating this procedure for each layer, a 3D part can be constructed [7].
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During the past decade, typical metal alloys fabricated by DED has been studied. These alloys
include austenitic stainless steels (304/304L [8,9] and 316/316L [10,11]), precipitation hardening stainless
steels (17-4 PH [12]), nickel-based superalloys (Inconel 718 [13,14] and Inconel 625 [15,16]), titanium
alloys (Ti-6Al-4V [17–20]), etc. DED and PBF have their own advantages according to their special
features. For DED, it is able to build parts on a non-flat surface while PBF usually needs a horizontal
area for powder spreading. Thus, modification of the curved surface and repairing of damaged parts
are also possible using the DED process [21–23]. The part remanufacturing can be collaborated with
reverse engineering to repair damaged parts by constructing a damaged profile and determine the
laser scanning strategy, which will be of great significance in saving cost on tooling [24,25]. As an
in-situ powder feeding process, it has the potential to fabricate parts without an enclosed chamber [26].
Therefore, the volume of building parts can be much larger than the PBF process. One more important
feature is because of the in-situ powder feeding process, DED can flexibly create different material
compositions from layer to layer by mixing different powders; however, this is difficult to be realized
in PBF. Therefore, much more metallic alloys with various compositions can be potentially directly
created by taking this advantage of DED. This novel aspect of DED will be the main topic to review in
this article.

Metal powders are the commonly used raw materials and feedstocks in the DED process. Most
of the powders used in DED mentioned in the former paragraphs are pre-alloyed powders, which
indicate that each powder particle is designed with the prescribed composition. Since the composition
is identical in each particle, the composition of the as-fabricated 3D part made by DED is usually
close to constant. However, the cost of producing pre-alloyed powders are high. Therefore, similar to
using cost-effective elemental powders in powder metallurgy [27–29], the idea of mixing elemental
powders into the desired composition to synthesize alloys is also arisen in the area of AM, especially
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for DED. The cost of alloy powder manufacturing can be reduced by using elemental powders. Also,
as each pre-alloyed powder particle has a constant elemental composition, the possibility of fabricating
various types of alloys using DED is limited. If the pre-alloyed powders are replaced by elemental
powder blends, it is possible to fabricate more alloys with a pre-designed elemental weight percentage
or atomic percentage. This replacement can potentially make a great contribution to the development
of novel alloys through the thorough investigation of different alloy systems. In addition, with the
evolvement of highly automated DED manufacturing systems, the weight composition of multiple
elemental powders can be changed during the manufacturing process by in-situ control of the feeding
rate. Then, a variety of elemental compositions can coexist within a single part, which can be more
functional than homogeneous alloys.

Although a few works have been done using DED to fabricate various alloys, as a relatively
new method in DED, a comprehensive overview of the research progress of DED using elemental
powder blends has not been done. Thus, an overview of the elemental powder-based DED process can
provide new knowledge systems for the metal AM area and potentially develop new alloys, which can
significantly widen the application of metal AM in the next generation of manufacturing fields. This
review paper will summarize the current research progress in different types of applications via DED
and discuss the major technical challenges and issues that remained in this area in order to provide
guidelines for future studies.

2. Current Status of DED Using Elemental Powder

The typically reported research works in DED using elemental powders can be generally classified
into two categories, which are listed and elaborated in Sections 2.1 and 2.2, respectively. Many types
of industrial alloys can be potentially fabricated by mixing the specified composition of elemental
powders. Also, conventional alloys can be flexibly modified by mixing elemental powders with other
compositions to get an in-depth understanding of how a certain element affects the final properties.
The study of the effect of specific elements on the as-fabricated parts will be more direct. With the
flexible change in compositions, various types of alloys with a gradual shift in alloy compositions can
be joined and form functionally graded materials (FGMs). Using DED and elemental powder blend
method can investigate FGMs that are difficult to realize using conventional manufacturing. Novel
alloys, especially high entropy alloys (HEAs), which need more types of elements, can be fabricated
and designed flexibly by the DED process using elemental powders. Section 3 mainly covers the
controlling of the deposition in multiple aspects. The outlook is discussed in Section 4, while the
conclusion is summarized in Section 5.

2.1. Industrial Alloys and Intermetallics

There is a wide variety of alloys that are prevalent in the industry due to their excellent mechanical
properties. However, due to the high manufacturing cost, they are mostly seen in specific areas.
For instance, Ti-6Al-4V is an excellent industrial alloy with high specific strength and corrosion
resistance [30]. However, the cost is high for certain industrial areas such as automobile and
transportation [31]. Thus, reducing the manufacturing cost of Ti-6Al-4V is essential to expand the
applications. Near net shape processing, such as powder metallurgy, was reported as a cost-effective
approach to develop and expand the use of titanium alloys [32]. In the area of powder metallurgy,
the elemental powder blend is applied to form titanium alloys and avoid the high cost of pre-alloyed
powders [32]. Based on the elemental powder method applied in powder metallurgy, blending
elemental powder to fabricate alloys has also become a potential method in powder-based metal AM,
such as DED, to reduce the manufacturing cost and open new perspective research and industrial
fields. Until now, several attempts were made in synthesizing Ti-6Al-4V by a mixture of Ti, Al,
and V pure powders via DED. Differences were found between Ti-6Al-4V fabricated by DED using
elemental powder blends and conventional Ti-6Al-4V. Manufacturing issues were also identified. More
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investigation of properties and performances of DED-processed Ti-6Al-4V using elemental powder
blends are needed.

Hua et al., Yan et al., and Chen et al. [33–36] mixed Ti, Al, and V elemental powders to fabricate
Ti-6Al-4V, which proved the feasibility of making industrial alloys like Ti-6Al-4V using elemental
powders in a cost-effective approach. Apart from Ti-6Al-4V, Clayton [37] applied pure Fe, Cr, and Ni
powders to make Fe-based alloys similar to stainless steels such as SS316 and SS430. It was found
that the Fe-based alloy Fe-17Cr-12Ni made by elemental powder mixture got similar microstructure
and mechanical properties with SS316. On the other hand, properties of the alloy Fe-17Ni fabricated
by elemental powder mixture was not comparable with the conventional pre-alloyed SS430. More
experimental investigations are needed to reveal the attributes of the difference in properties. Similarly,
a number of other Fe-, Ti-, and Ni-based alloys in Fe-Cr-Ni and Ti-Al-V alloy systems can be potentially
fabricated by mixing elemental powders with certain compositions. It is significantly beneficial to the
alloy manufacturing industry that using only a small stock of Fe, Cr, Ni, Ti, Al, and V powders can
generate a large number of alloy combinations.

Some types of intermetallic compounds possess excellent mechanical properties that could be
widely used in various industries. Thanks to the manufacturing flexibility of the DED process, many
hard-to-machine intermetallic compounds can now be fabricated by new methods. As a wide variety
of intermetallic compounds only consist of two metal elements, mixing elemental powder can be a
convenient way to synthesize those compounds. A couple of intermetallics are attractive for their high
wear and corrosion resistance. For instance, Fe-Al intermetallics possess excellent wear, corrosion,
and oxidation resistance. It can also function in a high-temperature environment. Conventionally,
Fe-Al intermetallics are manufactured by sintering blended elemental powders. However, this process
causes high energy consumption and cost [38]. Therefore, the DED process was also introduced for
the fabrication of Fe-Al intermetallic [38]. Pęska et al. [39] applied elemental Fe and Al powder to
synthesize Fe-Al intermetallics by DED. The hardness of the as-fabricated samples was very similar to
the classically built Fe-Al intermetallics.

NiTi is a special intermetallic compound with unique shape memory effects and superelasticity.
It is also biocompatible and corrosion resistive [40]. Thus, it is widely used in structures with
shape-changing effect and biomedical implants. Machining is difficult to process NiTi. To reduce the
machining procedure, attentions are paid on near-net shaping processes, especially AM. Attempts were
made by using the DED process to fabricate NiTi and pre-alloyed powders were applied in [41–43].
As pre-alloyed NiTi powder is expensive, blending Ni and Ti elemental powder is an alternative
way to in-situ synthesize Ni-Ti alloys and with a variety of composition design. Halani et al. [44]
applied the DED process to fabricate NiTi using elemental powder. Different compositions such as
Ni55Ti45 and Ni50Ti50 in atomic percentage were attempted for the deposition process. Similarly,
Shiva et al. [45] studied the difference among premixed compositions of Ni45Ti55, Ni50Ti50, and
Ni55Ti45. Bimber et al. [46–48] conducted works in fabricating NiTi by DED with elemental powder
blends. They built large volume structures to find out the difference in the secondary phase, compressive
properties, and martensitic transformation temperature regarding the spatial locations. Other works
include comparative studies among DED, SLM, and EBM by Wang et al. [49]. Figure 2 shows the
microstructure of NiTi alloy fabricated by DED in [49]. Different issues were identified in three metal
AM processing methods, which will be discussed in the later sections.

Other types of intermetallics for surface strengthening using elemental powder mixture for DED
were also studied. Most of the works focus on the surface strengthening of steel and titanium alloy
to improve wear and corrosion resistance by synthesizing intermetallics on the surface. Yu et al. [50]
applied elemental Al and Ni powder to synthesize pure Ni3Al intermetallic compound coating on
1Cr18Ni9Ti stainless steel. Effects of laser energy density on tribological behavior and crystallographic
orientation were studied. Wang et al. [51–54] have fabricated various types of intermetallics for
surface coating applications using laser cladding. Those works include coating TiCo/Ti2Co on titanium
alloy [51], coating Ti5Si3/NiTi2 on titanium alloy [52], and coating Cr3Si on austenitic stainless steel
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1Cr18Ni9Ti by using Cr-Si-Ni elemental powder as the precursor material [53]. Si was also blended with
metal powders to provide intermetallics and Ni2Si/NiSi on 0.2% C carbon steel [54]. Zhong et al. [55]
applied the DED process to clad WC/Ni hardfacing alloy on 40Cr steel by using W, C, and Ni elemental
powder. The in-situ reaction produced WC hard phase in the Ni matrix for surface wear resistance
improvement. Different dissolution behaviors were observed in W and C/Ni powder within the melt
pool at different locations in the melt pool. The dissolution situation of W, C, and N depends highly on
the local temperature distribution and reheating, which is related to laser deposition parameters and
deposition strategies.
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Figure 2. (a) Microstructure and fusion boundary of NiTi alloy fabricated by DED using elemental
powder blends. (b) SEM image of the NiTi alloy with NiTi phase and Ti2Ni phase. (c) EDS mapping of
Ti and Ni [49]. (Reproduced with permission from Elsevier).

2.2. Develop Advanced Alloys

Due to the advantage of customization and small-batch manufacturing, the DED process with
blended elemental powders is also a powerful tool for developing novel alloys and inventing innovative
materials [33]. Changes in structure and property of adding different types and quantities of elements
in an alloy system can be quickly observed by a small volume deposition, rather than making a large
structure using conventional methods. By adding more alloying elements, the fabrication of advanced
alloys such as FGMs, HEAs, and metallic glass can also be realized. Therefore, using elemental powder
will then create many more probabilities in the field of alloy design in a cost-effective way.

2.2.1. Alloy Modification

Modifying alloys can be flexible by using elemental powders in DED, as the composition can
be customized by varying parts of the elements or all elements. This method may either solve the
difficulty in processing certain alloys or study the element effects in alloy systems using DED. This
advantage can benefit the development of numerous binary and ternary alloy systems, including,
but not limited to Cu-Ni, Ti-Nb, Fe-W, Ti-Al-Mo, etc. [56–59] and the development of new alloys.
Cu and Ni are completely soluble, which attracts industrial interests in making Cu-Ni alloys with
both high thermal conductivity from Cu and high mechanical properties from Ni. Karnati et al. [56]
mixed elemental Cu and near-pure Ni powders in different composition levels, and they all produced
solid solutions of Cu-Ni alloys. Li et al. [57] deposited 80W-20Fe using elemental W and Fe powders,
which indicates DED is an effective and novel method to process W based alloys. Fallah et al. [58]
deposited 55 wt.% Ti/45 wt.% Nb in elemental powder blend on the Ti-6Al-4V substrate to create a
compositionally modified surface layer. Then the biocompatibility of Ti-Nb alloy at the surface can
be utilized, and the cost can be reduced by avoiding manufacturing the entire part using Ti-Nb alloy.
Zhang et al. [59] deposited a series of Ti-2Al-yMo (y = 2, 5, 7, 9, 12) to study the Ti-Al-X system and
develop innovative alloys via DED.
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2.2.2. FGMs

The elemental powder mixture can be used to modify alloys using different compositions of
elemental powders. The DED process is also a flexible layer-based AM technique, which can produce
different compositions at different locations. Then, within a certain binary or ternary alloy system,
different compositions can be joined together by taking a proper usage of the DED process in a
layer-wise fashion. More advanced metallic alloys can be designed for multifunctionality, and FGM
is a good example. The concept of FGM originated from applying a graded composition between
two materials with different properties to avoid delamination under extreme loading conditions
at the interface [60]. Compared with selective laser melting (SLM), which is a laser-based metal
additive manufacturing in the category of PBF, one important advantage for DED is the flexibility
of in-situ control of the location-dependent chemical composition. The flexibility in composition
control makes DED an excellent processing technique for fabricating FGMs [60]. DED can be fully
utilized to deposit different compositions of elemental powder mixtures layer by layer without using
complicated assembly processes in traditional manufacturing. One purpose of fabricating FGMs is
to join two dissimilar pure alloys without a sharp interface [61–64]. This could be solved by adding
compositionally graded interlayers between pure alloy A and pure alloy B. Figure 3 illustrates the
concept of joining based FGM, and a real deposited sample from the literature [61] is shown in Figure 4,
which joins Inconel 625 and 304L stainless steel via a compositional gradient.
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In addition, FGMs can be intentionally designed by combining different chemical compositions at
different locations to fabricate multifunctional parts. This type of FGM has been done in using the
DED method to fabricate binary or ternary alloy systems with a compositional gradient via elemental
powder mixture. Banerjee et al. have made a decent amount of Ti-based binary alloys into FGMs using
elemental powders, including Ti-V [65,66], Ti-Mo [66], and Ti-Ta [67]. Titanium can form α/β alloy
systems with many other metal elements. As seen in Figure 5, a Ti/V FGM was fabricated by mixing
graded Ti/V composition and the resultant composition gradient varies from 100% Ti on the left to 75
at.% Ti/25 at.% V on the right side. It is of great interest to apply elemental powder to study graded
titanium alloys and identify their process-structure-property relations since many Ti-based binary alloys
have not been widely considered in the AM category. Elemental powder mixture will be convenient to
check the effect of alloying elements on microstructure, grain size, and mechanical properties. Those
works focused on the relationship among composition, microstructure, and mechanical properties
of Ti-based binary alloys with a composition change along the graded direction. Here the research
in DED-processed FGMs also helps to establish the process-structure-property relationship of these
promising alloy systems. Ti-Cr [68], Ti-Al [69], Ti-W [70], and Ti-Mo [71] systems were also investigated.
Details are tabulated in Table 1. W element is good for grain refinement, while Mo does not have a
significant refining effect. They also studied the Ti-Al-V system by varying the composition of V using
the elemental powder mixture of Ti-8Al-xV [72]. Thus, graded ternary alloys can also be fabricated
using DED to systematically study the effect of variation of alloying elements.
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Table 1. Summary of Ti-based FGM alloys fabricated by elemental powder-based DED.

Alloy System Ref. Composition Findings

Ti-Mo [66] Ti-25 at.% Mo Hardness first increased and then decreased, a combination of
grain size and alloy content.

Ti-Ta [67] Ti-50 wt.% Ta The microhardness initially decreases, then increases, and
finally decreases again.

Ti-Cr [68] Ti-60 at.% Cr Hardness and modulus increase with Cr composition.
Ti-W [70] Ti-23 wt.% W W has a significant effect of grain refinement across the gradient.
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Karnati et al. [73] mixed elemental Cu and Ni powders to create Cu-Ni FGMs based on the
complete solubility in Cu-Ni binary system. After the previous investigation of mixing Cu and Ni in
different compositions, the different compositions were then combined and fabricated into Cu/Ni FGM.
Li et al. [74,75] fabricated a new graded Fe-Cr-Ni alloy using Fe, Cr, and Ni elemental powders with a
gradient in Cr and Ni composition, as shown in Figure 6. Thus, on the Cr-rich side, the graded system
can exhibit excellent behaviors in corrosion resistance. On the Ni-rich side, the system possesses high
plasticity owing to the large composition of austenite.
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2.2.3. Magnetic Materials and Metallic Glass

Apart from common structural alloys, new types of alloy systems with special functions were
also studied using elemental powder blend. Conteri et al. [76] studied a novel magnetic alloy
Fe73.5Si13.5B9Nb3Cu1. Based on this study, Borkar et al. [77] synthesized a more complex magnetic
alloy with a gradually changing Si/B ratio. Thus, this new design is also known as a functionally
graded Fe-Si-B-Cu-Nb alloy with magnetic properties. Amorphous (or glassy) metals can be fabricated
using this technique. Manna et al. [78] deposited 94Fe4B2C, 75Fe15B10Si, and 78Fe10BC9Si2Al1C by
mixing glass-forming elemental powders on a substrate made by carbon steel. While in Hou et al.’s
work [79], the Fe-based Fe-Cr-Mo-Co-C-B amorphous alloy was produced according to the weight
percentage of Fe45.8Mo24.2Cr14.7Co7.8C3.2B4.3. The amorphous phase occupied 52.8% of the entire
volume. The resulted hardness of the deposition has a maximum of 1200 HV0.5, which shows a
significant improvement compared to the substrate that is 200 HV0.5.

2.2.4. HEAs

HEA was also proved to be feasible to be fabricated by DED using elemental powders. HEAs are
known to possess high hardness, excellent high-temperature strength, corrosion resistance, and wear
resistance due to the unique multiprincipal element composition [80]. It is promising for fabricating
coating materials on engineering parts for wear and oxidation resistance. As the flexible mixture
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of powders from at least five principal elements, different atomic ratios can be varied to study the
element effect on the as-fabricated HEAs, such as AlxCrCuFeNi [81], where x varies while the atomic
percentage of all five elements are between 5 at.% and 35 at.%.

Coating HEAs on conventional structural alloys are highly attractive due to the potential high
hardness of HEAs. Cui et al. [82] applied DED to coat AlCoCrFeNi on AISI SS316 using the elemental
powders. An intermediate CoFe2Ni layer was applied between the AlCoCrFeNi HEA coating and
the SS316 substrate to avoid cracking. The intermediate CoFe2Ni was also synthesized by elemental
powder, which has the purpose of providing an average coefficient of thermal expansion (CTE) that
does not differ greatly from the SS316 substrate and the HEA coating. Chao et al. [83] applied DED to
coat AlxCoCrFeNi on a 253MA steel substrate, where the value of the Al mole fraction x was taken as
0.3, 0.6, and 0.85. Elemental powders were utilized, and the composition change of Al can be adjusted.
The effect of the Al mole fraction on the crystal structure was revealed by material characterization.
Chen et al. [84] varied two types of elements (Al and Cu) to study the influence on the structure and
properties of AlxCoFeNiCu1-x, where x = 0.25, 0.5, and 0.75. It was found that crystal structure and
hardness varied significantly from 0.25 Al/0.75 Cu to 0.75 Al/0.25 Cu. In another work, the hardness of
Al alloy was improved by depositing Al0.5FeCu0.7NiCoCr HEA coating [85]. The average value of
hardness reached about eight times higher than the Al alloy substrate.

In addition, HEAs that possess high erosion and oxidation resistance can be synthesized by
elemental powder mixture. Siddiqui et al. [86] coated AlxCu0.5FeNiTi HEA on Al alloy AA1050 by
elemental powder blend for erosion resistance. It was stated that the erosion rate was decreased mainly
due to the improved microhardness of tough grains formed in HEA. The HEA coating using elemental
powder is also studied for the potentially high-temperature oxidation resistance. Huang et al. [87]
studied that depositing TiVCrAlSi on Ti-6Al-4V can improve the oxidation resistance of Ti-6Al-4V at
800 ◦C.

As high temperature fields can be created by the high-power laser beam, some works that focus on
combining a series of metal elements with high melting points to produce refractory HEAs were also
carried out. Dobbelstein et al. [88] produced TiZrNbHfTa from elemental powder blends for the first
time. The mixing was homogeneous, and a high hardness was achieved. The effect of the mole fraction
of one specific element was also studied. The WxNbMoTa HEA with the composition change in W was
fabricated by Li et al. [89]. The mole fraction x was taken as 0, 0.16, 0.33, and 0.53. It was found the
microhardness increases with the increase in W. Based on the flexibility in modifying the mole fraction,
different HEAs with different mole fractions can also be fabricated together to make FGMs, which
then becomes compositionally graded HEAs. By taking advantage of FGM, Dobbelstein et al. [90]
also fabricated compositionally graded TiZrNbTa refractory HEAs using elemental powder blends.
Gwalani et al. [91] deposited AlCrFeMoVx compositionally graded HEA, where the mole fraction of V
varies from 0 to 1. The lattice parameter decreased, and an improvement was found on hardness with
the increase in V content. DED with elemental powders was regarded as a high-throughput method to
study the composition-microstructure-hardness relationship of novel HEAs.

3. Deposition Control

In Section 2, major types of alloys which have been fabricated by elemental powder based DED
technique are introduced and discussed. The classification and examples with the reference are
tabulated in Table 2. Using elemental powders to fabricate various types of alloys using DED is now
very promising. However, as a novel technique, there are still a lot of unsolved issues beyond feasibility
studies to popularize this concept. Whether the composition of the deposited part matches up with the
originally designed composition is a big issue for this technique. Also, the final deposition is expected
to be homogeneous. As the entire feedstock delivery and manufacturing system are highly complex,
multiple key factors should be taken into consideration. The stability and repeatability are of great
importance to promote this process into a new stage in various industries.
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Table 2. Classification of alloys synthesized by elemental powder-based DED.

Alloy Types Examples Ref.

Industrial Alloys Ti-6Al-4V [33–36]
Stainless Steel [37]

Intermetallics

FeAl [39]
NiTi [44–49]

Ni3Al [50]
Hard Coadings: TiCo, Cr3Si, NiSi, etc. [51–55]

FGMs
Ti-based: Ti-Mo, Ti-V, Ti-Ta, etc. [68–72]

Cu-Ni [73]
Fe-Cr-Ni [74,75]

Magnetic Alloys Fe73.5Si13.5B9Nb3Cu1 etc. [76,77]

Metallic Glass 78Fe10BC9Si2Al1C etc. [78,79]

HEAs AlxCrCuFeNi etc. [81–91]

3.1. Enthalpy of Mixing

Mixing is important to maintain a good homogeneity during the deposition. To ensure a
uniform mixing, the enthalpy of mixing of the system should be negative. Schwendner et al. [92]
used Ti-Cr and Ti-Nb binary elemental powder blend to study the effect of mixing enthalpy on the
homogeneity of mixing. The results showed that Ti-10%Cr alloy has a negative enthalpy of mixing
and has a homogeneous intermixing result within the melt pool. While the Ti-10%Nb system has an
inhomogeneous mixing and a slow cooling rate. The mixing of enthalpy can be a useful criterion to
guide the design of chemical elements in the alloy. For some of the alloy systems, the constituent
elements are in the positive enthalpy of mixing, such as Cu-Ni [56] and Cu-Fe, the adjustment of
laser power to generate additional energy for mixture homogenization is needed. For example,
Karnati et al. [56] applied pulse width modulated laser power to induce vibrations in the melt pool to
avoid segregation during the deposition of the Cu-Ni system.

3.2. Powder Delivery

Although using the elemental powder blend is straightforward to understand, the accuracy of
the chemical composition of the as-deposited part is a big challenge. The pre-designed chemical
compositions or elemental composition should match well with the deposited part. Element deviations
are often observed from most of the previously reported works. Among those works, few of them
made an in-depth investigation in this aspect. In [56], blending Ni and Cu resulted in the part with a 4%
error with respect to the pre-designed composition. In [82], the atomic percentage of Al in AlCoCrFeNi
HEA was between 10 at.% and 15 at.%, while the pre-designed atomic percentage was 20 at.%. In
some cases, fabricating the material system with high compositional accuracy is of great importance.
A small composition error can cause a significant change in microstructure, phase, and mechanical
properties. For example, a slight increase in the Mo composition of Ti-Mo alloy will result in a bimodal
distribution of α lath in the β matrix [66]. The control of chemical composition needs to be solved
in order to improve the manufacturing quality of the elemental DED process and push this method
entirely in the industrial applications.

Powders are the commonly used feedstock material for the DED process. Most of the previous
works applied the method of blown powder blend of pre-mixed elemental powders to deliver powders
into the melt pool with the carrier gas. Since elemental powders made by different metals are mixed
and delivered by carrier gas, the powder properties, and flow behavior are important to control.
Collins et al. [93] mentioned that powder size and density could affect the actual composition of the
as-deposited part in their work of fabricating Ti-Al-Mo and Ti-Al alloys. Li et al. systematically studied
powder separation using both numerical and experimental methods [94–96]. As the powder mixture is
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delivered by the carrier gas, the velocity of each particle mainly depends on its shape, density, and size.
Li performed studies in exploring the powder segregation in the blown powder DED process with
pre-mixed spherical elemental powder as feedstocks, as seen in Figure 7. The larger the difference in
density, the greater the segregation phenomenon will be. Cu and Al powders were applied for the
experimental investigation of the flow behavior. In the investigation, it was found that significant
segregation was observed in un-sieved powder mixtures without size adjustment. The segregation
issue was resolved after the sieving process under the guidance of the density and size relation. The
limitation of this model is it only works for spherical powder particles. For non-spherical powders, the
flowability will be changed, and more studies are needed.
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Figure 7. Investigation of powder segregation between Al powder and Cu powder by spraying powder
mixture on a glue plate and calculating the volume ratio of Al powder and Cu powder at different
locations [96]. (Reproduced with permission from Elsevier).

3.3. Capturing and Melting

When a real deposition is performed, a stream of powder is blown into the melt pool, and only
part of the powder can be captured by the melt pool. The capture rate is also a factor to affect the
chemical composition, as for different types of powders, the probability of falling into the melt pool
also varies. Chen et al. [36] performed an experiment to investigate the powder capture rate of Ti,
Al, and V at different size levels. For each metal powder, a constant capture rate can be determined,
and the corresponding size level can be picked for the same capture rate. Another perspective for
keeping a constant capture rate for different metal powders is to maintain a constant divergence angle
to maintain a consistent composition before and after deposition. A mathematical model was worked
out by Zhang et al. [97]. The constant divergence is a reflection of constant speed out of the nozzle. The
optimized powder particle size of Ti, Al, and V used to maintain a constant divergence angle match
nicely with Li’s work [94].

The study of the flow behavior by Li et al. [96] revealed the relationship between powder properties
and the avoidance of powder separation. However, it was limited in powder spray. The actual laser
deposition was not performed to check the exact elemental composition of the as-deposited part. As
when an actual deposition is performed, different metals may have different composition loss due to
evaporation. The melt pool capture rate of powders can also be different. In the research [74,75] of the
Fe-Cr-Ni FGM, Li et al. applied this method and found that the deposition works better when the
powder size was sieved and controlled according to the physical properties of Fe, Cr, and Ni, as shown
in Figure 8. Fe, Cr, and Ni have relatively similar density and melting point, the effect of evaporation
and capture rate will be less obvious. For other combinations with larger differences in properties,
such as Cu and Al differ greatly in density and melting temperature, further works should be done for
this model extension.
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Therefore, apart from the flow properties of powder particles, the thermal interactions are also
complex, which may affect the composition, microstructure, and performance. Metal elements cover a
wide range of physical properties such as density, melting point, and laser absorption rate. For instance,
among engineering structural alloys, the melting point can span from 600 ◦C in Al to 3400 ◦C in W [91].
The energy absorption rate is also worth considering when a highly reflected element, such as Cu, is
part of the alloy [98]. In SLM work, a refractory HEA comprises of NbMoTaW was deposited [99].
A 3.5% composition deviation was found. Although the element composition of 5%–35% can all be
regarded as HEA, how this deviation can affect the phase evolution and the final properties are still
unknown at this moment. In [90], a new processing of DED was applied to deposit a functionally
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graded refractory HEA, which includes a wide range of melting points. The newly designed process
route consists of a low power step to yield low powder evaporation and a high power step to remelt the
previous layer and homogenize the elements. In Figure 9, Figure 9a,b are single track deposition and
deposition track after the second remelting step, respectively. Figure 9d,e are EDS mapping of elements
(Zr, Nb, Ti, Ta, and the substrate Mo) of Figure 9a,b respectively. From the EDS mapping, it can be seen
that the remelting step strongly homogenizes the refractory elements within the entire deposition.
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Figure 9. Deposition of TiZrNiTa refractory HEA on Mo substrate: (a) Single-track deposition;
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steps; (d) The EDS mapping of deposition in (a) and (e) The EDS mapping of deposition in (b) [90].
(Reproduced with permission from Elsevier).

4. Outlook

Based on the major factors discussed in Section 3, it can be concluded that keeping an accurate
composition in elemental powder deposition is still challenging. Those factors were partially studies
in a couple of previous works. Each factor needs more experimental and theoretical studies. For
blown powder-based DED, it was reported that linearly varying flow parameters can still result
in nonlinear compositional grading and material behaviors [66]. The model of powder delivery
using carrier gas needs to be further improved. Multiple factors, including the elemental powder
properties and the processing parameters, are quite relevant, and the interactions among them are not
negligible. It was reported that nano-sized powders were applied in high velocity oxygen fuel (HVOF)
coating technique [100], which applies powder spray to fabricate thin layers. The delivery of powders
with a more tiny size can be further studied that the DED process can be extended to more precise
manufacturing applications. For thin layer deposition, preplacing powders on the processing surface
before laser melting is another way to obtain a strong metallurgical bonding [50–54]. The dilution
analysis can be further investigated to control the resultant phases after the deposition process.

There are very few works that cover the tolerance of chemical compositions of alloys fabricated
by DED using elemental powders. Then, the compositional sensitivity study can be an important topic
to study for the industry to adopt this processing method. It is worth mentioning that one advantage
for elemental powder DED is that the mass loss due to evaporation can be compensated [36]. For
pre-alloyed powders, since all the particles are in the same composition, if elements such as Mg, Zn,
and Al are included, the favorable evaporation during the laser processing will change the overall
composition. So, there is a need to compensate for this loss in pre-alloyed powders. However, for
elemental powder mixture, more volatile elements can be prepared in the pre-designed powder mixture
by adding more volatile element powders. Mukherjee et al. [101] listed some examples of the most
volatile elements in some common alloys. Depositing pre-alloyed Ti-6Al-4V has a large loss in Al. It
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was reported the percentage of Al loss in pre-alloyed Ti-6Al-4V is higher than Cr loss in Inconel 625. If
using elemental powders, various compositions can be pre-mixed to compensate for easy-to-evaporate
alloy elements. An early compensation study was performed by Yan et al. [34]. During the first
experiment, the pre-designed composition was equal to Ti-6Al-4V, the ideal value. However, the result
gives Ti-5Al-2V. Later, a Ti-8Al-8V composition was pre-designed, and the result matched well with
Ti-6Al-4V. More details for the compensation study in different alloy systems should be performed
in future works, which is a challenging issue. A more mature relationship between the pre-mixed
composition and the deposited composition should be studied. Another example is NiTi, which is
very sensitive when there is a slight deviation in compositions. There is a need to figure out how to
adjust the pre-designed composition in order to get an acceptable chemical composition.

Apart from obtaining an accurate composition, since the process is layer by layer, the heating
and cooling history varies at different locations. Also, to build a bulk part, overlaps between tracks
cannot be avoided. These are the main features in DED, and the grain structure and the anisotropic
mechanical behavior resulted from the layer by layer heating and cooling history have been a hot
topic. These features in DED lead to highly dynamic phenomena including dynamic melt pool, particle
vaporization, rapid solidification and phase transition. In traditional manufacturing processes, highly
dynamic phenomena was found to result in large scattering in mechanical properties [102], and when
it comes to DED, the scattering can be more serious. When the feedstock materials become elemental
powder mixture, the process will subject to more complex changes and may cause more discrepancies
that have not been understood very well. The spatial difference sensitivity is worth learning, and a
comprehensive thermophysical model is needed to control the temperature heating and cooling to
guide the processing.

As a promising technology which uses elemental powders as feedstock materials, the effect of
powder chemistry should be considered in the future study. Powder quality affects the final deposition,
and for the DED process, little has known in this area. Powder chemistry, such as the composition of
oxygen affects the final part of oxidation sensitive materials such as titanium alloys. Also, the oxidation
of powder can induce porosity in the as-built parts. Karnati et al. [56] found the porosity issue in Cu-Ni
FGM when using elemental Ni powder. A Ni alloy powder with 96 wt.% Ni and a small amount of Si
was used as a substitution of pure Ni powder since Si can consume oxygen and relieve the porosity
issue. Powder recycling is attracting research interest in recent years, which is also relevant to this area.

Last but not least, other related AM processing methods based on elemental powders, and the
difference between elemental powder-based DED alloys and conventionally manufactured alloys are
also worth further study. Nowadays, many important industrial alloys, such as Ti-6Al-4V and NiTi can
be manufactured by both conventional methods and AM. The room-temperature mechanical properties
of the as-fabricated Ti-6Al-4V using powder mixture were better than wrought counterparts [33]. In
AM, selective laser melting (SLM) and electron beam melting (EBM) can also apply elemental powder
mixtures. Wang et al. [49] found out the result of using SLM to fabricate NiTi alloy through elemental
powders was not similar to DED. It was reported that there was a significant loss in Ti, which resulted
in Ni-rich intermetallics as the predominant phase. The fabrication using EBM was not successful,
which shows a low printability. Mechanisms and parametric study of SLM and EBM can be very
different from DED based elemental powder manufacturing [49]. Studying in this aspect will give
more understanding of the differences between additively manufactured alloys and conventionally
manufactured alloys. It will also figure out more advantages of using multiple AM techniques to
fabricate alloys by elemental powders in the corresponding industrial area.

5. Conclusions

In this paper, the current research status of using the DED process to fabricate metal alloys through
elemental powder mixture was summarized based on different types of alloys, including industrial
alloy and intermetallics synthesis, alloy modification, FGMs, metallic glass, and HEAs. The main
issues and challenges are also summarized.
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Various types of alloys, including industrial alloys, FGMs, metallic glass, and HEAs, have been
synthesized by DED through elemental powders. Many of those works show good feasibility, and the
mechanical properties of the deposited parts are comparable to conventionally manufactured alloys.
As a new technique, numerous topics are still unsolved. Main scientific issues like overcoming the
entropy of mixing, studying the physical and chemical properties of powders, the flow behavior for
different metal powders, and how the laser-material interaction affect the final composition of the
as-built part need systematic and in-depth research. Also, a relationship between the initial designed
atomic or weight composition and the final composition is needed, and it will be integrated with the
knowledge of materials science, dynamics, thermomechanical interaction, and the manufacturing
system. Numerical simulation and more experimental results can be done in the future, which will
significantly extend this new area to the metal manufacturing industry not only in DED, but also in
other AM areas such as SLM and EBM.
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Abstract: An unmodified, non-spherical, hydride-dehydride (HDH) Ti-6Al-4V powder having a
substantial economic advantage over spherical, atomized Ti-6Al-4V alloy powder was used to
fabricate a range of test components and aerospace-related products utilizing laser beam powder-bed
fusion processing. The as-built products, utilizing optimized processing parameters, had a Rockwell-
C scale (HRC) hardness of 44.6. Following heat treatments which included annealing at 704 ◦C,
HIP at ~926 ◦C (average), and HIP + anneal, the HRC hardnesses were observed to be 43.9, 40.7,
and 40.4, respectively. The corresponding tensile yield stress, UTS, and elongation for these heat
treatments averaged 1.19 GPa, 1.22 GPa, 8.7%; 1.03 GPa, 1.08 GPa, 16.7%; 1.04 GPa, 1.09 GPa, 16.1%,
respectively. The HIP yield strength and elongation of 1.03 GPa and 16.7% are comparable to the
best commercial, wrought Ti-6Al-4V products. The corresponding HIP component microstructures
consisted of elongated small grains (~125 microns diameter) containing fine, alpha/beta lamellae.

Keywords: non-spherical; hydride-dehydride (HDH) Ti-6Al-4V powder; laser powder bed fusion;
post-process heat treatment; microstructure; mechanical properties

1. Introduction

Additive manufacturing/3D printing has become a key enabling manufacturing
process which has been characterized as underpinning the so-called Fourth Industrial Rev-
olution. Powder-bed fusion processes such as selective laser melting (SLM) and electron
beam melting (EBM) in particular provide a wide range of cost savings, high precision and
speed of production for complex product shapes applied to aerospace automotive, biomed-
ical and related applications, including maintenance, repair and sustainment. Qualification
and certification of optimized parts, especially aerospace and aircraft components are also
important issues [1–6].

Due to its low density, high mechanical strength, excellent corrosion resistance, and
related properties, Ti-6Al-4V alloy has become one of the most widely used titanium
alloys for additive manufacturing of a wide range of components [7,8], especially for the
laser-based or laser beam powder-bed fusion (LBPBF) process. Since the laser-based (SLM)
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process utilizes an inert gas atmosphere (argon or nitrogen), this shield gas flow reduces
oxidation of the alloy powder and the melted layers. However, the morphology, size and
size distribution of the precursor powder are also important factors because they affect
powder flowability, laser beam energy absorption, and conductivity of the powder bed
which change as the bed consolidates and melts. In addition, the laser process parameters
have a controlling effect on layer building as well as the microstructure and properties of
the as-built product. These generally include laser beam energy and energy density which
is related to the absorbed energy in the powder layer, the scan speed, and the beam size or
scan spacing [8,9].

It is apparent, as noted above, that the initial powder bed particle packing or packing
density has an effect on the laser beam energy absorption and melt efficiency of the layers,
and this will in fact change as the powder bed layer melts. While spherical powders having
a wider distribution of particle sizes can optimize bed packing and densification by more
effectively filling void spaces with smaller particles requisite flowability, these powders
generally have a high cost since their production involves gas or plasma atomization [9]. In
contrast, Ti-6Al-4V powders having non-spherical shapes are easily produced by forming
stable, brittle hydrides that can be crushed, milled, and screened to produce fine powders
which are dehydrided to form non-spherical alloy powder. This hydride-dehydride (HDH)
process is a long-established process for Ti and Ti alloy powder production [10,11], and
represents a significant economic advantage over spherical, atomized powder produc-
tion [12–14].

The challenge for powder bed fusion fabrication utilizing non-spherical precursor
powder is the achievement of requisite flowability, packing, and melt efficiency in order
to achieve optimized part production characterized by short production times to achieve
requisite mechanical properties and associated microstructures. Jaber et al. [12] have
recently demonstrated that for L-PBF of a hybrid-50% spherical and 50% non-spherical
(HDH)-Ti-6Al-4V powder, the flowability was the crucial parameter governing the residual
tensile properties of fabricated components. Hou et al. [15] also recently modified HDH
Ti-6Al-4V powder by ball milling and were able to produce 99% dense products for this
modified powder using laser beam powder-bed fusion processing. Narra et al. [16] have
also compared melt pool porosity for electron beam powder-bed fusion processing of
spherical and non-spherical Ti-6Al-4V alloy powders. Microstructures observed for HDH
Ti-6Al-4V alloy builds were observed to be similar to those for parts fabricated using
spherical, atomized powders.

In this investigation, laser beam powder-bed fusion process parameters were system-
atically varied in order to find optimized conditions to fabricate an assortment of complex
Ti-6Al-4V alloy products and test components; utilizing 100% non-spherical HDH Ti-6Al-
4V alloy powder. While the as-fabricated components were near full density, conventional
post-process annealing relieved process-induced internal stress, while HIP reduced remain-
ing porosity and produced components with microstructures and mechanical properties
compatible with those characteristic of Ti-6Al-4V alloy products fabricated using spheri-
cal, atomized precursor powder and heat treated. In fact, as-built and post process HIP
components fabricated from non-spherical, HDH Ti-6Al-4V alloy powder using laser beam
powder-bed fusion exhibited tensile properties as good as the best, commercial Ti-6Al-4V
wrought products.

2. Materials and Methods

The recent work of Jaber et al. [12] as noted above compared laser beam powder-
bed fusion components of Ti-6Al-4V utilizing 100% commercial, spherical powder and
a 1-to-1 mixture of spherical and non-spherical (HDH) Ti-6Al-4V alloy powder. The
powder mixture exhibited a 30% reduction in flowability while the corresponding, as-built
components exhibited porosity and large, unmelted fusion zones ~100 microns in size.
The tensile strength and elongation for the mixed powder components were observed
to be ~17% and 31% lower, respectively, than for the 100% spherical powder-fabricated
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components. It is notable that the build process parameters were constant at 125 W beam
energy and 103 mm/s laser beam scan speed for a layer thickness of ~20 µm.

2.1. Powder and Feedstock

In the present work, the laser powder-bed fusion process parameters were system-
atically varied in fabricating simple test blocks or cubes to achieve a wide range of laser
beam scan speeds and volumetric energy densities in non-spherical, HDH Ti-6Al-4V alloy
powder layers ~30 microns thick. Optimum process parameters were as selected on the
basis of minimum, as-built test cube porosities and corresponding maximum densities. Ad-
ditionally, post-process heat treatments were also utilized to create essentially full density,
low porosity products. Unlike the work of Hou et al. [15] utilizing modified (ball-milled)
HDH powder Ti-6Al-4V powder in electron beam powder-bed fusion processing, the
current study utilized as produced Ti-6Al-4V (Ti64) HDH powder as shown in the SEM
images in Figure 1 and provided by Reading Alloys-Kymera International (Raleigh, NC,
USA). Particle size and morphology analysis was performed through the Retsch Camsizer
X2 (Haan, Germany) Dynamic Image Analysis system. Analysis revealed a particle size
distribution of D10: 54.9 µm, D50: 72.7 µm, and D90: 88.9 µm as shown in Figure 2. The
scanning electron microscope (SEM) images of the powder shown in Figure 1 were taken
with a JEOL JSM-IT500 SEM (Tokyo, Japan).

Figure 1. Particle size distribution.
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Figure 2. Ti64 HDH powder SEM images. (a) Low magnification. (b) High magnification.

2.2. Process Parameters

Ti-6Al-4V HDH samples were fabricated on a preheated bedplate at 175 ◦C. A design
of experiments was performed to develop the optimal printing parameters for the HDH
powder. Fourteen 15 mm × 15 mm × 15 mm test cubes were printed with various
parameter changes. A layer thickness of 30 µm and a stripe width of 10 mm were kept
constant. Scan speed, laser power, hatch distance all changed to yield different volumetric
energy densities as shown below in Table 1.
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Table 1. Process parameters design of experiments.

Cube
-

Scan Speed
(mm/s)

Laser
Power

(W)

Hatch
(mm)

Layer
Thickness

(µm)

Stripe
Width
(mm)

e
(J/mm3)

1 1200 280 0.14 30 5 55.6

2 1200 310 0.14 30 5 61.5

3 1200 340 0.14 30 5 67.5

4 1100 280 0.14 30 5 60.6

5 1000 280 0.14 30 5 66.7

6 1000 280 0.12 30 5 77.8

7 1000 280 0.1 30 5 93.3

8 400 110 0.12 30 5 76.4

9 400 120 0.12 30 5 83.3

10 400 130 0.12 30 5 90.3

11 360 110 0.12 30 5 84.9

12 320 110 0.12 30 5 95.5

13 320 110 0.1 30 5 114.6

14 320 110 0.08 30 5 143.2

Cube one yielded the least noticeable porosity from optical micrographs as well
as the highest density from pycnometry. These were the chosen printing parameters
moving forward.

2.3. Laser Powder Bed Fusion System, Setup, and Fabrication

The fabrication of the Ti64 HDH pieces was completed with an EOS M290 (Krailling,
Germany). The M290 is an industrial production LPBF system equipped with 400 W
Ytterbium fiber laser and a 250 mm × 250 mm × 325 mm build volume. Sixty Ø 14 mm ×
80 mm vertical cylinders and eleven 77 mm × 14 mm × 60 mm bars (A–J in Figure 3) were
fabricated as shown in the layout in Figure 3. Of the sixty successfully printed cylinders
eleven were allocated for the annealing heat treatment described in Section 2.4, six for HIP,
and eleven for the combination of HIP and annealing.

In addition to the various test geometries fabricated as shown in Figure 3, a series
of complex, aerospace components were fabricated from the non-spherical HDH Ti64
powder utilizing the optimized process parameters described above. These are illustrated
in the examples shown in Figures 4 and 5. Figure 5b,c depicts the internal porosity and
microstructure representations, respectively, of the electronics box enclosure section at the
indicated red circle (Figure 5a).

The parts fabricated were an electronics box enclosure and a topologically optimized
bracket. The bracket and electronics box enclosure were designed by incorporating el-
ements from a Design for Additive Manufacturing (DfAM) perspective and took into
account L-PBF process capabilities. Both parts are representative of use cases for Depart-
ment of Defense and Aerospace industry applications. The parts produced under this
program using Ti64 HDH metal powder feedstock was selected as a case study and al-
low for a one-to-one comparison against the same geometries that were built using Gas
Atomized or Plasma Atomized metal powders in L-PBF.
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Figure 3. Build plate print layout.

Figure 4. Annealed parts successfully printed from Ti64 HDH. (a) Topologically optimized bracket. (b) Side to side printed
geometries. (c) Electronics box enclosure.

Figure 5. Sectioned printed part. (a) Sectioned electronic box enclosure at the red circle. (b) Polished micrograph.
(c) Etched micrograph.

2.4. Heat Treatment Parameters

All tensile samples were heat treated prior to machining. The annealing was per-
formed in accordance with the SAE Aerospace AMS 2801B parameters. HIP parameters
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followed the ASTM F2924-14 Standard. Detailed heat treatment parameters for three
variants are shown in Table 2 below.

Table 2. Hot isostatic pressing and annealing parameters.

Variant Process Pressure (MPa) Temperature (◦C) Hold Time
(min) Cooling

1 Anneal None 704 ± 14 120 ± 15 Air or furnace cooled

2 HIP 100 896–955
(±15 of selected temp) 180 ± 60 Under inert atmosphere

below 425 ◦C

3
HIP 100 896–955

(±15 of selected temp) 180 ± 60 Under inert atmosphere
below 425 ◦C

Anneal None 704 ± 14 120 ± 15 Air or furnace cooled

2.5. Tensile Testing

Following the heat treatment process all parts were machined in accordance with
ASTM E8 standard. An MTS Landmark (Eden Prairie, MN, USA) servo-hydraulic tensile
test system was utilized for monotonic uniaxial tensile strength tests. The testing was
performed with threaded grips and an MTS 30 mm axial clip extensometer for axial strain
measurements. Samples were strained at a rate of 0.47625 mm/min. Results were averaged
from 11 specimens in the Anneal (Variant 1) and the HIP + Anneal (Variant 3); and averaged
from six specimens in the HIP variant.

2.6. Microstructure Characterization

Each tensile specimen had two threaded sections of an approximate of 12 mm in
diameter and 15 mm of length. These unstrained threaded sections were sectioned both at
the top and the bottom for metallographic analysis as shown in Figure 6. This method was
performed in order to study the sections of the tested samples in a location that was not
affected by the tensile test therefore not disrupting the microstructure representation. Each
sample was sectioned as to reveal the X, Y, and Z planes with the X and Y planes being in
accordance with the printing orientation.

Figure 6. Machined tensile specimen sectioned at the top and bottom threaded sections for metallography.

All metallographic samples were created with the ATM OPAL 460 (Haan, Germany)
hot mounting press and black epoxy. Metallographic samples were then ground and pol-
ished using the ATM SAPHIR 530 (Haan, Germany) semiautomatic system. The grinding
process began with Silicon Carbide abrasive paper with 320 grit at 300 rpm with a force of
35 N until plane. Samples were subsequently more finely grinded with a 9 µm diamond
suspension on a fine grinding disc at 150 rpms with a force of 25 N for 5 min. The final
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polishing step was performed on a neoprene polishing pad with a 0.2 µm fumed silica
suspension at 150 rpm with a force of 25 N for 5 min.

Microstructure was revealed using Kroll’s Reagent consisting of 92 mL of distilled
water, 6 mL of nitric acid and 2 mL of hydrofluoric acid. Samples were submerged in the
reagent for 10–15 s depending on the variant. Optical microscopy was performed in an
Olympus™ GX53 (Olympus Inc., Tokyo, Japan).

2.7. Density Measurements

Gas displacement pycnometry was performed on an AccuPyc II 1340 (Norcross, GA,
USA) to obtain volume measurement. The AccuPyc performed five measurements of every
sample giving an average. Mass measurements were obtained from a Sartorius CP124S
weight balance (Sartorius AG, Göttingen, Germany). Density was then calculated from the
resulting volume and mass measurements. In addition, each variant was sectioned and
polished to obtain visual representation of internal porosity as demonstrated in Figure 7.

Figure 7. Polished optical micrographs demonstrating porosity across variants. (a) Annealed, (b) HIP, (c) HIP + Annealed.

2.8. Hardness Testing

Hardness measurements were performed on the Wilson® Rockwell® 2000 (Canton,
MA, USA) hardness tester. Samples were indented with a Brale indenter on the Rockwell
C scale (HRC). This was done with a pre-load of 10 Kgf and a main-load of 150 Kgf.
Measurements were performed on two samples from each variant at the top and bottom
portions and the X, Y, and Z surfaces. Three indentations were made on every surface
separated by at least one millimeter. An average from all these measurements were then
reported.

2.9. Fracture Surface Analysis

Following the tensile tests, the fractures of each variant were analyzed using the JEOL
JSM-IT500 SEM (JEOL, Tokyo, Japan) scanning electron microscope. One end of the fracture
surface from each variant was mounted for observation and comparison.

2.10. Chemical Analysis

Chemical analysis was performed by Reading Alloys-Kymera International. O, N, H
analysis was performed on an 836 Series Elemental Analyzer from the LECO corporation
(St. Joseph, MI, USA). C and S measurements were done on an CS744 Series Carbon/Sulfur
Analyzer from LECO (St. Joseph, MI, USA). Al, V, Fe, Si, and Ca results were obtained
from the Ciros Vision Inductively Coupled Plasma Spectrometer from SPECTRO Analytical
Instruments (Kleve, Germany). Results met grade 5 chemistry for Ti64 as shown in Table 3.

Table 3. Chemical composition of as-built parts.

Ti64 HDH
Al V Fe Si Ca O N C S H

5.92 4.06 0.20 0.014 0.006 0.17 0.042 0.033 0.0009 0.009
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3. Results and Discussion
3.1. Microstructure Analysis and Discussion

Figure 8 shows the typical microstructure for the optimized, as-built Ti-6Al-4V alloy
product utilizing the non-spherical, HDH powder in Figure 1. The low magnification
image in Figure 8a shows varying sizes of grains elongated in the build direction along
with layer-related melt bands. Build direction for all micrograph images is oriented from
bottom to top. The higher magnification views in Figure 8b,c show a preponderance of
alpha-prime martensite represented by the black lamellae which are variously etched in
optimally oriented grains. These martensite lamellae, having widths of ~2 microns, result
from the rapid cooling associated with the laser beam processing. The corresponding HRC
hardness average characteristic of the test components represented in Figure 8 was 44.6,
which along with the martensitic microstructure in Figure 8b,c is typical for LPBF as-built
Ti-6Al-4V alloy components utilizing spherical, atomized precursor powder [2,7–9,17]. The
alpha-prime (martensite) microstructure shown in Figure 8b,c results from the diffusion-
less, composition invariant beta→ alpha-prime martensite transformation, and was also
observed by Jaber et al. [12] using an HDH-non-spherical/spherical Ti-6Al-4V powder
mixture for laser beam powder-bed fusion processing, as well as the more recent work of
Narra et al. [16] using a modified, non-spherical HDH Ti-6Al-4V alloy precursor powder.

By comparison with the as-built microstructure represented typically in Figure 8,
the non-spherical, HDH Ti64 as-built and annealed Ti-6Al-4V product microstructure
typical for the complex component fabrications shown in Figures 4 and 5 is illustrated in
Figures 9 and 10a,b at the bottom and top for test rods (Figure 6), respectively. There is
little difference for both the low and high magnification images in Figures 9 and 10a,b in
contrast to the corresponding as-built microstructures shown in Figure 8a,c. It is also noted
in Figure 10b that there is some residual porosity at the top of the fabricated component
where the temperature is highest. The optical micrographs in Figures 9b and 10b show the
black, lamellar contrast characteristic of the alpha-prime martensite shown in Figure 8c.
The Rockwell C-scale hardness corresponding to Figures 9b and 10b averaged HRC 43.9;
this reduction from the as-built component hardness of HRC 44.6 noted above attests
to the stress-relief provided by the anneal, which ideally involves the annihilation of
process-induced dislocations.

Following HIP of the LPBF as-built Ti-6Al-4V components using the non-spherical
HDH precursor powder (Figure 1), the variously elongated grain structure, with average
grain sizes of ~125 microns, was essentially unchanged (Figures 9c and 10c) while the
black, lamellar (and acicular) alpha-prime martensite shown in Figures 9b and 10b was
replaced by varying sizes and distributions of lamellar alpha (alpha/beta), along with
non-lamellar and globular alpha which is rendered white in the etching to produce the
optical micrographs shown in Figures 9d and 10d. Some very small residual alpha-prime
is also observed as tiny black dots. It is also notable that the widths of the lamellar
alpha segments are ~2 microns. The corresponding hardness characteristic of the HIP
microstructures shown in Figures 9 and 10c,d averaged HRC 40.7; representing a reduction
of ~7% from the annealed components noted above. These results are similar to components
fabricated from commercial, spherical Ti64 powder by LPBF where the HIPed (at 920 ◦C)
microhardness dropped by ~13% in contrast to as-built and stress-relief annealed (at 704 ◦C)
components [18].

As shown in Figure 9e,f and Figure 10e,f HIPed (at ~926 ◦C) and annealed (at
704 ◦C) components exhibited little change in the residual microstructure from the HIPed
components (Figure 9c,d and Figure 10c,d). This feature was also attested to by the
characteristic, average hardness of HRC 40.4; essentially unchanged from HRC 40.7 for
HIPed components.
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Figure 8. Optical micrographs of as-built DOE cubes from the build middle. (a) Low magnification.
(b) Medium magnification. Alpha-prime enclosed in the blue rectangle. (c) High magnification.
Alpha-prime enclosed in the blue rectangle.
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Figure 9. Optical micrographs for Anneal, HIP and HIP + Anneal samples from the build bottom. (a,b) show low and high
magnification images for anneal samples. (c,d) show low and high magnification images for HIP samples. (e,f) show low
and high magnification image for HIP + Anneal samples.
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Figure 10. Optical micrographs for Anneal, HIP and HIP + Anneal samples from the build top. (a,b) show low and high
magnification images for anneal samples. (c,d) show low and high magnification images for HIP samples. (e,f) show low
and high magnification image for HIP + Anneal samples.

It can be observed on comparing Figures 9 and 10b,d,f that the lamellar martensite
in Figures 9b and 10b, having a thickness of ~2 microns, is essentially unchanged for the
transformed, lamellar alpha (alpha/beta) microstructure in Figures 9 and 10d,f. There
is also some non-lamellar alpha and globular alpha. This microstructure variation as a
consequence of HIP treatment accounts for the hardness variation.

3.2. Tensile Testing and Mechanical Property Comparisons and Discussion

The results of tensile tests for the heat-treated, non-spherical HDH Ti-6Al-4V powder-
fabricated components, and corresponding to microstructures presented in Figures 9 and 10,
are summarized in Table 4. The average yield stress and UTS of ~1.2 GPa and elongation
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Figure 12. SEM images of fracture surfaces. (a,b) show low and high magnification of the Anneal fracture. (c,d) show low
and high magnification of the HIP fracture. (e,f) show low and high magnification of the HIP + Anneal fracture.

The yield stress, UTS, and elongation associated with the HIPed components (Variant 2
in Table 4) are exceptional and exceed laser powder bed fusion Ti64 components fabricated
from traditional, spherical, atomized alloy powders [21,22]. This is due in part to the
closing of small pores as shown in Figure 7a,b, and increased density implicit in Table 4.
The fine, lamellar alpha/beta microstructure shown in Figures 9d and 10d also facilitates
the resulting high yield stress and ductility; which are equivalent to the best commercial,
wrought Ti-6Al-4V products.
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4. Conclusions

Heat treatment of Ti-6Al-4V components, especially HIP of as-built components fabri-
cated from 100% non-spherical, HDH precursor powder by laser beam powder-bed fusion,
has produced nearly fully dense, high strength (yield stress > 1 GPa) and high ductility
(~17% elongation) products. The resulting mechanical properties rival the best commercial,
wrought Ti-6Al-4V products, and exceed Ti-6Al-4V products fabricated by laser powder
bed fusion utilizing more conventional, spherical, atomized precursor powders following
heat treatment, including HIP. It is especially notable that superior Ti-6Al-4V alloy products
have been fabricated using 100% non-spherical, HDH which represents a considerable eco-
nomic advantage over conventional spherical, atomized precursor powder. This represents
a milestone development in Ti-6Al-4V additive manufacturing.
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Abstract: Laser powder bed fusion (LPBF) is being increasingly used in the fabrication of complex-
shaped structure parts with high precision. It is easy to form martensitic microstructure in Ti-6Al-4V
alloy during manufacturing. Pre-heating the powder bed can enhance the thermal field produced
by cyclic laser heating during LPBF, which can tailor the microstructure and further improve the
mechanical properties. In the present study, all the Ti-6Al-4V alloy samples manufactured by LPBF
at different powder bed temperatures exhibit a near-full densification state, with the densification
ratio of above 99.4%. When the powder bed temperature is lower than 400 ◦C, the specimens are
composed of a single α′ martensite. As the temperature elevates to higher than 400 ◦C, the α and β

phase precipitate at the α′ martensite boundaries by the diffusion and redistribution of V element. In
addition, the α/α′ lath coarsening is presented with the increasing powder bed temperature. The
specimens manufactured at the temperature lower than 400 ◦C exhibit high strength but bad ductility.
Moreover, the ultimate tensile strength and yield strength reduce slightly, whereas the ductility is
improved dramatically with the increasing temperature, when it is higher than 400 ◦C.

Keywords: Ti-6Al-4V alloy; laser powder bed fusion; powder bed temperature; microstructure
evolution; mechanical properties

1. Introduction

Ti-6Al-4V alloy is regarded as an important advanced material and has been widely
used in the aerospace industry and biomedical applications because of its low density, high
strength, and good corrosion resistance [1–5]. However, their excessive cost and difficulty in
processing them severely narrow the expanding application of this alloy. Alternatively, as a
near-net forming technique, the laser powder bed fusion (LPBF) can shorten the machining
process and improve the mechanical performance; thus, it has attracted extensive attentions
from the researchers around the world willing to apply this method to manufacture the
Ti-6Al-4V alloy structured parts [6–8].

Low-temperature α phase (Hexagonal Close Packed) and high-temperature β phase
(Body-Centered Cubic) are two dominating phases in the Ti-6Al-4V alloy. The differences
in morphology, size, and volume fraction of the α and β phase always strongly influence
the properties of the alloys [9,10]. The metastable acicular martensitic α′ phase with an
HCP crystal structure prefers to form during LPBF. This is because the tiny molten pools,
formed by the laser melting metal powder during LPBF, undergo rapid solidification
(103–106 K/s) [11,12]. The martensitic α′ phase is bad for ductility, whereas the ductility of
the lath-shaped α phase and the intergranular β phase, decomposed from the martensitic
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α′ phase, is improved by heat treatment [13,14]. To improve the ductility of the Ti-6Al-4V
products manufactured by LPBF, the post-LPBF heat treatment is often necessary by the
martensitic α′ phase decomposing into the α + β phase [1,7,15,16]. However, the post-LPBF
heat treatment method has the disadvantage of decreasing the production efficiency.

During printing, the previously deposited layers are always influenced by the ther-
mal effect from the heating, melting, and solidification (latent heat) of the successive
layers [17–19]. The cumulative heat could lead to the rise in the specimen temperature;
however, this increased temperature is still low and hardly causes the α′ martensite to
decompose into the α and β phase. In this case, some researchers try to heat the power
bed to improve the mechanical properties of the LPBFed structure parts. However, most
of the conventional available LPBF systems can only heat the powder bed to less than
200 ◦C, at which the residual stress generated during LPBF can be reduced, whereas this
low temperature hardly induces the α′ martensite to decompose into the α and β phase.

F. Bruckner et al. [20] proposed a model to describe the influence of pre-heating
powder bed temperature on the thermometallurgical phenomena in laser cladding initially.
B. Vrancken et al. [21] experimentally studied the effect of powder bed temperature on the
microstructure evolution of the Ti-6Al-4V alloy, and found that there was little deposition of
the α′ martensite when the bed temperature increased to 400 ◦C. This is the first time that a
study reports the α′ martensite decomposition of the Ti-6Al-4V alloy during LPBF. In 2017,
Haider Ai et al. [19] investigated the martensitic decomposition and mechanical properties
of the Ti-6Al-4V alloy using the powder bed with the temperature of up to 770 ◦C during
LPBF. They found that the α′ martensite could decompose into the α + β phase when
the bed temperature increased to 570 ◦C. However, there are some cavities in the LPBFed
Ti-6Al-4V alloy sample, which might damage the mechanical properties. In addition, there
is a lack of a systematic study on the microstructural evolution (β phase characteristic) with
the increase in in the powder bed temperature during LPBF. Moreover, the relationship
between the microstructure and mechanical properties are yet to be further revealed.

Accordingly, in the present study, the Ti-6Al-4V alloy samples were fabricated by LPBF
at different powder bed temperatures; subsequently, the microstructure and mechanical
properties were detailed, characterized, and measured. All of these were carried out in
order to systematically reveal the microstructural evolution with the increasing powder bed
temperature during LPBF, in conjunction with the correlation between the microstructure
and mechanical properties.

2. Experimental Material and Procedures

The Ti-6Al-4V alloy powder produced by plasma rotation electrode process (Grade 1,
BDN Technology, China, 15–53 µm) was used. The specific powder composition (in wt.%),
measured by an X-ray fluorescence spectrometer (XRF-1500), is shown in Table 1. Nearly
all the particles were spherical, and most of the particles had the diameter of no larger than
53 µm, as shown in Figure 1.

Table 1. Powder elemental composition (weight %).

Elements. Al V Fe Na Ti

Contents/wt.% 6.14 3.82 0.183 0.135 balanced

All of the samples were fabricated by the SLM 280 HL facility (SLM Solutions, Lubeck,
Germany) with a pre-heating platform. The powder bed can be heated up to 600 ◦C. The
machine is equipped with a fiber laser with a maximum power of 700 W and an operating
wavelength of 1075 nm (IPG Photonics Corp, Oxford, MA, USA). The laser beam has a
Gaussian profile and a spot diameter of 80 µm. The LPBF processing parameters used in
the present study are the laser power (P) of 200 W and the scanning speed (v) of 758 mm/s.
The powder layer thickness (t) of 30 µm and a stripe filling strategy with the hatch distance
(h) of 110 µm were applied. The laser energy density (E) was 80 J/mm3, and this value was
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obtained using the following equation: E = P
vth . The samples were fabricated at unheated,

200 ◦C, 300 ◦C, 400 ◦C, 500 ◦C, and 600 ◦C. Multiple-cube specimens with a dimension of
10 mm × 10 mm × 10 mm were obtained. The specific experimental parameters are shown
in Table 2. Argon was used to ensure that the oxygen content was below 100 ppm during
printing. Three samples were fabricated for each parameter in the present study to reduce
the experimental error. And the powder around the fabricated sample was vacuumed
between the two processes to reduce the effect of oxidized powder and impurities on the
subsequent manufacturing experiments.
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Table 2. Laser powder bed melting fabricated parameters

Bed
Temperature Laser Power/W Scanning

Speed/mm/s
Powder Layer
Thickness/µm

Hatch
Distance/µm

Energy
Density/J/mm3

Unheated

200 758 30 110 80

200 ◦C
300 ◦C
400 ◦C
500 ◦C
600 ◦C

The relative density of the LPBFed samples was calculated using the Archimedes
method, according to which a body that is immersed in a liquid exhibits an apparent loss
in weight equal to the weight of the liquid it displaces. The weight of the samples in
ethanol and in the air were tested, respectively. Based on the Archimedes principle, it was
as follows:

mairg − methanolg =ρethanolgV (1)
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where mair is the weight of the sample tested in the air, methanol is the weight tested in
ethanol, g is the gravitational constant, and V is the volume of the sample, which can be
gained by Equation (2), as follows:

V =
mair

ρsample
(2)

where ρsample is the density of the samples, which can be calculated based on Equations (1)
and (2).

ρsample =
mairρethanol

mair −methanol
(3)

And the relative density can be calculated by the dividing of theoretical densities
(4.43 g/mm3) and measured densities of the Ti-6Al-4V sample.

The morphology and size of the powders and the microstructures of the LPBFed
samples were characterized by the scanning electron microscope (SEM, TESCAN) equipped
with an electron backscatter diffraction detector (EBSD, Oxford Instruments, Oxford, UK).
The samples for SEM and BSE (Backscattered Electron) analysis were prepared by standard
mechanical polishing with 400, 800, 1500, and 2000 grit SiC paper, and then polished with
alumina solution, with an average diameter of alumina particles of 50 nm. The samples for
EBSD analysis were electropolished in a solution of 97% ethanol and 3% perchloric acid.
Phase identification was conducted using X-ray diffraction (XRD, D/Max 2500 V) with a
Cu target in a conventional X-ray tube, operating at an accelerating voltage of 40 kV and an
electron beam current of 30 mA. Further microstructural observation was conducted using
transmission electron microscope (TEM, JEOL-2100). The TEM samples were preliminarily
prepared by grinding a 3 mm-diameter disk to approximately 30 µm in thickness and then
finally thinned by a Gatan-made Precision Ion Polishing System (PIPS) at 5 keV, with a gun
angle of ±8◦.

Dog-bone shaped specimens with a gauge-section size of 5 mm in length, 2 mm in
width, and 1 mm in thickness were cut from the LPBFed samples. Subsequently, all the
specimens were mechanically polished to obtain mirror-like surfaces. The cutting position
of the tensile sample along with its shape and size are shown in Figure 2. The tensile tests
were uniaxially performed at room temperature with an initial strain rate of 10−3 s−1 using
the INSTRON-5969 machine. Each tensile test was repeated for three times to minimize the
effect of experimental error on the tensile results.

Materials 2021, 14, x FOR PEER REVIEW 5 of 14 
 

 

 
Figure 2. The cutting position with the shape and size of the tensile specimen for mechanical tests 
(dimensions of the sample given in mm). 

3. Results 
3.1. Densification Ratio 

It is well accepted that the densification ratio plays an important role in determining 
the ultimate mechanical performance. To eliminate or minimize the effect of fabricated 
defect on the mechanical properties and to optimize the LPBF parameters, the 
densification ratios of the LPBFed specimens at different bed temperatures were 
calculated using the Archimedes method, and the calculated results show that all the 
LPBFed specimens obtained in the present printing parameters are higher than 99.4%, as 
shown in Figure 3. Generally, when the densification ratio is higher than 99%, it is 
recognized as a near-full densification state [22]; thus, in the present study, the effect of 
the fabricated defect on the mechanical properties can be ignored to some extent. 

 
Figure 3. The densification ratio of the Ti-6Al-4V alloy samples manufactured at 
different powder bed temperatures. 

3.2. Phase Characterization 
To investigate the phase constitution of the LPBFed Ti-6Al-4V alloy at different 

powder bed temperatures, the XRD results are shown in Figure 4. The diffraction peaks 
of the α/α′ phase with HCP structure are found in the sample in the unheated powder 
bed. It should be noted that it is difficult to differentiate the α and α′ phase by the 
diffraction peaks, due to their similar crystallographic structure [23]. It is well known that 
the α′ martensite prefers to form in the Ti-6Al-4V alloy when the high-temperature β 
phase is rapidly cooled because the atomic diffusion would be inhibited by high cooling 
rate (over 104 K/s) [11]. As a consequence, the phase transition of β→α′ occurred and the 

Figure 2. The cutting position with the shape and size of the tensile specimen for mechanical tests
(dimensions of the sample given in mm).

3. Results
3.1. Densification Ratio

It is well accepted that the densification ratio plays an important role in determining
the ultimate mechanical performance. To eliminate or minimize the effect of fabricated
defect on the mechanical properties and to optimize the LPBF parameters, the densifica-
tion ratios of the LPBFed specimens at different bed temperatures were calculated using
the Archimedes method, and the calculated results show that all the LPBFed specimens
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obtained in the present printing parameters are higher than 99.4%, as shown in Figure 3.
Generally, when the densification ratio is higher than 99%, it is recognized as a near-full
densification state [22]; thus, in the present study, the effect of the fabricated defect on the
mechanical properties can be ignored to some extent.
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Figure 3. The densification ratio of the Ti-6Al-4V alloy samples manufactured at different powder
bed temperatures.

3.2. Phase Characterization

To investigate the phase constitution of the LPBFed Ti-6Al-4V alloy at different powder
bed temperatures, the XRD results are shown in Figure 4. The diffraction peaks of the α/α′

phase with HCP structure are found in the sample in the unheated powder bed. It should
be noted that it is difficult to differentiate the α and α′ phase by the diffraction peaks,
due to their similar crystallographic structure [23]. It is well known that the α′ martensite
prefers to form in the Ti-6Al-4V alloy when the high-temperature β phase is rapidly cooled
because the atomic diffusion would be inhibited by high cooling rate (over 104 K/s) [11].
As a consequence, the phase transition of β→α′ occurred and the α′ phase formed in the
unheated bed [24,25]. The XRD spectrums located in the left were obtained between 32 and
65◦, with a step size of 0.02◦ and a counting time of 1 s/step, which is a coarse scanning
strategy and displays a severe signal-to-noise ratio. The β phase is difficult to be detected
in this speed. However, the XRD spectrums located in the right were obtained between 55◦

and 60◦, with a step size of 0.01◦ and a counting time of 5 s/step, which is a fine scanning
strategy and displays a slight signal-to-noise ratio. Moreover, the β phase could be well
detected under this condition. When the powder bed temperature increases to 200 ◦C and
300 ◦C, there is still only α/α′ phase and no β phase detected. However, as the powder bed
temperature increases to 400 ◦C, the diffraction peaks of the β phase appear, indicating that
the α′ martensite decomposed into the α and β phase. More β phase is found at the powder
bed temperatures of 500 ◦C and 600 ◦C. It should be noted that the diffraction peaks cannot
be found when the phase content is less than 5%, and thus, it is not sufficient to reveal the
phase decomposition only by XRD; more characterization work should be performed.

3.3. Microstructure Characterization

A typical microstructure of the Ti-6Al-4V alloy sample manufactured using an un-
heated powder bed is given in Figure 5a, exhibiting martensitic α′ laths, which is consistent
with the XRD results (Figure 4), which does not exist in the β phase. The martensitic α′

appears not to be homogeneous, and the thickness of the α′ lath exhibits a large difference.
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The microstructure at the powder bed temperature of 200 ◦C (Figure 5b) is almost similar
to the unheated bed sample. However, as the powder bed temperature increases to 300 ◦C,
compared with the microstructure at 200 ◦C, the large difference in the morphology takes
place, even though there is still no β phase observed, as shown in Figure 5c. When the
powder bed temperature increases to 400 ◦C, the β phase (the white area) appears, as
highlighted by the red arrow in Figure 5d. Figure 5e shows the microstructure at the
powder bed temperature of 500 ◦C, and more β phase is observed along the boundaries
of the α phase laths, which is highlighted by the blue arrow. The increased powder bed
temperature can enhance the decomposing martensitic α′ laths and the coarsening α lath.
Thus, much thicker α phase laths and more β phase (highlighted by the purple arrows) are
found at the powder bed temperature of 600 ◦C, as shown in Figure 5f.
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For further understanding the phase transformation during LPBF, TEM was performed
to observe the microstructures at different bed temperatures from a more microscopic
perspective, as shown in Figure 6. It can be seen from Figure 6a that the microstructure
exhibits lath-shaped morphology with HCP crystal structure, which can be attested by the
corresponding selected area electron diffraction patterns (SADP) displayed at the bottom
right corner of Figure 6a. Moreover, the high-density dislocations existing inside the
laths reveal that a large amount of strain and lattice defects were generated during LPBF.
These laths are recognized as α′ martensite, which is consistent with the previous results
reported by other researchers [1–3]. During LPBF, the rapid cooling leads to the formation
of metastable martensitic with an HCP crystal structure, which is bad for ductility [26].
To solve this problem, the preheated powder bed works as an option [19]. When the
powder bed temperatures of 200 ◦C and 300 ◦C were utilized, the microstructure after
manufacturing still appeared as martensitic α′ laths, but the amount of the dislocations
inside α′ laths decreased, as shown in Figure 6b,c. As the powder bed temperature
increased to 400 ◦C, the boundary became clear, and a thin layer between the α laths
formed; this thin layer can be proved as a β phase by the SADP displayed at the bottom left
corner in Figure 6d. This is consistent with the SEM result shown in Figure 5. The width of
the α laths increases with the powder bed temperature increasing to 500 ◦C and 600 ◦C,
as shown in Figure 6e,f. The thickness of the β phase layer is approximately 5–10 nm,
as highlighted by the blue arrows in Figure 6d–f. Scan transmission electron microscope
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(STEM) was performed to reveal the element content in the β phase layer distributing
along the boundaries at the powder bed temperatures of 400 ◦C, 500 ◦C, and 600 ◦C, and
the results are shown in Table 3. It can be found that the V elements enrich in the β phase
layer, and this phenomenon is more obvious with the increasing powder bed temperature.
By the same token, it is reasonable to conclude by the TEM results that the martensitic α′

laths decompose into α laths and the intragranular β phase by the V element partitioning,
when the powder bed temperature is equal to and above 400 ◦C; meanwhile, the α laths
coarsen with the increasing powder bed temperature.
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Table 3. Element content in the intragranular β phase of Figure 5d–f.

Element Content, wt.% 400 ◦C 500 ◦C 600 ◦C

Ti 87.65 83.80 82.32
Al 3.43 3.28 4.65
V 8.92 12.91 13.03

To reveal the orientation relationship of the α and β phase, the high resolution
TEM (HRTEM) image was obtained, as shown in Figure 7. Figure 7b presents the In-
verse Fast Fourier Transition (IFFT) image of the boundaries between the α and β phase.
The (1(—)100) atomic row spacing in the α grain is 0.255 nm, and the (011(—)) atomic
row spacing in the β grain is 0.299 nm. Figure 7c reveals the FFT image corresponding
to Figure 7b. It can be concluded that the β grain displays a conventional orientation
relationship (OR) of [011]β//[0001]α in the α grain.
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To further identify the characteristics of α/α′ laths in statistics, the EBSD maps of
Ti-6Al-4V alloy after LPBF at different powder bed temperatures are shown in Figure 8. It
is obvious that these microstructures consist of a large amount of long and straight laths.
As described above, these laths have been confirmed as α/α′ phase with an HCP structure.
It should be noted that the intragranular β phase with the BCC structure is difficult to
identify due to its thin thickness (Figure 6). Here, to quantitatively analyze the lath-shaped
microstructure evolution with the increasing powder bed temperature, the aspect ratio (it
is defined as the ratio of length to width of the lath) was calculated by analyzing the EBSD
data. It is found that the average aspect ratios of laths at different powder bed temperatures
are 5.06, 4.77, 4.46, 4.05, 3.67, and 2.75, respectively, and they decrease with the increasing
powder bed temperature, as shown in Table 4.
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Table 4. The aspect ratios at different powder bed temperatures.

Grain Statistics Unheated 200 ◦C 300 ◦C 400 ◦C 500 ◦C 600 ◦C

Aspect ratio 5.06 4.77 4.46 4.05 3.67 2.75

3.4. Mechanical Properties

The room-temperature tensile results of the Ti-6Al-4V alloy after LPBF at different
powder bed temperatures are shown in Figure 9. The specimens fabricated in unheated
powder bed show the highest strength and the worst ductility. As the powder bed temper-
ature increases, the tensile performance exhibits a trade-off phenomenon in strength and
ductility; specifically, the ultimate tensile and yield strengths decrease, whereas ductility
improves. The ultimate tensile and yield strengths decreased by 6.7%and 1.5%, respectively,
and the elongation increased by 66.0%, when the powder bed was heated to 600 ◦C. It
should be noted that, although the strengths (especially the ultimate tensile strength) de-
crease, they do not decrease noticeably and still maintain at a high level with the increasing
powder bed temperature. By contrast, ductility apparently improves as the powder bed
temperature increases, especially when the temperature is above 400 ◦C, as shown in
Figure 9c. In addition, in all cases, the elastic modulus remains unchanged, with a value of
around 1168 GPa. Based on what is described above, the negative mechanical properties
can be eliminated by heating the powder bed, and it is reasonable to conclude that, in
the present study, the excellent comprehensive mechanical properties are obtained at the
powder bed temperature of 600 ◦C.
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4. Discussion
4.1. Microstructure Evolution with the Increasing Powder Bed Temperature during LPBF

In the present study, it is clear that the powder bed temperature plays an important
role in determining the microstructure after LPBF. The ultimate microstructure is dominated
by the α′ martensite, with a large aspect ratio of 5.06, in the un-preheated powder bed.
It is also well known that the structure parts are built layer by layer during LPBF, and
it is reported that the cooling rate during LPBF is approximately 103–108 K/s [11,12],
which is much higher than the 1500 K/s detected during water quenching [27]. This high
cooling rate during LPBF suppresses the atomic diffusion and the phase transformation
of β→α (occurring in the equilibrium state) is inhibited; alternatively, the β→α′ occurs
during LPBE.

When the powder temperature is elevated to 200 ◦C, the sample temperature during
manufacturing is still low, which means that the V element is hardly diffused [18,28–30],
which is regarded as the indicator of the occurrence of martensite decomposition. However,
the increasing powder bed temperature widens the laths slightly, which leads to a decrease
in the aspect ratio (4.77), lower than 5.06 obtained in the un-preheated condition [17,31,32].

As the powder bed temperature increases up to 300 ◦C, the boundaries between the
martensitic α′ laths become clear. However, the specimen temperature during printing
is still lower than the martensitic decomposition temperature of ~550 ◦C for the Ti-6Al-
4V alloy [33]. In addition, the higher temperature decreases the aspect ratio due to the
widening of the α′ lath.

During LPBF, the previous deposited layers are affected by the thermal-cycle effect
from the laser heating as well as the melting and solidification latent heat of the subsequent
successive layers. As the powder bed temperature increases to 400 ◦C, though it is lower
than the martensitic decomposition temperature of ~550 ◦C for the Ti-6Al-4V alloy, the
cumulative heat generated due to the thermal-cycle history during LPBF could lead to
the specimen temperature rising above 550 ◦C [17–19,34]. It is difficult to directly detect
the temperature evolution process of the specimens during LPBF. Xu et al. [34] drew the
temperature evolution schematic diagrams of the Ti-6Al-4V alloy during LPBF and thought
the temperature of the sample gradually increases at the initial stage, and then decreases
to the powder bed temperature. Based on this observation, it can be concluded that the
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sample during LPBF can be heated, while the peak temperature must be higher than the
pre-heated temperature of powder bed. Consequently, the peak temperature of the sample
during LPBF could be above 550 ◦C, though the powder bed temperature is only 400 ◦C.
In this case, the diffusion of the V element in α′ laths was motivated and the α phase
initiated to nucleate along the α′ boundaries, during which and the subsequent process,
the V atoms was expulsed from the newly formed α phase and preferred to diffuse towards
the lath boundaries [2,18]. The enrichment of the V element caused the formation of the β

phase. Ultimately, the martensitic α′ phase decomposed into the α + β phase. However,
the decomposition of the α′ phase is not fully completed and the amount of the β phase is
small at the powder bed temperature of 400 ◦C, which is attributed to the short-residence
time in the decomposition temperature range [34]. In addition, the aspect ratio of laths
decreases due to the widening of the α′ lath at the powder bed temperature of 400 ◦C.

When the powder bed temperature is elevated to 500 ◦C and 600 ◦C, more energy
is supplied, which tells us that the peak temperature of the sample during LPBF is much
higher than the martensitic decomposition temperature of ~550 ◦C. It also shows that the
cumulative residence time of the previous deposited layer in the α′ martensitic decom-
position temperature range is much longer, resulting in more β phase forming and the
widening of the laths [17,31].

4.2. Influence of Microstructure on Mechanical Properties

It is well known that the microstructure determines the mechanical properties. In
the present study, it is evident that the mechanical properties are strictly related to the
microstructure of the LPBFed Ti-6Al-4V alloy, at different powder bed temperatures.

The thickness of the martensitic α′ laths after LPBF in the unheated powder bed
is shown to be relatively fine and un-homogeneous, which makes it easy to prevent
the dislocation slip, leading to the crack initiation and propagation at the weak location
in the microstructure during deformation [19,35]. In addition, there exist high-density
dislocations induced by the high residual stress in the α′ phase, as shown in Figure 5a,
which could generate stress accumulation. As a result, the microstructure obtained in the
unheated powder bed shows the highest strength but the worst ductility.

When the powder bed temperature is below 400 ◦C, the widening and decomposition
of the α′ martensite laths are limited, which should be responsible for the slight decrease
in strength and the improvement of ductility.

As the powder bed temperature increases to 500 ◦C and 600 ◦C, the microstructure
becomes coarsening and the β phase increases. The widening laths would increase the
dislocation slip length and decrease the stress accumulation during deformation [36].
Moreover, the slip resistance between the α and β phase is lower than that between the
α′ laths [9,10,35,37]. As a result, ductility is improved, but the strength decreases with the
increasing powder bed temperature [37,38]. It should be noted that the ductility of the
samples manufactured at the powder bed temperatures of 500 ◦C and 600 ◦C is superior to
that reported by other researchers using the same method of heating the powder bed [19].
This may be due to the fact that the densification of the present manufactured samples is
better than that in ref. [19]. In a word, increasing the powder bed temperature enhances the
comprehensive mechanical properties due to the β phase’s precipitating and the α lath’s
widening, which is better suited for the various applications of the LPBFed Ti-6Al-4V alloy.

5. Conclusions

In the present study, Ti-6Al-4V alloy samples were fabricated by laser powder bed
fusion, at different powder bed temperatures. The microstructure and the correspond-
ing mechanical properties of the LPBFed Ti-6Al-4V alloy were investigated. The main
conclusions are as follows:

All of the Ti-6Al-4V alloy samples fabricated by laser powder bed fusion at different
powder bed temperatures exhibit a near-full densification state with the densification ratio
of above 99.4%.
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When the powder bed is unheated or the heating temperature is lower than 400 ◦C,
the microstructure is dominated by the α′ martensite with a large aspect ratio. When the
increasing temperature is equal to or above 400 ◦C, the diffusion and redistribution of the
β-phase stabilizer of the V element in the α′ laths matrix occurs, resulting in the enrichment
of V atoms along the grain boundaries. Thus, ultimately, the α′ lath decomposes into a
lath-shaped α and an intergranular β phase. In addition, with the increase in the powder
bed temperature, the α/α′ laths widen, and the aspect ratio decreases.

When the powder bed is unheated or the heating temperature is lower than 400 ◦C,
the specimens exhibit high strength but bad ductility because of the existence of the α′

martensite. As the temperature elevates to a value higher than 400 ◦C, the ultimate tensile
strength and yield strength reduce slightly, whereas the ductility is dramatically improved
with the increasing powder bed temperature, which is attributed to the α′ martensite
decomposing into the α and β phase and the widening of α laths.

The powder bed temperature has a significant influence on microstructure evolution
and mechanical properties of the Ti-6Al-4V alloy during LPBF. The excellent combination
of mechanical properties, including strength and ductility, appears at the powder bed
temperature of 600 ◦C.
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Abstract: Components produced by additive technology are implemented in various spheres of
industry, such as automotive or aerospace. This manufacturing process can lead to making highly
optimized parts. There is not enough information about the quality of the parts produced by additive
technologies, especially those made from metal powder. The research in this article deals with the
porosity of components produced by additive technologies. The components used for the research
were manufactured by the selective laser melting (SLM) method. The shape of these components is the
same as the shape used for the tensile test. The investigated parts were printed with orientation in two
directions, Z and XZ with respect to the machine platform. The printing strategy was “stripe”. The
material used for printing of the parts was SS 316L-0407. The printing parameters were laser power
of 200 W, scanning speed of 650 mm/s, and the thickness of the layer was 50 µm. A non-destructive
method was used for the components’ porosity evaluation. The scanning was performed by CT
machine METROTOM 1500. The radiation parameters used for getting 3D scans were voltage 180 kV,
current 900 µA, detector resolution 1024 × 1024 px, voxel size 119.43 µm, number of projections 1050,
and integration time 2000 ms. This entire measurement process responds to the computer aided
quality (CAQ) technology. VG studio MAX 3.0 software was used to evaluate the obtained data. The
porosity of the parts with Z and XZ orientation was also evaluated for parts’ thicknesses of 1, 2, and
3 mm, respectively. It has been proven by this experimental investigation that the printing direction
of the part in the additive manufacturing process under question affects its porosity.
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1. Introduction

Extensive funds are invested in additive technologies. Large corporations are building
laboratories focused on research and the application of additive technologies. For example,
it is possible to cite the Centre for Additive Technology [1]. Components made with additive
technologies are also implemented in the automotive and aerospace industries; for example,
the use of additive manufacturing to manufacture fuel nozzles [2]. Additive technologies
for the production of metal components use various metal powders. Bajaj et al. dealt
with steels used in the additive manufacturing process in their experimental investigation.
The article compares some mechanical properties of components produced by additive
technology and conventional technology. It was proven that some properties (hardness,
corrosion resistance) are better for components made with additive technologies. Some
properties, such as ductility or fatigue strength, are worse for components made by additive
technologies in comparison to conventionally produced steel parts [3]. One of the kinds of
steel powders used for additive production is 316L. Similarly, other authors have researched
and described the change in the mechanical properties and change of the structure of
parts produced by the selective laser melting (SLM) method [4]. Through the analysis
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of mechanical properties, these authors were able to determine the direction in which
these properties were changing. Additionally, anisotropic properties of steel were studied
in different papers [5]. These papers specifically examined stainless steel. The authors
investigated the properties of components produced by additive technology that were
oriented at different angles during production. They found out that components made
at an angle of 45◦ had the highest tensile strength. Research has shown that the angle of
orientation of a part during its production and the direction of its fibres are influenced by the
tensile characteristics. In a similar way, the heat treatment, mechanical, and microstructural
properties of stainless steel were discussed in investigations by the authors in [6–8]. On
the other hand, the parameters of the production process in the production of components
by additive technology are important. These include, for example, distance of points and
time of exposure. The combination of these parameters has also an influenced the porosity,
component surface, microstructure of the material, density, and hardness. The parameters
of the sintering process of the powders were investigated [9]. These authors found that,
with the increase of the laser energy, the temperature at the sintering site increases and thus
the melt fills the voids, leading to a porosity reduction in the component. Another important
parameter that affects the properties of the component is the scanning strategy used in the
producing process, which in this case, is basically a computer aided manufacturing (CAM)
strategy. CAM strategies are also used in conventional machining methods; for example, in
the milling process. One article [10] shows the influence of milling strategies on surface
accuracy. In this work, a part with simple shapes was modelled. Three finishing strategies
(optimized constant Z, spiral finishing, and offset finishing) were applied to these shapes.
Afterwards, the measuring of machined cylindrical surfaces was performed by the optical
3D scanner and then by Contura G2. It is clear from the results that the optimized constant Z
milling strategy is the most suitable for a simple cylindrical surface. The smallest deviations
were recorded in both types of measurements for this strategy. It is actually a movement
along the shape of the part, which removes the material during machining and adds
material during scanning in additive production. Similarly, authors [11,12] investigated the
influence of scanning strategy parameters on residual stress by SLM technology and the
impact of process on the final component properties. Three scanning strategies were used
(chessboard, stripes, and the meander strategy). A high density of sintered material of up
to 99.695% was found. The effect of the laser power on the residual stress was also proven.
In terms of the grain structure, this was observed and detailed in the article [13], where the
influence of two scanning strategies on the grain structure in the material was studied. The
authors used two scanning strategies (island and back and forth). The study showed that
a more homogeneous structure can only be achieved by changing the scanning strategy.
Here, scanning strategies were applied to a simple sample shape (block). The structure
may develop differently on a sample with more complex shape. Mechanical properties of
AISI 316 stainless steel engaging different orientation of parts were presented in [14]. In
this case, the samples were made with different orientations with respect to the machine
platform. The sintering parameters were constant for all samples, while the orientation was
the only parameter changing. Measurements have shown that some mechanical properties
(such as strength) of steel produced by additive technology are better than those of steel
produced by rolling. Similarly, these samples showed anisotropy of properties with respect
to their orientation during production. Also, an important property of components is
their porosity. The article [15] investigates porosity and microhardness of 316L. When
examining the porosity, the areas on the samples with defects were evaluated. One sample
was examined by the non-destructive X-ray computer tomography (XCT) method. The
other samples were subjected to metallographic examination. A high sample density of
more than 99% and a low porosity of about 0.82% were investigated. The pores were
not evenly distributed. The samples had higher microhardness than the parts made by
molding. Still, in this regard, the authors in [16] investigated density and porosity of
sintered steel. The article analyzed particle size, particle shape, temperature of sintering,
and time of sintering. These parameters affect the properties of the parts. They determined
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the relationships between the parameters of the sintering process and the properties of the
parts. The authors [17] described the possibility of using computer tomography (CT) to
evaluate the properties of parts produced by additive technology. They analyzed the use of
CT from several perspectives (defects, dimensions, density, and roughness). Based on an
extensive analysis of the use of CT to measure the properties of parts produced by additive
technology, they made suggestions for evaluating the relationship between the production
of parts and their mechanical behaviour. In addition, they concluded that international
standards for the use of CT for printing technology needed to be set; that it was necessary to
specify a reference element for CT calibration; and that due to the high cost of CT machines,
it was necessary to consider using other cheaper measurement methods as well to establish
standards for examining the surface of parts via CT; and, thus, developing a software tool
to simulate the CT process would be of great aid. In the article [18], the authors used CT
to investigate the properties of parts. Samples were made by PµLSE stereolithography.
They used CT to examine surface defects and lattice defects. Thus, they predicted the
behaviour of mechanical properties and defects in the lattice. They performed shearing
experiments. They summarized the findings of the experimental investigation in several
points, concluding that geometry defects were related to the direction of the part building,
and that geometry defects affected the development of defects in the material grid itself.
On the other hand, the results of their finite element simulations showed the influence of
geometry on the formation of defects in the material lattice.

In this paper, we focused on the research of porosity in components made by additive
technology, specifically, SLM technology. The motivation for this research was the study
of materials and scientific publications on the porosity of materials produced by SLM.
These studies have shown that porosity needs to be deeper examined given that it can
significantly affect the mechanical properties of parts. The study of porosity and other
properties of parts made by 3D printing must lead to quality products that will be produced
in a shorter time.

In our study, the designed parts were manufactured at constant 3D printing parame-
ters, i.e., the sintering conditions were not changing. The influence of the parameters of
the sintering process on the porosity was not observed. The shape of these components
was the same as the shape used for the tensile test. Samples were manufactured with
three different thicknesses (1, 2, 3 mm). The samples were printed in different directions
with respect to the machine platform, specifically, in the XZ and Z directions. The CT
measurement method was used to measure the porosity of components manufactured by
the SLM additive technology. Porosity data were evaluated for individual part thicknesses
and for individual part orientations in the machine. The main goal of the study was to
determine how the orientation of the part during its production affects the porosity.

2. Materials and Methods

The 316L-0407 powder from Renishaw was used in this study. This is an austenitic
stainless steel. The applications of this steel are in the plastic industry and die casting
molds, dies for extrusion, instruments for surgery, and parts for the navy. The material
composition is in Table 1 [19].

Table 1. Chemical components of the 316L-0407 powder used for experiments.

Element Fe Cr Ni Mo Mn Si P C S

Mass (%) Balance 16–18 10–14 2–3 ≤2 ≤1 ≤0.045 ≤0.03 ≤0.03

All parts were produced by using the Renishaw AM400 (Wotton-under-Edge, UK)
machine. The parameters of the process used in this article were power of laser 200 W,
speed of scanning 650 mm/s, and thickness of layer 50 µm. The investigated parts were
printed with orientation in two directions—Z and XZ. Material thicknesses of printed parts
were 1, 2, 3 mm. (Figure 1).
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(SLM) method. 
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structures of materials. Goméz et. al. compared measurements by CT techniques and the 
coordinate measuring machine (CMM). They also discussed standards for estimating 
measurement uncertainty [23]. The case studies [24,25] compared the CT method and 
measurement techniques with classical metrology implemented on CMM. They pointed 
out the advantages of using CT measurement methods. Measurement strategies using CT 
were investigated and evaluated. The result was evidence of the suitability of CT meas-
urement for production processes, dimensional measurement, and structural control (ex-
ternal, internal). 

Experimental investigation was performed on the device METROTOM 1500 from 
Zeiss (Oberkochen, Germany), using computed tomography. This device consists of these 
main parts: X-ray tube, rotational table, and detector, which is used for capturing two 
dimensional images. Software used for scanning and getting data was METROTOM OS 
2.8. 

The X-ray set ups were made according to producer recommendations and skills of 
the operator: 
• Voltage: 180 kV 
• Current: 900 µA 
• Resolution: 1024 × 1024 px 
• Voxel size: 119.43 µm 
• Nr of projections: 1050 

Figure 1. Investigated parts printed with different orientation with respect to the machine platform (a) Part orientation in Z
direction; (b) Part orientation in XZ direction.

Different scanning strategies were used to produce components by the SLM method.
By applying these strategies, we obtained a finer grain structure [20,21]. In this way, it is
possible to produce components with thin walls [22]. Parts for our experiment were made
using a “strip” strategy of scanning (Figure 2).
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Figure 2. Strip scanning strategy used to build our components by the selective laser melting (SLM)
method.

A non-destructive method for evaluation of the components’ porosity was used in
this study. This method is suitable for measuring dimensions, but also for measuring
the structures of materials. Goméz et al. compared measurements by CT techniques and
the coordinate measuring machine (CMM). They also discussed standards for estimating
measurement uncertainty [23]. The case studies [24,25] compared the CT method and
measurement techniques with classical metrology implemented on CMM. They pointed
out the advantages of using CT measurement methods. Measurement strategies using
CT were investigated and evaluated. The result was evidence of the suitability of CT
measurement for production processes, dimensional measurement, and structural control
(external, internal).

Experimental investigation was performed on the device METROTOM 1500 from
Zeiss (Oberkochen, Germany), using computed tomography. This device consists of these
main parts: X-ray tube, rotational table, and detector, which is used for capturing two
dimensional images. Software used for scanning and getting data was METROTOM OS 2.8.

The X-ray set ups were made according to producer recommendations and skills of
the operator:

• Voltage: 180 kV
• Current: 900 µA
• Resolution: 1024 × 1024 px
• Voxel size: 119.43 µm
• Nr of projections: 1050
• Integration time: 2000 ms

A cupper filter with thickness of 3 mm was used. The distance between the X-ray
source and the scanning part was 450 mm.
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Three dimensional models were evaluated in the VGStudio MAX 3.0 software (Volume
Graphics, Heidelberg, Germany) after reconstruction. The first step was surface deter-
mination for recognition of the shape of the part. After that, 2 × compatibility porosity
analysis was used. Its application shows pores scanned in each part. The principle of
non-destructive measurement by CT is shown in (Figure 3). The position of the parts
located in the computed tomography device is shown in (Figure 4).
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Figure 4. The position of the parts in the computer tomography device (a) View of the source of the
X-rays, (b) View of the X-ray detector, (c) View of the experimental parts.

3. Results

The first step was surface determination for recognition of the shape of the part. After
that, 2 × compatibility porosity analysis was used. Its application shows pores scanned
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in each part. Figure 5 shows the pores in the part, which had a thickness of 1 mm and an
orientation of layers in the Z direction.
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Identification of defects at selected locations in the sample, which had a thickness of
1 mm and was oriented in the Z direction, is shown in Figure 6.
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Figure 7 shows the statistics of evaluated values of material volume, defect volume,
and defect volume ratio for a sample, which had a thickness of 1 mm and was Z oriented.
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Figure 8 shows the pores in the 1 mm thick sample with an orientation of layers in the
XZ direction.
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The identification of the biggest defects at specific locations of the sample with 1 mm
thickness, which was oriented in the XZ direction, is shown in Figure 9.
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Figure 10 shows the measured values of material volume, defect volume, and defect
volume ratio for a sample, which had 1 mm thickness and was oriented XZ.
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Parts with 2 and 3 mm thickness with orientation in the Z and X directions were
evaluated in an identical way. The identification of defects at specific locations of the
sample with 2 mm thickness, which was oriented in the Z direction, is shown in Figure 11.
Figure 12 shows samples printed in the XZ direction.
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Figure 17 shows the measured values of material volume, defect volume, and defect
volume ratio for a sample with thickness of 3 mm, which was oriented in Z. Figure 18
shows the measured values of material volume, defect volume, and defect volume ratio for
the sample with thickness of 3 mm, which was oriented in XZ.
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4. Discussion

Porosity is the most common defect observed in components made by SLM technol-
ogy. The degree of the porosity can be influenced by the parameters of the laser process.
Li et al. [26] described the influence of laser processing parameters on the porosity of
additive manufactured parts; the material used was powder of 316L steel. The relationship
between laser energy density and porosity was investigated. It was found that the porosity
distribution is uniform in the layers. Simchi [27] investigated the effect of laser sintering
parameters on the properties of different powders (Fe, Fe-C, Fe-Cu), and additionally, for
316L steel and M2 steel. As a result, it was determined that there is a relationship between
density and laser power. The research by Kruth et al. [28] into stainless steel components
(316L) demonstrated a relationship between scanning speed and grain size. The lower
scanning speed causes the formation of larger grains and, thus, large defects. The research
by Cherry et al. [9] found that total porosity is strongly influenced by the density of the
laser energy. The porosity is high when the laser energy is low. As the energy density
increases, the number of pores decreases. The smallest pore volume was observed for an
energy of 104.52 J/mm3. Yosuf et al. [15] performed measurements where they applied the
Archimedes method and the CT scanning method, which uses X-rays (XCT). The porosity
of parts and their microhardness was investigated in this work. The parts were made of
316L steel by the SLM method. High density values (>99%) were found in the samples. A
low porosity value was found (~0.82%). It was stated that this low pore volume did not
affect the mechanical properties of the parts produced by the additive technology from
316L material. Al Faifi [29] identified the most statistically significant parameters of laser
processing. The article identified the relationship between the number of pores and the
parameters of the sintering process. It was found that the distance of the point, the time of
exposure, and the thickness of the layer affect the parts density. Tolosa et al. [14] examined
parts intended for mechanical testing. The parts were made by the additive SLM method.
Different production methods were used with different orientations of the parts in space.
It was found that the tensile properties of the parts and the strength of the steel parts
produced by SLM are better than the properties of the steels produced by rolling. Using ad-
ditive SLM technology, it is possible to produce complex shapes. Time savings and weight
savings can be achieved. One article [13] dealt with the cracking of parts. This effect can be
corrected by different part production strategies. This is a parameter of the laser scanning
process. The production strategy affects the homogeneity of the structure. There is no need
to change other process parameters. Tammas et al. [30] examined the distribution of defects
in the volume of parts. They found that defect distribution is related to process parameters,
contouring strategies, and section hatching. These parameters can affect the life of the
parts. Hajnyš et al. [12] declared the most important parameters determining the strength
of the material are scanning speed, then scanning strategy and ultimately laser power. The
results of porosity have shown that the most important influences are scanning speed, laser
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power, and ultimately scanning strategy. In the article [31], the authors used CT method to
examine porosity, pore sizes, and orientation. They used confocal microscopy to verify the
CT results. The parts were made of 316L steel using SLM technology. Three samples were
designed with different production orientations with respect to the machine platform. The
smallest pores were detected in the sample oriented at an angle of 45◦ (0.15%). The highest
porosity was detected in the sample oriented in YZ direction (2.97%). The porosity value
for the sample oriented in the Z direction was 1.61%. These results are similar to the results
from the experimental investigations presented in this paper. Additionally, higher porosity
was achieved for the XZ-oriented component than for the Z-oriented component.

All the studies mentioned in the discussion point to how porosity is formed and
how the porosity of components manufactured by additive technologies can be affected.
There were also studies that report how porosity affects the material and its mechanical
properties. Finally, the individual parameters of the laser process were identified here, such
as scanning speed, power of laser, and strategy of scanning, which affect the porosity of
the part and thus the properties of the part.

In this study, we pointed out the fact that, in addition to the parameters of the
laser process, it is necessary to consider the layer orientation of the components in their
production. Here, we examined the porosity of the samples and its relationship with
respect to the layer orientation of the components.

In further research, we will submit the samples to other tests. We will investigate their
properties by analyzing the microstructure and other material properties.

5. Conclusions

In this article, the porosity of components that were made using SLM technology was
examined. The samples were produced with layer orientation in the Z and XZ directions
with respect to the SLM machine platform. The experimental samples had thicknesses of 1,
2, and 3 mm.

The scan of the sample with thickness of 1 mm, which was printed in the Z direction
shows that the pores were detected only on one side of the part. Pores of different sizes
were identified, as shown in (Figure 6). The aim of this study was to compare the defect
volume ratio for individual components oriented in different directions with respect to the
machine platform. In this case, a defect volume ratio of 0.09% was found.

Other findings were shown in the 1 mm thick sample with orientation in the XZ
direction. The pores were distributed throughout the entire volume of the part. The
pore sizes were different, as shown in (Figure 9). The defect volume ratio for this sample
was 0.99%.

Further measurements were performed on the sample with thickness of 2 mm oriented
in the Z and XZ directions. Only a small number of pores were detected in the part that
was oriented in the Z direction. These pores were located only on one side of the part, as it
was in the case of the sample with thickness of 1 mm. Those pores are shown in (Figure 11).
The defect volume ratio was 0.05%. Measurements for the part oriented in the XZ direction
showed that the pores are distributed throughout the whole volume of the component
(Figure 12). The defect volume ratio evaluated for this part was 0.62%.

The last experiments were performed on the samples with a thickness of 3 mm. The
orientation of the parts in the machine during their production was in the Z direction
and in the XZ direction. In the part oriented in the Z direction, essentially only one pore
with a diameter of 0.46 mm was identified (Figure 15). The defect volume ratio was 0.00%.
As it was with the previous samples oriented in the XZ direction, the pores in this part
were distributed throughout the entire volume of the part. Again, pores of different sizes
identified in this sample are shown in (Figure 16). The evaluated defect volume ratio
was 0.54%.

Several factors contribute to the formation of porosity in the material. In addition to
the parameters of the sintering process, in our case, using stripes as a scanning strategy
also contributed. Its characterization is that the laser paths along the surface are divided
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into a cross-section. The scanning area is thus divided into small strips. These strips should
overlap by default. This overlap may not be sufficient. This can cause the formation of
pores. The area passed by the laser through the stripe strategy in the printing process of the
part oriented in the Z direction is smaller than the area passed by the laser in the printing
process of the part oriented in the XZ direction. The distribution of the area into strips is
thus greater at XZ than at Z. This could be the cause of the lower porosity of the components
produced in Z direction. Another possible cause of the porosity may be the scattering of
the energy density. On a larger area, the scattering may not be sufficient, and the surface
of the previous layer may melt. This does not create a coherent bond between adjacent
surfaces, which can result in the formation of pores. Gases may be also the final factor for
higher porosity detection. These gases could be either from the protective atmosphere or
a product formed during the evaporation of the material. The assumption is that there is
a greater chance of trapping gaseous particles within a larger scanned area. It can cause
higher porosity. These stated assumptions need to be confirmed by further experiments.

Another fact we discovered that affects the porosity of the parts (it was not in the
original plan and target) during this experimental investigation is the thickness of the
sample. It is obvious from the measurements that with increased thickness of the sample,
i.e., also with increased part volume, the number of pores in the part decreases. Probably,
it is related to the sintering parameters. So far, it can only be expressed that, in the printing
process of creating thicker samples, the laser beam acts longer on the surface. It can lead
to increasing the melt temperature and improving the flow. The blanks are filled this way.
Therefore, the proportion of the pores in the volume of material is reduced. This secondary
finding can lead to enhanced experimental investigations about the relationship between
the thickness of the part and the number of pores in the part.

It was found that the position of the part during its production affects its porosity.
From the measured defect volume ratio values for individual sample thicknesses, it is
possible to deduce that:

1. Orientation of the sample during its production in the Z direction: as the sample
thickness increased, the defect volume ratio in the sample volume decreased. sample
thickness 1 mm (Defect volume ratio 0.09%), sample thickness 2 mm (Defect volume
ratio 0.05%), sample thickness 3 mm (Defect volume ratio 0.00%).

2. Orientation of the sample during its production in the XZ: as the sample thickness
increased, the defect volume ratio in the sample volume decreased. sample thickness
1 mm (Defect volume ratio 0.99%), sample thickness 2 mm (Defect volume ratio
0.62%), sample thickness 3 mm (Defect volume ratio 0.54%).

Due to the defect volume ratio, the orientation of the sample in the Z direction
during its production was more suitable than the orientation of the sample in the XZ
direction during its production. This statement is valid in the relation to porosity evaluation.
However, it may not be applied to other material properties.
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Abstract: Laser powder bed fusion (LPBF) is an additive manufacturing technology with the capabil-
ity of printing complex metal parts directly from digital models. Between two available emission
modes employed in LPBF printing systems, pulsed wave (PW) emission provides more control
over the heat input compared to continuous wave (CW) emission, which is highly beneficial for
printing parts with intricate features. However, parts printed with pulsed wave LPBF (PW-LPBF)
commonly contain pores, which degrade their mechanical properties. In this study, we reveal pore
formation mechanisms during PW-LPBF in real time by using an in-situ high-speed synchrotron x-ray
imaging technique. We found that vapor depression collapse proceeds when the laser irradiation
stops within one pulse, resulting in occasional pore formation during PW-LPBF. We also revealed
that the melt ejection and rapid melt pool solidification during pulsed-wave laser melting resulted in
cavity formation and subsequent formation of a pore pattern in the melted track. The pore formation
dynamics revealed here may provide guidance on developing pore elimination approaches.

Keywords: laser powder bed fusion; additive manufacturing; pore; pulsed emission; X-ray imaging

1. Introduction

The laser powder bed fusion (LPBF) additive manufacturing (AM) process is a 3D
printing technology, which selectively melts powders in successive thin layers to build three
dimensional parts directly from digital models without the constraints of traditional manu-
facturing methods. Currently, the use of LPBF is rapidly growing with multiple industrial
applications, such as in the medical, aerospace, defense, and automobile industries [1].

One of the primary distinctions between commercial LPBF systems is the type of
laser emission mode employed [2]. In continuous wave LPBF (CW-LPBF) systems, the
laser delivers energy continuously without interruption; while in pulsed wave LPBF (PW-
LPBF) systems, the laser power is fast modulated to turn on and off repeatedly, delivering
energy in pulses [3,4]. The short burst of energy with PW-LPBF creates a melt pool with
more flexible control over the heat input, which is highly advantageous for printing finer
features such as lattice structures [5]. However, parts printed with PW-LPBF exhibit pores
because the pulsated laser can cause instability in the melt pool leading to the formation of
pores [6]. Pores are the major defect in parts printed by LPBF AM, which adversely affect
the mechanical properties [7], especially fatigue life [8].
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While pore formation during the CW-LPBF process has been studied extensively with
post-processing diagnostic techniques [9], in-situ X-ray imaging techniques [10–16] and
high fidelity simulations [13], research on pore formation and its underlying mechanisms
during PW-LPBF is limited. Therefore, it is important to implement in-situ diagnostic tools,
such as state-of-the-art in situ x-ray imaging techniques, to perform fundamental studies
on pore formation during the PW-LPBF process in real time.

In this study, we revealed the dynamics and mechanisms of pore formation during
the PW-LPBF process by utilizing in-situ high-speed X-ray imaging with 100 ps temporal
resolution and ~2 µm spatial resolution. The results of this study are vital for developing
processing parameters to mitigate pore formation and therefore improve the mechanical
performance and reliability of parts printed using PW-LPBF. In addition, the results of this
research may have implications in other areas where pulsated laser is used [17–21].

2. Materials and Methods

High-speed high-resolution X-ray imaging (at the beamline 32-ID-B of the Advanced
Photon Source, Argonne National Laboratory, Lemont, IL, USA) was utilized to probe pore
formation dynamics during PW-LPBF in real time [22]. The schematic of the X-ray imaging
system is displayed in Figure 1.
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Figure 1. Schematic of the x-ray imaging experiment and the temporal characteristics of the PW-LPBF
(pulsed wave laser powder bed fusion) process. The figure shows the temporal characteristic of
square shaped pulses used in the experiment and the definition of laser on and off periods. Note that
the actual output of the pulse shape may deviate from the perfect square shape specified in the laser
control program.

The high-speed X-ray imaging system is composed of a miniature laser powder bed
setup which is clamped between two glassy carbon container walls. A pseudo pink X-
ray beam, with 1st harmonic energy at (24.7~25.3) keV penetrates through the metal and
powder while a downstream detection system converts the transmitted x-ray beam into
a visible light image using a scintillator. The converted signal is then recorded by a high-
speed camera with a 10× magnification and spatial resolution of approximately 2 µm per
pixel [22–25]. A recording frame rate of 50 kHz was used in this study. The experiments
were performed inside a stainless-steel vacuum chamber, under 1 atm argon atmosphere.
Ti-6Al-4V and Al6061 plates with the thicknesses of 0.4 and 0.7 mm, respectively, were
used as the metal substrates. A layer of Al6061 powder with a thickness of ~100 µm was
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spread on the top of the Al6061 substrate metal to perform pulsed-LPBF AM experiments.
In the experiments with Ti-6Al-4V substrate, no powder was added on the top of the
substrate metal.

The key parameters to define the pulse in pulsed laser melting are frequency and laser
duty cycle. The frequency ( f ) is defined as:

Frequency =
1

Period
=

1
ton + toff

(1)

where ton is defined as the time period when the laser is “on” in each pulse, called the
laser-on period, and toff denotes the time period when laser is “off” between the end of
the pulse and the beginning of the consecutive pulse, called the laser-off period (see the
inset of Figure 1). The laser duty cycle is the percentage of the laser-on time in the given
modulated period and is defined as:

Duty cycle =
ton

toff + ton
× 100% (2)

An ytterbium fiber laser with the wavelength of 1070 nm, maximum output power of
520 W and a D4σ diameter of ~100 µm was modulated by a square wave to emit with a
given peak power at varying laser frequency (up to 50 kHz) and laser duty cycle (up to
99%) to perform single track laser melting on both powder bed and bare substrate samples.
The laser scan velocity was varied from 0.3 to 1.5 m/s in the experiments.

The recorded x-ray images were processed using ImageJ to reduce the noise and
enhance the contrast in each frame. The solid–liquid interface was identified in X-ray
images by image processing where the image intensity at each pixel of Frame (i) was
divided by the intensity of corresponding pixel in Frame (i + 2), such that the motionless
part in the image was converted to blank background [25].

3. Results

Pore formation during the PW-LPBF process was studied by performing a series
of X-ray imaging experiments at a frame rate of 50 kHz under varying laser frequency
and laser duty cycle. Figure 2 and Supplementary Movies S1–S3 show pore formation
during the PW-LPBF process of Al6061 under varying laser frequency (4, 7, and 10 kHz)
and a constant laser duty cycle (50%). Pores are observed to form occasionally via the
rapid collapse of the vapor depression at the end of the laser-on period in one pulse
which is reminiscent of pore formation at the end of laser track during CW-LPBF AM. The
mechanism of pore formation when the laser is turned off at the end of the track has been
extensively studied before [11,13,15,22]. Under constant laser duty cycle (while laser power
and scan speed are kept constant), the melt pool size is observed to be a function of laser
frequency. As the laser frequency increased (from 4 to 10 kHz), a smaller melt pool and
therefore a shallower depression zone formed. This caused the formation of pores from
vapor depression collapse at the depth closer to the interface between the substrate and the
powder layer, as shown in Figure 2.
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Figure 2. Pore formation under varying laser frequencies at a constant laser duty cycle: (a–l) Dynamic X-ray images showing
pore formation during the PW-LPBF of Al6061 at laser frequencies of 4 kHz (a–d), 7 kHz (e–h), and 10 kHz (i–l) under a
laser duty cycle of 50%, a laser power of 470 W and a scan speed of 0.4 m/s. In d, h and l, the melt pool boundary is not
indicated to avoid blocking the view of the pores. Note that images do not display the complete duration of one pulse. The
compiled movies showing the complete duration of two consecutive pulses are available in the Supplementary Material
(Movies S1–S3).

Similarly, vapor depression collapse at the end of the laser-on period occasionally
caused pore formation in the melt pool under a varying laser duty cycle and a constant
laser frequency, as shown in Figure 3 and Supplementary Movies S4–S6. The increase in
laser duty cycle and therefore longer laser exposure time in these experiments resulted in
the formation of a larger melt pool and subsequently the formation of pores at the larger
depth relative to the interface between the substrate and the powder layer. From these
experimental observations, neither the size nor the number of pores were identified to be
correlated with the laser frequency or duty cycle (Figures 2 and 3), which is ascribed to the
random pore formation from vapor depression collapse during PW-LPBF.
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Figure 3. Pore formation under varying laser duty cycles at a constant laser frequency: (a–l) Dynamic X-ray images showing
pore formation during the PW-LPBF process of Al6061 at the laser duty cycle of 40% (a–d), 60% (e–h), and 75% (i–l) at
a laser frequency of 7 kHz, a laser power of 470 W and a scan speed of 0.4 m/s. In (d,h,l) the melt pool boundary is not
indicated to avoid blocking the view of the pores. Note that images do not display the complete duration of one pulse. The
compiled movies showing the complete duration of two consecutive pulses are available in the Supplementary Material
(Movies S4–S6).

Low laser frequency is associated with longer pulse duration
(

period = 1
f requency

)
and

therefore longer laser irradiation time. To further our understanding of pore formation at
low laser frequency, we performed a series of X-ray imaging experiments during pulsed-
wave laser melting of Ti-6Al-4V at 4 kHz under a varying laser duty cycle. Figure 4 and
Supplementary Movie S7 display the X-ray image sequences during pulsed-wave laser
melting of Ti-6Al-4V substrate at a laser frequency of 4 kHz and a duty cycle of 50%. The
first frame (t0, Figure 4a) shows the onset of the laser pulse when laser irradiation starts.
First, the laser heating creates a vapor cavity by recoil pressure. After 120 µs, the laser
irradiation stops, leading to a rapid freezing of the melt pool and formation of a cavity
(Figure 4d). As the consecutive laser pulse begins, the depression zone emerges at a location
of ~220 µm distance from the center of the first cavity (t0 + 300 µs, Figure 4f). The laser
irradiation stops again after 120 µs and results in the formation of the second cavity in the
substrate (Figure 4h). As the laser moves forward, the cavity formation proceeds and a
pattern of cavities is formed in the substrate material (t0 + 900 µs, Figure 4p).
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Figure 4. Cavity pattern formation at low laser frequency: (a–p) Dynamic X-ray images showing formation of cavity during
pulsed-wave laser melting of Ti-6Al-4V substrate at a laser frequency of 4 kHz, a duty cycle of 50%, a laser power of 420 W,
and a scan speed of 0.8 m/s. Note that some image frames during laser-on time and laser-off time have been skipped. The
compiled movie showing the details is available in the Supplementary Material (Movie S7).

In the modulated laser, the distance that the laser travels at the time interval between
pulses (commonly referred to as point distance) is decreased via the decrease in laser scan
speed. This results in the formation of the overlap between melt pools of the consecutive
pulses. Figure 5 and Supplementary Movie S8 show an X-ray imaging experiment with
pulsed-wave laser melting of Ti-6Al-4V substrate at a laser frequency of 4 kHz, a duty cycle
of 60% and a laser scan speed of 0.5 m/s. The cavity forms after the rapid freezing of the
melt pool at the end of the laser-on period. As the consecutive pulse begins, the vapor
depression emerges at a location where it interacts with the cavity, turning the cavity into a
closed pore (Figure 5a–o). As the laser melting continues, a pattern of pores form in the
substrate via this pore formation mechanism (Figure 5p).
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Figure 5. Pore pattern formation from cavities at low laser frequency: (a–p) Dynamic X-ray images showing the formation
of pores from a cavity during pulsed-wave laser melting of Ti-6Al-4V at a laser frequency of 4 kHz, a duty cycle of 60%,
a laser power of 470 W and a laser scan speed of 0.5 m/s. The pore formation from cavity in two consecutive pulses is
shown in (a–o). Note that some image frames during the laser-on period and laser-off period have been skipped. The movie
showing pore formation dynamics is available in the Supplementary Material (Movie S8).

4. Discussion

We constructed schematics to illustrate the formation mechanisms of the cavity pattern
and pore pattern. The mechanism of cavity pattern formation is displayed in Figure 6a–f.
During laser melting, vapor cavities are formed progressively in the substrate material by
a strong vaporization-induced recoil pressure. The melt pool that forms in one pulse is
observed to be only slightly larger than the vapor depression (as indicated in Figure 4g),
appearing to form a layer of liquid around the vapor depression. A strong recoil pressure
around the vapor depression pushes the molten metal to move rapidly along the vapor
depression walls and ultimately eject away near the rim of the vapor depression in the
form of a melt ligament and spatter (Figure 6b,c). As a result, a large amount of liquid
metal is ejected away rapidly from the melted area around the vapor depression during
laser melting. This phenomenon was recently simulated by a high-fidelity model [13].
As the laser turns off, the temperature around the depression zone decreases abruptly,
which results in rapid solidification of the remaining liquid around the vapor depression,
especially around the bottom part of the depression zone (Figures 4h and 6d–f).
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Figure 6. The mechanisms of pore and cavity pattern formation at low laser frequency: (a–f) Cavity formation mechanism;
(g–l) Mechanism of pore formation from cavity at low laser frequency.

At the laser parameters setting used here, we did not observe the cavity pattering
mechanism in Al6061 substrates. This can be ascribed to the higher thermal conductivity
of Al6061 relative to Ti-6Al-4V (90 W/mK compared to 35 W/mK [26,27]). In Ti-6Al-4V,
pulsed laser melting results in formation of a small melt pool in each pulse which starts to
cool and solidify as soon as the pulse is complete. In Al6061 substrate material with higher
thermal conductivity, on the other hand, a larger melt pool with longer solidification time
forms in each pulse, which appears like a continuous melt pool by looking at consecutive
pulses. As the laser irradiation stops in each pulse, there is sufficient melt around the
vapor depression to reverse the direction towards the vapor depression side walls and fill
the vapor cavity [28]. Similar cavity formation phenomena may be observed in Al6061
substrate by reducing the pulse duration and increasing the laser power. The mechanism
of pore pattern formation from cavity is schematically shown in Figure 6g−l. The first
cavity forms as a result of rapid solidification of the melt pool (especially around the
bottom part of the depression zone) when the laser is switched off at the end of the laser-on
period (Figure 6g–i). With the onset of the consecutive pulse, a new melt pool is created
where it connects with the cavity formed in the previous pulse (Figure 6j). As the melted
zone moves forward and grows in depth with the laser translating, the upper and middle
portions of the cavity are filled with the liquid flowing from the melt pool, and the bottom
portion of the cavity remains as a closed pore in the substrate material (Figure 6j–l). This
process can continue until a pattern of pores is observed in the substrate material.

5. Conclusions

In summary, pore formation dynamics during pulsed wave LPBF AM process were
directly observed by utilizing synchrotron x-ray imaging technique. The main conclusions
are as follows:

1. The collapse of vapor depression, when laser irradiation stops at the end of the
laser-on period in one pulse, was observed to occasionally induce pores during the
PW-LPBF process under varying laser frequencies and duty cycles.
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2. The melt pool and depression zone size changed with laser frequency and duty cycle.
With the increase of the laser frequency or decrease of the duty cycle, the melt pool
size and consequently the depression zone size decreased during PW-LPBF.

3. Our experimental observations did not reveal any correlation between the size nor
the number of pores and the laser frequency or duty cycle.

4. In the depression/keyhole mode laser melting, at a low laser frequency with large
point distance, cavity formation proceeds via the rapid solidification of the thin molten
metal layer around the vapor cavity, which subsequently results in the formation of a
cavity pattern in the substrate material.

5. In the depression/keyhole mode laser melting, at a low laser frequency with small
point distance, the interaction of the cavity with the melt pool in the consecutive pulse
results in the formation of closed pores and a pore pattern.

6. The results of this study will help the understanding of the PW-LPBF process and
guide the development of processing approaches to mitigate pores.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ma14112936/s1, Movie S1: The dynamics of pore formation during pulsed wave LPBF of
Al6061 at a laser frequency of 4 kHz, duty cycle of 50%, laser power of 470 W, and laser scan speed
of 0.4 m/s; Movie S2: The dynamics of pore formation during pulsed wave LPBF of Al6061 at a
laser frequency of 7 kHz, duty cycle of 50%, laser power of 470 W, and laser scan speed of 0.4 m/s;
Movie S3: The dynamics of pore formation during pulsed wave LPBF of Al6061 at a laser frequency
of 10 kHz, duty cycle of 50%, laser power of 470 W, and laser scan speed of 0.4 m/s; Movie S4:
The dynamics of pore formation during pulsed wave LPBF of Al6061 at a duty cycle of 40%, laser
frequency of 7 kHz, laser power of 470 W, and laser scan speed of 0.4 m/s; Movie S5: The dynamics of
pore formation during pulsed wave LPBF of Al6061 at a duty cycle of 60%, laser frequency of 7 kHz,
laser power of 470 W, and laser scan speed of 0.4 m/s; Movie S6: The dynamics of pore formation
during pulsed wave LPBF of Al6061 at a duty cycle of 75%, laser frequency of 7 kHz, laser power of
470 W, and laser scan speed of 0.4 m/s; Movie S7: The dynamics of cavity pattern formation during
pulsed-wave laser melting of Ti-6Al-4V substrate at a laser frequency of 4 kHz, duty cycle of 50%,
laser power of 420 W, and scan speed of 0.8 m/s; Movie S8: The dynamics of pore pattern formation
during pulsed-wave laser melting of Ti-6Al-4V substrate at a laser frequency of 4 kHz, duty cycle of
60%, laser power of 470 W and laser scan speed of 0.5 m/s.
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Abstract: This study investigates the disparate impact of internal pores on the fracture behavior of
two metal alloys fabricated via laser powder bed fusion (L-PBF) additive manufacturing (AM)—316L
stainless steel and Ti-6Al-4V. Data from mechanical tests over a range of stress states for dense
samples and those with intentionally introduced penny-shaped pores of various diameters were
used to contrast the combined impact of pore size and stress state on the fracture behavior of these
two materials. The fracture data were used to calibrate and compare multiple fracture models (Mohr-
Coulomb, Hosford-Coulomb, and maximum stress criteria), with results compared in equivalent
stress (versus stress triaxiality and Lode angle) space, as well as in their conversions to equivalent
strain space. For L-PBF 316L, the strain-based fracture models captured the stress state dependent
failure behavior up to the largest pore size studied (2400 µm diameter, 16% cross-sectional area of
gauge region), while for L-PBF Ti-6Al-4V, the stress-based fracture models better captured the change
in failure behavior with pore size up to the largest pore size studied. This difference can be attributed
to the relatively high ductility of 316L stainless steel, for which all samples underwent significant
plastic deformation prior to failure, contrasted with the relatively low ductility of Ti-6Al-4V, for
which, with increasing pore size, the displacement to failure was dominated by elastic deformation.

Keywords: ductile fracture; stress state; Ti-6Al-4V; 316L stainless steel; laser powder bed fusion

1. Introduction

A major area of focus in the field of additive manufacturing (AM) is understanding
pore formation, and process optimization with the goal of creating fully dense, defect-free
components [1–3]. Studying the effect of pores on metal failure, along with the development
of failure models based on theory and experiments has a long and continued history for
conventionally processed ductile metals due to the importance of avoiding failure in load
bearing components or during metal forming [4–9]. For example, in 1977 Gurson developed
a model in terms of a yield function and microstructurally informed void volume fraction
to understand void growth and ductile failure using simplified spherical and cylindrical
void models [6]. By combining the existing frameworks for fracture modeling with the
unique manufacturing capabilities of AM, new insight into the effect of pores on ductile
failure is possible.

Laser powder bed fusion (L-PBF) AM is a process for building metallic components
layer-by-layer using a focused laser heat source to melt a selected 2-dimensional pattern
in a thin layer (10–100 µm) of powder feedstock to a baseplate, lowering the baseplate by
a prescribed layer thickness, spreading on a new layer, scanning the next layer pattern,
which fuses to the previous layer, and repeating until a final 3-dimensional (3D) component
is completed. In AM, there are numerous processing parameters that dictate a completed
component’s quality. One primary evaluation metric for optimizing a parameter set for
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a given alloy is component density, or the reduction of pores. Pores in AM parts can
be formed via different mechanisms [10]; two of the primary mechanisms are: (1) gas
entrapment during melting and solidification of the meltpools, analogous to that seen
in casting and welding, which generates spherical pores and (2) irregular morphology
lack-of-fusion (LoF) pores, which are formed due to incomplete fusion between layers or
adjacent meltpools on the same layer along the heat source scanning path, and which can
have sharp features. LoF pores are of primary interest in AM because of their significantly
more detrimental influence on material ductility compared to spherical pores [11].

In addition to pores having a harmful effect on the fracture behavior of ductile metals,
stress state is also known to play an important role in fracture [12–14]. Stress state can be
defined using the two parameters stress triaxiality (η) and Lode angle parameter (θ). The
stress triaxiality is the ratio of the mean stress (σm) and von Mises equivalent stress (σVM):

η =
σm

σVM
with σm =

1
3

I1 and σVM =
√

3J2 (1)

where I1 = σkk is the first invariant of the stress tensor, σ, and J2=
1
2 sijsij is the second

invariant of the deviatoric stress tensor, s. The normalized Lode angle parameter is a
function of the third invariant of the deviatoric stress tensor, J3= det

(
sij
)
, and is defined as:

θ = 1− 2
π

arccos

[
27
2

J3

σ3
VM

]
. (2)

Increased stress triaxiality is known to accelerate the void nucleation and growth
process in ductile metals, resulting in reduced ductility even in fully dense samples [5,15].
Designing load bearing components to be safe under the spatially varying stress state is an
important consideration for engineers in the design against failure.

Fracture models that describe the effects of stress state on ductile failure have primarily
been presented in mixed stress-strain space, meaning equivalent plastic strain to failure
versus η and θ (referred to here as equivalent strain space) because in ductile fracture,
the resolution in strain is typically much larger than the resolution in stress, that is, large
differences in strain result in relatively minor differences in stress due to the fact that the
elastic contribution to failure is negligible compared to the plastic contribution. However,
for alloys with little to no plastic deformation to failure, describing failure in terms of
strain to failure becomes more challenging. This is shown schematically in Figure 1, which
compares the engineering stress-strain curves for the two materials in this study—Ti-6Al-4V
and 316L stainless steel (316L).

In this study, the effect of pores relative to the behavior of dense samples was assessed
in two different alloys using well-known fracture models calibrated in both equivalent
stress and strain space. Data over a wide range of stress states from previous studies by the
authors on L-PBF stainless steel 316L [16,17] and L-PBF Ti-6Al-4V [18–20] that included
intentionally manufactured, penny-shaped pores of varying diameter were used to calibrate
fracture models for each pore size in stress triaxiality versus Lode angle parameter versus
equivalent stress space (Haigh-Westergaard space, referred to here as equivalent stress
space) and equivalent strain space. By comparing the ductile 316L alloy (>60% engineering
strain to failure under uniaxial tension) to the less ductile Ti-6Al-4V (<10% engineering
strain to failure under uniaxial tension) in both equivalent stress and strain space as a
function of pore size, an assessment of dominant fracture mechanism changes, if any, can be
made for each material. Additionally, the appropriateness of fracture models in equivalent
stress space versus equivalent plastic strain space for capturing the effect of pore size on
the failure behavior of both materials is discussed.
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Figure 1. Uniaxial tension engineering stress vs. strain curves for L-PBF Ti-Al-4V and 316L that
schematically highlights the differences of resolution in stress and strain for the two alloys.

2. Materials and Methods

The complete description of the manufacturing process, samples, experimental set-up,
and simulations are described in extensive detail for the 316L builds in Refs. [16,17] and
for the Ti-6Al-4V builds in Refs. [18,20]. The following is an overview of information that
is most pertinent to the current study.

2.1. Experimental Methods

Samples used in this study for both alloys were manufactured on a 3DSystems, Inc.
ProX 320 L-PBF AM machine (3DSystems, Rock Hill, SC, USA). No post-processing heat
treatment was used for the 316L builds, while a post-processing stress relief heat treatment
of 650 ◦C for 3 h in an argon environment was used for the Ti-6Al-4V builds. Data obtained
using five different sample geometries, selected as they have a pre-determined failure
initiation location, and corresponding to five unique stress states, were used in the current
study: pure shear, equibiaxial tension (punch tests), and round notched tension with three
different notch radii (3 mm (R3), 5 mm (R5), and 12 mm (R12)), as shown in Figure 2. The
three notched tension geometries each had a minimum cross-sectional diameter of 6 mm.
The gauge regions of all samples were fabricated using computer numeric control (CNC)
machining (Lynx 220L, Doosan Machine Tools Co., Ltd., Pine Brook, NJ, USA).

The five sample geometries for both materials were evaluated in the dense condition,
that is using process parameters optimized to build each material. Only the R3, R5,
and R12 tests selected in the current study had single, penny shaped pores of varying
diameters that were directly designed into the CAD files for the samples, and therefore,
included at the center of each sample during the AM fabrication. The pore diameters
in µm (and their percentage of the cross-sectional area of the notched tension samples)
evaluated in this study were: 300 (0.3%), 600 (1%), 1200 (4%), and 2400 (16%). The four
pore sizes were chosen in the current analysis because they interrogated a wide range of
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percentage of the cross-sectional area that led to varied mechanical response relative to
dense samples; additionally, all four pore sizes were studied in each alloy, allowing for
a direct comparison. In the 316L material, each of the pores were designed to be 180 µm
or 3 layers tall cylinders with the varying diameters, while in the Ti-6Al-4V samples, the
internal pores were designed with a conical feature on the top surface after 180 µm vertical
walls to prevent pore closure due to dross formation in this alloy system. As discussed in
Ref. [20], a study on the effect of pore height performed for Ti-6Al-4V indicated that the
pore height did not impact the measured strength or ductility in uniaxial tension specimens.

Figure 2. Drawings of mechanical test specimens used to calibrate fracture criterion. (a–c) The cylindrical notched tension
geometries that were tested in the dense condition and with single, penny-shaped pores of varying diameter at the center.
(d) The butterfly test geometry used to evaluate material properties under pure shear and (e) the punch test geometry used
to evaluate equibiaxial tension. Both (d,e) were only tested in the dense condition. All dimensions in mm.

For all tests at least two repetitions were completed for each combination of stress
state and pore size, including the dense samples. Tests were performed to failure on their
respective load frames. Displacement and strain, using a virtual extensometer, were mea-
sured using digital image correlation (DIC), a non-contact surface strain field measurement
technique. For each test, two different definitions of failure were examined, displacement
to maximum force and displacement to material separation, and were used to inform the
simulation data in Section 2.1 and for calibration of the equivalent stress and strain fracture
models, respectively, in Section 2.3.

2.2. Finite Element Analysis Simulations

Calibrated plasticity models for 316L [17] and Ti-6Al-4V [19] were developed pre-
viously by the authors and used in simulations of each dense geometry using the finite
element method in the commercial software Abaqus [21]; the complete model details for
each fracture geometry are provided in Refs. [16–18,20]. Finite element analysis (FEA) sim-
ulations of each dense geometry were used to probe, as a function of applied displacement,
the components of the Cauchy stress tensor (σ), stress state (η and θ), and von Mises equiv-
alent stress (σVM) and equivalent plastic strain (ε) in the centermost element of each sample
geometry, which is where failure is assumed to initiate. Simulations were performed to
mimic the experimental displacement to catastrophic failure of the dense specimens, as
measured via the virtual extensometer in experiments and an equivalent extensometer in
each of the FEA models. The average stress triaxiality and Lode angle parameter up to the
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experimentally measured displacement to failure for each test condition (i.e., pore size and
sample geometry) were calculated using:

ηav =
1
ε

p
f

∫ ε
p
f

0
η dε (3)

and:

θav =
1
ε

p
f

∫ ε
p
f

0
θ dε. (4)

The equivalent stress from the FEA model was recorded at the displacement cor-
responding to the average experimental displacement to maximum force for every test
condition. The equivalent plastic strain from the FEA model was recorded at the displace-
ment corresponding to the average experimental displacement to catastrophic failure, or
material separation, for every test condition.

To summarize, for both materials the data sets were analyzed in two different 3D
spaces (ηav, θav, σVM), or equivalent stress space, and (η(ε), θ(ε), ε f ), or equivalent strain
space. For each 3D space there were five data points for the dense condition (pure shear,
punch, R3, R5, and R12) and three additional data points for each pore size (R3, R5, and
R12). These data will be referred to in subsequent sections in the calibration of the fracture
models in equivalent stress and strain spaces.

2.3. Fracture Models

In this study, three fracture models were calibrated in the 3D equivalent stress space of
(ηav, θav, σVM) and two fracture models in the 3D equivalent strain space of (η(ε), θ(ε), ε f ),
which are transformed versions of two of the stress-based models using assumed plasticity
frameworks as described in Refs. [22,23]. Each model was calibrated for the dense material
and each pore size. For the fracture surface calibrations for dense material, the dense pure
shear, punch, R3, R5, and R12 data were used. For each subsequent pore size, five tests were
also used in calibration: the dense pure shear and punch data were used as “anchor points”
as the pore configurations being considered in this study (with the cylinder axis oriented
parallel to the vertical build direction) are assumed to have relatively negligible impact on
ductility in those stress states, and the three notched tension data for the corresponding
pore size.

2.3.1. Equivalent Stress versus Stress Triaxiality and Lode Angle Space
Maximum Stress Failure Criterion

The maximum principal stress fracture criterion is based on the premise that a crack or
defect will grow in a direction perpendicular to the maximum principal stress, resulting in
failure when the maximum principal stress reaches a critical value. This model is given as:

σc = σmax = max(σ1, σ2, σ3) (5)

where σ1, σ2, and σ3 are the principal stress components, and σc is the critical maximum
principal stress resulting in fracture. For each notched tension geometry, the average
σc values from the three notched tensions tests for the dense data, as well as each pore size,
were calculated and are given in Tables 1 and 2 for both materials. To plot the maximum
stress fracture loci for dense material and each pore size, von Mises equivalent stress, η,
and θ were calculated and plotted as a function of the three principal stress components
with σc held constant. The discrete points were then interpolated to generate a fracture
locus using only a single input, σc.
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Table 1. Calibrated stress-based fracture model parameters for 316L using data from dense pure
shear and equibiaxial tension tests combined with dense, 300 µm, 600 µm, 1200 µm, and 2400 µm
pore round notched tension tests. Error is the mean absolute percentage error for the model predicted
values of equivalent stress on the fracture surface compared to the experimental values of equivalent
stress across each stress state used in calibration.

L-PBF 316L
Pore Diameter (µm)

Dense 300 600 1200 2400

Max
Stress σmax 1135 1151 1128 1073 1017

Mohr-
Coulomb

c1 0.516 0.507 0.468 0.383 0.337
c2 800 788 736 624 564

Error 5.2% 5.0% 5.6% 6.7% 9.7%

Hosford-
Coulomb

a 1.11 1.32 1.42 1.44 1.50
b 1519 1452 1431 1427 1414
c 0.422 0.392 0.414 0.451 0.500

Error 4.9% 4.6% 5.0% 6.3% 8.7%

Table 2. Calibrated stress-based fracture model parameters for Ti-6Al-4V using data from dense pure
shear and equibiaxial tension tests combined with dense, 300 µm, 600 µm, 1200 µm, and 2400 µm
pore round notched tension tests. Error is the mean absolute percentage error for the model predicted
values of equivalent stress on the fracture surface compared to the experimental values of equivalent
stress across each stress state used in calibration.

L-PBF Ti-6Al-4V
Pore Diameter (µm)

Dense 300 600 1200 2400

Max
Stress σmax 1817 1774.33 1647 1507 1128

Mohr-
Coulomb

c1 0.959 0.956 0.760 0.675 0.521
c2 1456 1429 1150 1030 814

Error 13.4% 9.9% 7.5% 4.7% 9.6%

Hosford-
Coulomb

a 1.23 0.944 1.06 0.862 0.438
b 1376 1498 1439 1557 2428
c 0.055 0.133 0.133 0.230 1.20

Error 1.2% 1.2% 1.7% 2.3% 9.6%

Mohr-Coulomb Failure Criterion

The Mohr-Coulomb (MC) fracture criterion is a classical stress-based criterion that
has its origins in describing brittle failure (e.g., rocks and ceramics) [24]. The model is
phenomenological in that it describes fracture as occurring when a combination of normal
stress (the intermediate principal stress is ignored) and shear stress reach a critical value.
The model in the 3D space of (η, θ, σVM) was initially presented by Bai et al. [22] and is
given as:

σMC
vM
[
η, θ
]
= c2



√

1 + c2
1

3
cos
(π

6
− θ
)
+ c1

(
η +

1
3

sin
(π

6
− θ
))


−1

(6)

where c1 (friction coefficient) and c2 (shear resistance) are model parameters that are
calibrated. The ranges of the model parameters are c1 ≥ 0 and c2 > 0. The optimized
model parameters for the dense material and the different pores sizes were determined
using a Matlab function (fmincon) (R2021a, 2021, Mathworks, Natick, MA, USA) that finds
the minimum of a constrained nonlinear multivariable function; in the current study, this
function probed fracture model parameters in a defined range and calculated the mean
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absolute percentage error (MAPE) between the predicted equivalent stress on the fracture
surface for each evaluated parameter set and the fixed combined experimental/simulation
scatter data at the same (η, θ) coordinates. The optimized parameter sets for each pore size
are shown in Tables 1 and 2.

Hosford-Coulomb Failure Criterion

The Hosford-Coulomb (HC) model is a stress-based failure criterion that describes
failure in terms of a material’s deviatoric strength, as originally postulated by Coulomb
in 1776 [25]. Unlike the MC model, the HC model considers the contribution from the
intermediate principal stress by replacing the maximum shear stress contribution in the
MC model with the Hosford equivalent stress [26]. The model in the 3D space of (η, θ,
σVM) was initially presented by Mohr and Marcadet [14] and is given as:

σHC
vM
[
η, θ
]
=

b
{

1
2
[
( f1 − f2)

a + ( f2 − f3)
a + ( f1 − f3)

a]} 1
a
+ c(2η + f1 + f3)

(7)

with:
f1 =

2
3

cos
[π

6
(
1− θ

)]
f2 =

2
3

cos
[π

6
(
3 + θ

)]
f3 = −2

3
cos
[π

6
(
1 + θ

)]
(8)

where model parameters a (Hosford exponent—controls the Lode angle parameter depen-
dence), b (controls the height of the fracture surface), and c (controls the stress triaxiality
dependence) were calibrated for each pore size in the current study. The Matlab function
(fmincon) used in the calibration of the MC model parameters was adopted for the HC op-
timization using the same experimental/simulation data for each pore size. The optimized
parameter sets for each pore size are shown in Tables 1 and 2.

2.3.2. Equivalent Plastic Strain versus Stress Triaxiality and Lode Angle Space

Taking into account the higher resolution in strain to failure than stress to failure
generally observed in ductile metals, the stress-based fracture criteria can be transformed to
strain space through a transformation based on an appropriate plasticity model framework
as described in Refs. [14,22]. For both materials discussed here, isotropic plasticity models
were assumed and used in simulations.

The first strain-based fracture model investigated was the modified Mohr-Coulomb
(MMC) fracture criterion [22]. This model is based on transforming the MC model from
stress space to strain space by assuming a plasticity framework as described in [22]. This
results in a definition of strain to failure, under the constraints of proportional loading, in
(ηav, θav, ε f ) space of:

εMMC
f =

{
A
c2

[
cs

θ +
√

3
2−
√

3

(
cax

θ − cs
θ

)(
sec
(

θπ
6

)
− 1
)][√

1+c2
1

3 cos
(

θπ
6

)

+c1

(
η + 1

3 sin
(

θπ
6

))]
}− 1

n

(9)

with:

cax
θ =

{
1 θ ≥ 0
cc

θ θ < 0
. (10)

The parameters A and n are parameters from the equations used to describe the rate
of strain hardening in the plasticity models given in [17,19], and these values were held
constant for each pore size, while c1, c2, cs

θ , and cc
θ were calibrated for each pore size in

the current study. The parameters c1 and c2 have the same effect as in the stress-based
MC model, and cs

θ and cc
θ control the Lode angle parameter dependence and asymmetry,

respectively, of the calibrated fracture surfaces.
The Hosford-Coulomb fracture criteria in equivalent plastic strain space is a phe-

nomenological fracture model that was developed on the hypothesis that the fracture
initiation in a ductile metal coincides with the formation of a primary or secondary band of
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localization, where the moment of this localization can be described by a critical combina-
tion of the Hosford equivalent stress and the normal stress on the plane of maximum shear.
Marcadet and Mohr [14] and Gu and Mohr proposed strain-based fracture models based on
this critical combination of equivalent and normal stress by transforming the stress-based
failure criterion to strain space through assumed plasticity models. The model used here
is the one proposed in Gu and Mohr [23], which, under the constraints of proportional
loading, is given as:

εHC
f (σ/σ) = b

(
1 + c

gHC
(
σ
σ

)
) 1

d

(11)

with:

gHC

(σ
σ

)
=

{
1
2
[
( f1 − f2)

a + ( f2 − f3)
a + ( f1 − f3)

a]
} 1

a
+ c(2η + f1 + f3). (12)

In this model, a, b, and c all retain their meaning from the HC stress-based failure
criterion and d increases or decreases the curvature of the fracture locus, where a larger
value of d results in less curvature and therefore a flatter surface.

Parameters for both models were calibrated using a Matlab code (fmincon) that
optimized parameter values such that mean absolute percentage error for the damage
indicator (D), calculated as:

D =
∫ ε f

0

1

εMMC,
f

dε and D =
∫ ε f

0

1
εHC

f
dε, (13)

was minimized. A target value of D = 1, corresponding to material failure, was used in the
optimization code for calculating error.

3. Results and Discussion
3.1. Effect of Pores in Equivalent Strain versus Stress Triaxiality and Lode Angle Parameter Space

The results from the models in the equivalent plastic strain space will first be discussed
because these models are most often used when describing ductile failure behavior and
provided a baseline performance with which the equivalent stress-based models were
contrasted. The results of the strain-based fracture model calibration for both the MMC
and strain-based HC model are shown in Figure 3 and the resulting model parameters are
given in Tables 3 and 4.

Table 3. Calibrated strain-based ductile fracture model parameters for 316L using data from dense
pure shear and equibiaxial tension tests combined with dense, 300 µm, 600 µm, 1200 µm, and 2400 µm
pore round notched tension Table 1. which represents perfect model agreement with experiments.

L-PBF 316L
Pore Diameter (µm)

Dense 300 600 1200 2400

Modified
Mohr-

Coulomb

c1 0.724 0.627 0.672 0.804 1.026
c2 1665 1292 1256 1225 1190
cs
θ 1.99 1.61 1.53 1.41 1.23

cc
θ 0.995 0.981 0.917 0.8 0.623

Error 5.8% 4.3% 1.7% 4.3% 7.3%

Hosford-
Coulomb

a 0.551 0.562 0.705 1.04 1.16
b 1.34 1.34 1.09 0.688 0.553
c 0.274 0.32 0.249 0.24 0.267
d 0.473 0.352 0.309 0.377 0.321

Error 7.1% 3.2% 0.7% 5.5% 17%
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Figure 3. Damage accumulation at fracture for (a,b) 316L and (c,d) Ti-6Al-4V using the calibrated (a,c) modified Mohr-
Coulomb and (b,d) Hosford-Coulomb models. The dashed line at a value of damage equal to one represents perfect
agreement between the model and the experimental/simulation data for each test. Numbers on the horizontal axes denote
the pore diameter at the center of the samples.

Table 4. Calibrated strain-based ductile fracture model parameters for Ti-6Al-4V using data from
dense pure shear and equibiaxial tension tests combined with dense, 300 µm, 600 µm, 1200 µm,
and 2400 µm pore round notched tension tests. Error is mean absolute percentage error for the
model-calibrated damage accumulation in all five tests compared to a damage value of 1, which
represents perfect model agreement with experiments.

L-PBF Ti-6Al-4V
Pore Diameter (µm)

Dense 300 600 1200 2400

Modified
Mohr-

Coulomb

c1 0.069 0.109 0.139 0.156 0.219
c2 694 697 697 697 690
cs
θ 0.981 0.982 0.978 0.976 0.954

cc
θ 1.037 0.995 0.961 0.944 0.87

Error 1.3% 11% 3.3% 32% 40%

Hosford-
Coulomb

a 0.46 0.638 1.22 1.33 1.33
b 0.451 0.478 0.193 0.236 0.235
c 0.415 0.296 0.075 0.058 0.057
d 0.154 0.059 0.018 0.008 0.008

Error 3.7% 1.3% 8.4% 17% 58%

3.1.1. L-PBF 316L

The damage prediction shows that for 316L, both the MMC and strain-based HC
models do a relatively good job at accurately capturing the failure behavior of the dense
samples and the samples with 600 µm and 1200 µm diameter intentional pores. The mean
absolute percentage error across all test conditions was 4.7% for the MMC model and 6.7%
for the HC model. However, for the HC model the largest error was for the 2400 µm pore
diameter (16% of the cross-sectional area), where the model did not accurately capture the
punch, R5, and R12 behavior simultaneously, resulting in a MAPE of 17%. The low error in
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the 316L calibrated parameters resulted in good fitting of the fracture surfaces relative to
the experimental/simulated scatter data, as shown in Figure 4.

Figure 4. Calibrated (a) modified Mohr–Coulomb and (b) Hosford–Coulomb fracture loci in stress triaxiality vs. Lode angle
parameter vs. equivalent plastic strain space for 316L using the dense, 1200 µm, and 2400 µm pore data. Note that the
horizontal positions of each symbol correspond to the average stress triaxiality and Lode angle parameter during loading,
while the vertical position corresponds to the experimental strain to failure of the average stress state under the assumption
of proportional loading; therefore, the symbols are not expected to lie on the fracture surfaces, which took into account
loading history in the accumulation of damage.

With increased pore size in the 316L, there was a noticeable flattening behavior of the
surfaces using both the MMC and strain-based HC models; in other words, failure behavior
became less stress state dependent as a function of increased pore size. The strain-based
models captured the fracture behavior in 316L with the inclusion of pores well because
even with the introduction of the 2400 µm diameter pore (16% of the cross-sectional area),
the equivalent plastic strain to failure was >20% at failure, which significantly exceeds
elastic deformation; thus, these data still lie in the region of high strain resolution. Overall,
the MMC model did a better job capturing the fracture behavior as a function of pore size
using the five tests in this study for calibration of the model parameters.

3.1.2. L-PBF Ti-6Al-4V

The calibrated model parameters for Ti-6Al-4V had relatively low average error in
the damage prediction for the dense, 300 µm, and 600 µm diameter pore experimen-
tal/simulation test data using both the calibrated MMC (5.2% MAPE) and the strain-based
HC (4.5% MAPE) models. However, the ability of the models to accurately describe the evo-
lution of damage to material failure drastically declined for the samples with the 1200 µm
diameter (4% of the cross-sectional area) and 2400 µm diameter (16% of the cross-sectional
area) pores. These large errors are primarily driven by errors in fitting the notched tension
tests, where the inclusion of the large diameter pores results in failure at little to no plastic
strain [20].

Plotting the fracture surfaces for 1200 µm diameter (4% of the cross-sectional area)
and 2400 µm diameter (16% of the cross-sectional area) pores, as shown in Figure 5 for
both models, resulted in surfaces that were hard to distinguish from each other and did
not perfectly capture the data. The breakdown of the models’ ability to capture the data
accurately in the equivalent plastic strain space for the test conditions with the largest
pores was due to the fact that, with increased pore size and reduced displacement to failure,
the elastic strain contribution became non-negligible or even dominant, compared to the
plastic contribution, for failure in the Ti-6Al-4V.
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Figure 5. Calibrated (a) modified Mohr–Coulomb and (b) Hosford–Coulomb fracture loci in stress triaxiality vs. Lode angle
parameter vs. equivalent plastic strain space for Ti-6Al-4V using dense, 1200 µm, and 2400 µm pore data. Note that the
horizontal positions of each symbol correspond to the average stress triaxiality and Lode angle parameter during loading,
while the vertical position corresponds to the experimental strain to failure of the average stress state under the assumption
of proportional loading; therefore the symbols are not expected to lie on the fracture surfaces, which took into account
loading history in the accumulation of damage.

3.2. Effect of Pores in Equivalent Stress versus Stress Triaxiality and Lode Angle Parameter Space
3.2.1. L-PBF 316L

The equivalent strain-based models captured the change in fracture behavior with
increasing pore diameters well, and based on the limited strain hardening in the 316L
as shown in Figure 1, the ability to resolve the change in equivalent failure stress, with
increasing pore size, should be restricted. Both the MC and HC stress-based models
captured the experimental/simulated data well with all calculated MAPE below 10%.

The fracture surface shapes remained similar with increasing pore size, but the magni-
tude of equivalent stress across the entire surface was reduced as pore size increased. The
MC model exhibits the most change in shape with increased pore size, where the calibrated
models for the samples with 1200 µm (4% of the cross-sectional area) and 2400 µm (16%
of the cross-sectional area) diameter pores resulted in a flattening of the surface along the
edge where Lode angle parameter equals 1, which is where the three notched tension tests
lie, as shown in Figure 6b. The maximum stress model captured the notched tension tests
well, but all surfaces predict much higher stress to failure than observed for the pure shear
test. However, it should be noted that experimentally measured failure under shear should
be taken as a lower bound (see, e.g., Ref. [27]). In general, the models capture the data well
in equivalent stress spaces for the 316L, however the limited loss in strength with increased
pore size makes it challenging to differentiate the calibrated fracture surfaces from one
another compared to the equivalent strain space.

3.2.2. L-PBF Ti-6Al-4V

As the stress-based fracture models investigated here were developed to describe
fracture behavior of brittle materials, it follows that a stress space criterion would better
capture the detriment to mechanical behavior, due to the introduction of large pores, in
already limited-ductility Ti-6Al-4V, better than a strain space representation based on
plastic deformation. For Ti-6Al-4V, there were larger differences in the two models’ abilities
to capture failure behavior with increased pore size; the MC model average MAPE was
9%, and the model had the most difficulty capturing the dense behavior (13.4% MAPE),
but for the HC model the average MAPE was only 3%. The maximum stress model was
able to capture the drop in equivalent stress to failure for samples with increased pore size;
however, it did a poor job capturing the pure shear and punch tests, as shown in Figure 7a.
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Figure 6. Calibrated (a) maximum stress, (b) Mohr–Coulomb and (c) Hosford–Coulomb fracture loci in stress triaxial-
ity vs. Lode angle parameter vs. equivalent stress space for 316L using dense, 1200 µm, and 2400 µm pore data.

Between the MC and HC models, the most evident change in calibrated fracture
surface shape in stress space was between the surfaces for samples with 1200 µm diameter
(4% of the cross-sectional area) and 2400 µm diameter (16% of the cross-sectional area)
pores, as shown in Figure 7c. The calibrated HC surfaces showed a clear change from
relatively stress state independent failure (flat surface) to more stress state dependent
failure in the equivalent stress space for samples with the 2400 µm diameter (16% of
the cross-sectional area) pore. For samples with a pore diameter of 1200 µm (4% of the
cross-sectional area), the contributions of the elastic and plastic strain components were
similar in magnitude; at failure the equivalent plastic strain was less than 1.5% for all
three notched tension geometries. All samples with a pore diameter of 2400 µm (16% of
the cross-sectional area), failed in an elastic deformation-dominated regime, for which
there was significantly greater resolution in stress compared to plastic strain. Therefore,
the brittle fracture derived models, based on strength limits, better captured the fracture
behavior with the 1200 µm (4% of the cross-sectional area) and the 2400 µm (16% of the
cross-sectional area) diameter pores.
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Figure 7. Calibrated (a) maximum stress, (b) Mohr–Coulomb, and (c) Hosford–Coulomb fracture loci in stress triaxial-
ity vs. Lode angle parameter vs. equivalent stress space for Ti-6Al-4V using dense, 1200 µm pore, and 2400 µm pore data.

4. Conclusions

This study takes advantage of the layer-by-layer manufacturing capabilities of AM to
study the impact of controlled internal pores in two different metal alloys on stress-state
and flaw-size dependent failure behavior. Fracture models presented in both equivalent
stress (versus stress state) and strain (versus stress state) space were calibrated and their
efficacy for describing the experimental/simulation results were discussed. The primary
conclusions of this study are:

• L-PBF 316L and Ti-6Al-4V were shown to have drastically different stress state depen-
dent fracture behavior in the dense condition, and these differences were exacerbated
with the introduction of internal pores. Ultimately, the fracture behavior of relatively
high ductility, and therefore defect tolerant, 316L was better captured by ductile frac-
ture models based on an accumulation of damage with plastic deformation due to the
significant plastic deformation to fracture observed in all samples, including those
with pores. Conversely, the fracture behavior of relatively low ductility, and defect
intolerant, Ti-6Al-4V was better captured by the fracture models derived based on
critical strength values due to the limited or negligible plastic deformation preceding
failure, particularly in samples with pores.

• For L-PBF 316L, the inclusion of the 1200 µm (4% of the cross-sectional area) and
the 2400 µm (16% of the cross-sectional area) diameter pores in samples resulted in
calibrated fracture surfaces in equivalent plastic strain space that had reduced stress
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state dependent failure, or flatter fracture surfaces, with increased pore size as failure
in these samples became dominated by pore size rather than stress triaxiality.

• The effect of pores on the fracture behavior of L-PBF 316L was best captured in
equivalent plastic strain space as significant equivalent plastic strain to failure was
retained even with the samples that had the largest diameter pores (2400 µm or
16% of the cross-sectional area). Specifically, the modified Mohr-Coulomb model
calibrated with pure shear, equibiaxial tension, and three unique round notched
tension geometries (with and without intentional penny-shaped pores of varying
diameters) most accurately captured the failure behavior of L-PBF 316L.

• For L-PBF Ti-6Al-4V, the use of equivalent stress-based fracture models, initially
proposed for brittle materials, to evaluate the effect of internal pores of varying
diameter was shown to be most appropriate.

• The equivalent stress-based Hosford-Coulomb failure criterion most accurately cap-
tured the failure behavior of L-PBF Ti-6Al-4V samples as a function of pore size. For
samples with the largest diameter pores (2400 µm or 16% of the cross-sectional area),
the fracture behavior, as visualized with the HC fracture surfaces in stress space,
became more stress state dependent compared to the calibrated model for dense
Ti-6Al-4V.
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Abstract: The United States Air Force (USAF) Guidelines for the Durability and Damage Tolerance
(DADT) certification of Additive Manufactured (AM) parts states that the most difficult challenge for
the certification of an AM part is to establish an accurate prediction of its DADT. How to address
this challenge is the focus of the present paper. To this end this paper examines the variability in
crack growth in tests on additively manufactured (AM) Ti-6Al-4V specimens built using selective
layer melting (SLM). One series of tests analysed involves thirty single edge notch tension specimens
with five build orientations and two different post heat treatments. The other test program analysed
involved ASTM standard single edge notch specimens with three different build directions. The
results of this study highlight the ability of the Hartman–Schijve crack growth equation to capture
the variability and the anisotropic behaviour of crack growth in SLM Ti-6Al-4V. It is thus shown that,
despite the large variability in crack growth, the intrinsic crack growth equation remains unchanged
and that the variability and the anisotropic nature of crack growth in this test program is captured by
allowing for changes in both the fatigue threshold and the cyclic fracture toughness.

Keywords: additive manufacture; SLM Ti-6Al-4V; variability; anisotropy; fatigue crack growth

1. Introduction

The regulatory requirements associated with additively manufactured (AM) parts
for both civil and military aircraft are summarised in [1–3]. As noted in [3,4], and in the
United Staes Air Force (USAF) airworthiness certification standard MIL-STD-1530D [5], it
is essential that the variability in the crack growth rates be understood. This requirement
is also highlighted in USAF Structures Bulletin EZ-19-01 [4], which specifically addresses
the USAF guidelines for the durability and damage tolerance (DADT) certification of
additively manufactured aircraft structural parts. Indeed, the ability to accurately assess
the variability in crack growth is particularly important when performing the risk of failure
analysis mandated in the US Joint Services Structural Guideline JSSG2006 [6]. As explained
in Section 5.3 of MIL-STD-1530D [5] analysis is central to airworthiness certification, and
the purpose of experimental tests is “to validate or correct analysis methods and results,
and to demonstrate that requirements are achieved”.

The study by Virkler and Hillberry [7] is acknowledged to be the first paper to
highlight the variability that can arise in the measured fatigue (long) crack growth rates
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(da/dN, where a is the crack length and N is the number of cycles) in conventionally
manufactured metals. Whilst the paper by Iliopoulos et al. [8] highlighted the extensive
variability that is associated with long cracks in Ti-6Al-4V built using a number of different
AM processes, the paper by Rans et al. [9], which presented the da/dN versus ∆K curves
associated with thirty Ti-6Al-4V single edge notch tension (SENT) specimens built using
selective laser melt (SLM), is arguably the first to present a similar in depth study to that of
Virkler where attention was focused on a single AM process. Unfortunately, as explained
in [8], the expression used in [9] to determine the range in the stress intensity factor in
a load cycle (∆K = Kmax − Kmin, where Kmax and Kmin, are the maximum and minimum
values of the stress intensity factor in a cycle) was inaccurate. Whilst correct expression for
∆K was given in [8] the corresponding da/dN versus ∆K were not. Consequently, one of
the primary purposes of this paper is to present the accurate curves associated with these
thirty SLM Ti-6Al-4V single edge notch tension (SENT) specimens and thereby highlight
the extent of the variability associated with crack growth in SLM Ti-6Al-4V.

The paper by Molent and Jones [10] was the first to reveal that the variability in the
da/dN versus ∆K curves given in [7] could be captured by allowing for the variability in the
fatigue threshold term ∆Kthr in Equation (2) the Hartman–Schijve equation [11], viz.

da/dN = D(∆κ)p (1)

The terms D and p are constants, and ∆κ is the crack driving force as given by Schwalbe
in [12], viz.

∆κ = (∆K − ∆Kthr)/(1 − (Kmax/A))1/2 (2)

where the term A is the cyclic fracture toughness. It has subsequently been shown [8,13–18]
that the variability in crack growth in AM materials can often be accounted for by allowing for
the variability in the fatigue threshold term ∆Kthr and the cyclic fracture toughness term (A).

To address the main issue of accurately predicting the DADT, this paper also focuses
in evaluating if this formulation can also be used to account for the variability in the da/dN
versus ∆K curves presented by Ran’s et al. in [9]. The outcome of this initial study is
that when da/dN is plotted as a function of ∆κ then each of these thirty curves essentially
collapse onto the same master curve obtained for the growth of both long and small cracks
in conventionally manufacture Ti-6Al-4V. It should be stressed that, this seminal finding
represents the first time that any fracture mechanics-based study has been shown to be able
to capture the underlying response in such a large cross section of tests on AM specimens
built using a single AM facility. This example is particularly important given that MIL-STD-
1530D mandates the use of fracture mechanics-based analyses in the certification process
and that USAF Structures Bulletin EZ-19-01 states that the most difficult challenge for AM
structural is to establish an “accurate prediction of structural performance” specific to
DADT.

This study is complemented by a subsequent investigation into the ability of Equations
(1) and (2) to capture the anisotropic behaviour of crack growth in ASTM compact tension
(CT) SLM Ti-6Al-4V specimens. As such the studies presented in this paper illustrate how
to address the challenge delineated in Structures Bulletin EZ-19-01, namely how to allow
for the variability seen in crack growth in AM parts.

2. Materials and Methods

The data analysed in the present paper are taken either journals that are both peer
reviewed and publicly available, refereed Conferences and texts that are publicly available
(ISBN numbers are given in the associated reference), or from Google searches. Of these
references ten are SCOPUS listed Journals, and five are available on various US government
websites. The Book Chapters and Books referenced can all be found listed in SCOPUS,
one reference can be found on the FAA website. The keywords used to find the references:
Additive manufacturing, durability, damage tolerance, variability, and Hartman–Schijve.
The exception to this is [2] which was presented at the Proceedings Indian Structural
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Integrity Society, 3rd Structural Integrity Conference and Exhibition (SICE), IIT, Mumbai,
India, 11 December 2020 and which is not as yet available online.

3. Modelling the Variability in SLM TI-6AL-4V

Let us first examine the variability in the da/dN versus ∆K curves given in [9] for crack
growth in SLMTi-6Al-4V. In this study thirty R = 0.1 tests were performed on single edge
notch tension (SENT). The specimens tested had five different build orientations (0, 30,
45, 60 and, 90 degrees), and two different post heat treatments, namely: (a) specimens
annealed at 735 ◦C and (b) specimens annealed at 735 ◦C and then subjected to hot isostatic
pressing (HIP) for two hours. In [9] the build direction was defined relative to the crack in
the SENT specimen. (By this it is meant that a build direction of 90 degrees corresponds to
the case when the crack was at nright angle to the build direction.) Details of the processes,
and the specimen identifiers are given in Table 1.

Table 1. Notation associated with the specimen tests reported in [9].

Build Angle Treatment Descriptor

0◦ annealed at 735 ◦C 00-2
ibid ibid 00-3
ibid ibid 00-4

ibid annealed at 735 ◦C and then
HIPed for 00-6

ibid 2 h at 920 ◦C and 1000 bar 00-7
ibid ibid 00-8
30◦ annealed at 735 ◦C 30-2
ibid ibid 30-3
ibid ibid 30-4

ibid
annealed at 735 ◦C and then
HIPed for 2 h at 920 ◦C 1000

bar
30-6

ibid ibid 30-7
ibid ibid 30-8
45◦ annealed at 735 ◦C 45-2
ibid ibid 45-3
ibid ibid 45-4

ibid annealed at 735 ◦C and then
HIPed for 45-5

ibid 2 hrs 920 ◦C 1000 bar 45-6
ibid ibid 45-8
60◦ annealed at 735 ◦C 60-2
ibid ibid 60-3

ibid annealed at 735 ◦C and then
HIPed for 60-6

ibid 2 hrs at 920 ◦C and 1000 bar 60-7
ibid ibid 60-8
90◦ annealed at 735 ◦C 90-2
ibid ibid 90-3
ibid ibid 90-4

ibid annealed at 735 ◦C and then
HIPed for 2 h 920 ◦C 1000 bar 90-5

ibid ibid 90-6
ibid ibid 90-8

The variability in the thirty da/dN versus ∆K curves is shown in Figure 1. (As noted
in [8] the da/dN versus ∆K curves given in [9] were incorrect since the expression used to
determine ∆K was incorrect. Whilst this error was corrected in [8], only a few selected da/dN
versus ∆K curves were given.) Figure 2 reveals that the da/dN versus ∆K curves are largely
bounded above by that of specimen 30-3, and below by specimen 90-8, which is HIPed. For
comparison Figure 1 also contains the R = −1 da/dN versus ∆K curve determined in [17]
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for the growth of a short surface crack in an AM Ti-6Al-4V cylindrical specimen, that was
fabricated using an M290 Laser Beam Powder Bed Fusion (LB-PBF) facility, subjected to
constant amplitude loading with a maximum stress of 910 MPa. This curve is labelled
LB-PBF1. The cyclic fracture toughness (A) of the material in this test was approximately
85 MPa

√
m, and ∆Kthr was approximately 0.1 MPa

√
m, see [17]. Figure 1 reveals that the

crack growth rate in specimen 30-3 is similar to the growth rate seen by the surface crack in
specimen LB-PBF1.
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Figure 2. Hartman–Schijve representation of the thirty SLM Ti-6Al-4V tests.

To further illustrate the variability associated with AM Ti-6Al-4V Figure 1 also contains
the R =−1 da/dN versus ∆K curve determined in [17] for a short surface crack in a specimen
built using a Renishaw AM250 LB-PBF machine. In this instance the maximum applied
stress was 268 MPa. This curve is labelled LB-PBF2. The cyclic fracture toughness (A)
of the material in this test was found to be approximately 37 MPa

√
m and the fatigue

threshold term (∆Kthr) was approximately 0.1 MPa
√

m, see [17]. Here, it should be noted
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that [17] explained that the difference in the crack growth rates in these two LB-PBF tests
was primarily due to the differences in the cyclic fracture toughness’s.

Figure 2 reveals that if the curves shown in Figure 1 are plotted with da/dN as a function
of ∆κ, then (allowing experimental error) the scatter in these thirty curves essentially
vanishes. Figure 2 also reveals that these thirty tests lie on the same da/dN versus ∆κ curve
determined for both long and short cracks in conventionally and AM Ti-6Al-4V, viz.

da/dN = 2.79 × 10−10 [(∆K − ∆Kthr)/(1 − Kmax/A)1/2]1.99 (3)

The values of ∆Kthr and A used in Figure 2, and the corresponding values of the
coefficient of determination (R2) are given in Table 2. (The mean value of the coefficients of
determination given in Table 2 is approximately 0.96.) Here, it should be recalled that as
shown in [13] the ASTM definition of the fracture toughness (∆Kth), which is arbitrarily
chosen to be the value of ∆K at a crack growth rate da/dN of 10−10 m/cycle [19], is related
to ∆Kthr is via the expression:

∆Kth = ∆Kthr + 0.62 (4)

Table 2. Values used in Figure 2.

Build Angle Descriptor ∆Kthr (MPa
√

m) A (MPa
√

m) Coefficient of
Determination (R2)

0◦ 00-2 5.10 88.0 0.97

ibid 00-3 1.50 54.5 0.95

ibid 00-4 7.80 73.0 0.91

ibid 00-6 (HIPed) 5.40 107.0 0.96

ibid 00-7 (HIPed) 4.92 67.0 0.95

ibid 00-8 (HIPed) 8.20 70.0 0.99

30◦ 30-2 5.90 105.0 0.95

ibid 30-3 0.10 63.5 0.97

ibid 30-4 4.10 73.0 0.97

ibid 30-6 (HIPed) 1.30 85.0 0.91

ibid 30-7 (HIPed) 2.20 73.0 0.93

ibid 30-8 (HIPed) 2.55 65.0 0.97

45◦ 45-2 0.10 134.0 0.98

ibid 45-3 1.90 73.0 0.94

ibid 45-4 2.70 85.0 0.99

ibid 45-5 (HIPed) 1.50 76.0 0.99

ibid 45-6 (HIPed) 2.40 90.0 0.98

ibid 45-8 (HIPed) 3.10 128.0 0.99

ibid 60-1 3.00 61.0 0.99

ibid 60-2 1.90 74.0 0.99

60◦ 60-3 0.10 98.3 0.92

ibid 60-6 (HIPed) 3.70 70.0 0.99

ibid 60-7 (HIPed) 3.70 116.0 0.97

ibid 60-8 (HIPed) 5.00 140.0 0.99

ibid 90-2 1.95 93.8 0.85

90◦ 90-3 5.90 49.7 0.98

ibid 90-4 5.01 51.0 0.99

ibid 90-5 (HIPed) 4.00 80.0 0.98

ibid 90-6 (HIPed) 3.80 123 0.99

ibid 90-8 (HIPed) 6.20 168.0 0.96
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To further illustrate how the variability in these tests can be captured using Equation (2)
Figure 1 also presents plots of the computed curves for specimens 30-3 and 90-8 as well
as for specimen 45-8, which is HIPed and which represents a mid-range (in the context of
the present study) crack growth curve. These computed curves were determined using
Equation (2) together with the values of A and ∆Kthr given in Table 2.

To help quantify the effect of the HIPing process Table 3 presents the mean and
standard deviations associated with specimens both with and without HIPing. As in [13,14]
we see that in contrast to conventionally manufactured specimens the variability associated
with the cyclic fracture toughness (A) is quite large. The mean value of A for the annealed
specimens of approximately 79 MPa

√
m is similar to the mean value of approximately

83 MPa
√

m associated with the forty different AM Ti-6Al-4V specimens analysed in [8,13].
The standard deviation associated with the SLM specimens is approximately 23 MPa

√
m.

This value is lower than the value of 49 MPa
√

m obtained for the specimens analysed
in [8,13]. This is to be expected since the later value covers specimens fabricated using
a variety of different AM processes, viz. SLM, Direct Metal Deposition (DMLS), Laser
Engineered Net Surface (LENS), etc., and includes specimens left as built, after annealing,
and/or after HIPing. When specimens that were either left in the as fabricated state or
HIPed are removed from the data being considered then the mean value increases slightly
to approximately 89 MPa

√
m with a standard deviation of approximately 57 MPa

√
m.

Table 3. Mean and standard deviations of ∆Kthr and A associated with SLM Ti-6Al-4V specimens
with and without HIPing.

Mean Value Standard Deviation

Annealed at 735 ◦C

A (MPa × √m) 78.6 23.0

∆Kthr (MPa × √m) 3.2 2.4

Annealed at 735 ◦C and then
HIPed for 2 hrs at 920 ◦C 1000 bar

A (MPa × √m) 96.6 31.6

∆Kthr (MPa × √m) 3.8 1.9

Table 3 reveals that the mean value of A for the SLMS specimens that were both
annealed and HIPed is approximately 96.6 MPa

√
m. At first glance this would suggest that

HIPing is advantageous. However, the standard deviation associated with these two sets of
SLM specimens is quite large, and hence caution is urged with respect to this observation.

Table 3 also reveals that the mean values of the fatigue threshold term ∆Kthr associated
with the annealed (only) and the annealed and HIPed specimens are 3.2 and 3.8 MPa

√
m,

respectively. The corresponding standard deviations are 2.4 and 1.9 MPa
√

m. These values
are comparable with the mean values of 3.3 and 3.5 MPa

√
m associated with all of the

forty different AM Ti-6Al-4V specimens analysed in [8,13], and with the value obtained
when specimens that either were left in the as fabricated state or HIPed are removed from
the data being considered. However, the mean values are misleading in that in several of
these tests the value of ∆Kthr was significantly lower.

Crack Growth in ASTM Compact Tension SLM Ti-6Al-4V Specimens as Function of Crack
Orientation Relative to the Build Direction

Let us next consider the R = 0.1 crack growth histories presented in [20] for crack
growth in a 10 mm thick ASTM compact tension (CT) specimen with cracks at 0◦, 45◦, and
90◦ to the build direction in SLM Ti-6Al-4V. The measured and computed crack growth
histories are shown in Figure 3 where we see excellent agreement. The values of ∆Kthr and
A used in Figure 3 are given in Table 4.
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Figure 3. Measured and computed crack growth histories for the SLM Ti-6Al-4V tests reported
in [20].

Table 4. Values used in Figure 3.

Build Direction ∆Kthr (MPa × √m) A (MPa
√

m)

0◦ 2.0 71
45◦ 3.8 52
90◦ 3.15 48.5

4. Implications for the Durability Analysis of AM Parts

USAF Structures Bulletin EZ-19-01 [3] explains that durability analysis is essential to
the certification of AM parts. Lincoln and Melliere [21], as part of the USAF F-15 program,
and [11,14] have shown that a durability analysis necessitates the use of the associated
small crack da/dN versus ∆K curve (a similar statement is contained in Appendix X3 of the
ASTM fatigue test standard E647-15 [19]). Structures Bulletin EZ-19-01 [3] also requires
the use of a minimum equivalent initial damage size (EIDS) of 0.254 mm (0.01 inch). (This
value is taken from the Joint Services Structural Guidelines 2006 [3].) Whereas the paper by
Virkler and Hillberry [7] is acknowledged to be first to illustrate the variability associated
with long cracks in metals, the paper by Kundu et al. [16], which presented the crack
growth histories associated with twenty three small surface breaking cracks with length
scales of the order of 0.254 mm in AA7050-T7451 aluminium alloy specimens, was (to the
best of the authors knowledge) the first to examine the variability in the growth of small
surface breaking cracks with sizes comparable to that of the EIDS required in [3]. This
study revealed that the variability in the crack growth histories was accurately captured
allowing for variability in ∆Kthr. The resultant variability in the da/dN versus ∆K curves
associated with these twenty-three (small) surface breaking cracks is shown in Figure 4.

Of course, the variability seen in Figure 4 is associated with a limited data set, and as
such it may not necessarily capture the extent of the true variability in the material proper-
ties. To account for such limited data sets Niu [22] and Rouchon [23] suggest adopting a
statistical approach whereby the ‘A basis’ and ‘B basis’ properties are determined. An ‘A
basis’ mechanical property value equals the mean value minus three standard deviations
and is the value above which at least 99% of the population of values is expected to fall
with a confidence of 95% [22]. A ‘B basis’ mechanical property value equals the mean value
minus two standard deviations and is the value above which at least 95% of the population
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of values is expected to fall with a confidence of 95% [22]. The values of ∆Kthr given in [16]
for these twenty-three cracks are given in Table 5. The mean value of ∆Kthr is approximately
0.80 MPa

√
m and the standard deviation (σ) is approximately 0.24 MPa

√
m. This yields a

Mean- 3σ of approximately 0.1 MPa
√

m. This curve is also shown in Figure 4. Interestingly
the Mean- 3σ curve shown in Figure 4 for these size EIDS is close to that given in [24–26]
for the growth of “small” cracks from small near micron size surface discontinuities in
7050-T7451. It is also the same as the values determined in [17] for the growth of small
surface breaking cracks in LPBF Ti-6Al-4V.
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Figure 4. Variability in the crack growth curves for the twenty-three small surface breaking cracks
in 7050-T7451 specimens [16]. The labelling convention used for these twenty-three cracks is taken
from [16].

Taking the results of this study into the variability of near EIDS size surface breaking
cracks into consideration, and noting that the fastest growing long crack in the SLM Ti-6Al-
4V tests given in [9] can be approximated by using Equations (1) and (2) together with a
low value for the fatigue threshold term ∆Kthr, it is hypothesised that this phenomena, i.e.,
that the worst case curve associated with surface breaking cracks with dimensions as per
the minimum allowable EIDS given in [3] for the durability analysis of an AM part would
also resemble the corresponding small crack curve, may also hold for AM parts. However,
testing is required to evaluate this hypothesis.

Table 5. Values of the term ∆Kthr given in [16].

Crack Descriptor ∆Kthr (MPa
√

m)

c1 0.7
c2_2 0.35

c4 0.75
c5_1 0.8
c5_2 0.6
c6_b 0.75

c7 0.85
c8 0.72
c9 0.65
c10 1.6
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Table 5. Cont.

Crack Descriptor ∆Kthr (MPa
√

m)

c11 0.61
ck 0.83
cp 0.63
c1 0.6
c3 0.95
c6 1
c7 0.9
c8 1.2
c9 0.8
c10 0.68
c11 0.75
cq 0.66

5. Conclusions

USAF Structures Bulletin EZ-19-01 states that the most difficult challenge for AM
structural is to establish an “accurate prediction of structural performance” specific to
DADT. It also notes the importance of being able to account for the variability in the crack
growth rates associated with AM parts. To meet this challenge the present has examined the
variability in the crack growth rates associated with two studies into crack growth in SLM
Ti-6Al-4V. One of the studies analysed, involved thirty single edge notch tension specimens
with five build orientations and two different post heat treatment methods. The other
study involved ASTM standard CT specimens with three different build directions. The
results of this analysis highlight the ability of the Hartman–Schijve crack growth equation
to capture the variability and the anisotropic behaviour of crack growth in SLM Ti-6Al-4V.
This seminal finding represents the first time that any fracture mechanics-based study has
been shown to be able to capture the underlying response in such a large cross section of
tests on AM specimens built using a single AM facility. This development is central to
meeting the certification requirements delineated in MIL-STD-1530D and EZ-19-01.

It is also hypothesised that the worst-case curve associated with surface breaking
cracks with dimensions as per the minimum allowable EIDS given in EZ-19-01 for the
durability analysis of an AM part should resemble the corresponding small crack curve.
However, additional testing is required to evaluate this hypothesis. This finding, once
further validated, will have significant implications for the economic life/durability certifi-
cation of AM parts.
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Abstract: This research proposes a novel topology optimization method using neural style transfer
to simultaneously optimize both structural performance for a given loading condition and geometric
similarity for a reference design. For the neural style transfer, the convolutional layers of a pre-trained
neural network extract and quantify characteristic features from the reference and input designs for
optimization. The optimization analysis is evaluated as a single weighted objective function with the
ability for the user to control the influence of the neural style transfer with the structural performance.
As seen in architecture and consumer-facing products, the visual appeal of a design contributes to its
overall value along with mechanical performance metrics. Using this method, a designer allows the
tool to find the ideal compromise of these metrics. Three case studies are included to demonstrate
the capabilities of this method with various loading conditions and reference designs. The structural
performances of the novel designs are within 10% of the baseline without geometric reference, and
the designs incorporate features in the given reference such as member size or meshed features. The
performance of the proposed optimizer is compared against other optimizers without the geometric
similarity constraint.

Keywords: topology optimization; neural network; neural style transfer; additive manufacturing

1. Introduction

With recent advances in additive manufacturing, it is now more feasible to fabri-
cate complex designs generated by topology optimization. Topology optimization is a
mathematical analysis of a design space, optimizing the material distribution to improve
performance for a given metric (i.e., compliance, stress, etc.). Beginning with the work
by Bendsoe and Kikuchi [1], the field has grown to include new approaches such as solid
isotropic material with penalization (SIMP), level set (LS), and bi-directional evolutionary
structural optimization (BESO) [2,3] and various design problems such as static, dynamic,
thermo-elastic, and manufacturability [4,5]. These advances all improve the functional
use of the optimized design. In fields where aesthetics add to the use of a design, such
as architecture or art, the visual features of the design also contribute to the value. Such
features have yet to be considered in detail for topology optimization.

The task of modifying the topology optimized design for geometric style then becomes
the designer’s goal. Depending on the application, the visual appeal of a design also
contributes to the overall performance, such as the air intake vents for a vehicle [6]. As a
designer iterates between possible solutions, the final design may greatly deviate from the
optimized result and decrease performance to satisfy the desired aesthetics. Rather than
have a designer post-process the topology optimized result for form, it would be suitable
for the analysis to simultaneously optimize for both performance and geometric features.
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For example, texture synthesis integrated with topology optimization has been re-
searched previously to perform a structural performance and geometric style optimization
simultaneously [7,8]. These works sample regions from a given example texture and the
optimized design to compare the appearance energies. The optimizer then minimizes the
appearance energy subject to compliance and volume constraints. As these works are based
on direct region similarity, there are still issues with applying the desired design concepts to
the new design. The input must have patterns of similar size to the search region and have
stochastic features. Otherwise, the final design would have many disconnected members
not contributing to the performance. A full review of stylized design and fabrication can
be found in Bickel et al. [9].

Although Wu et al. does not use by-example texture synthesis methods, the work
constrains the amount of material in local regions of the design to achieve trabecular lattice
structures [10]. A local mass constraint in these regions rather than using an example input
creates these structures [11,12]. The work presents an excellent example of biomimicry for
topology optimization. However, it is limited to only this lattice structure.

As an alternative to single design outputs, generative design is a recent design process
to produce multiple outputs rather than a single result to satisfy a given condition. Genetic
algorithms have been used to produce many different designs [13]. The genetic algorithm
tests many samples within the design space and iterates on the highest performing sam-
ples, adjusting the variables according to their performance until an optimal sample is
found. Autodesk has invested much in generative design research with multi-objective
genetic algorithms [14]. However, producing these many designs requires large computa-
tional resources to achieve a variety of designs from which a designer should choose the
best candidate.

Generative adversarial networks (GAN) have been shown to produce a wide variety
of designs [15]. A GAN consists of two neural networks, a generator, and a discriminator,
competing with each other. The generator attempts to design new structures similar to a
database for a discriminator to discern which are from the database and which are from the
generator. Following training, the generator produces structures indistinguishable from
those in the database. One such work uses generative design for topology optimization [16].
The examples from the work show a wide variety of designs; however, the training database
required hundreds of designs suited for the chosen design problem. This would be in-
feasible for a generic design tool, as thousands of designs would be needed to cover all
design problems. Other examples of machine learning for topology optimization have
focused on improving the computational time necessary to complete the analysis through
training convolutional neural networks (CNN) [17–20]. These also require large amounts
of training data to solve a specific design problem.

In this work, a pre-trained image classifier CNN provides differentiable extraction of
geometric features in a design and reference. The geometric features and performance of a
design are optimized simultaneously using a weighted objective loss function including
neural style transfer [21] of a user-defined reference and topology optimization constraints
including compliance, mass, and standard deviation. The neural style transfer uses the
convolutional layer activations of a previously trained CNN to quantify the style of input.
From the CNN’s previous training, the convolutional layers are accurate filters to extract
the characteristics of the input. The calculation is performed efficiently on a global scale to
quantify the geometric style. Through tuning of the objective weights, the optimized design
can have a balance of the optimal structural performance and the desired visual geometric
features as determined by the user. Numerical examples are included to demonstrate and
validate these methods. Using the current approach, three-dimensional optimization is not
implemented, but the methods are similar and will be considered for future work.
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The work accomplishes the following:

(a) The geometric result from a topology optimization analysis can be influenced effi-
ciently using a reference design rather than directly copying the reference structures.

(b) The work is an early example using a deep learning model to define objectives
and/or constraints for topology optimization, expanding available design objectives
and/or constraints.

(c) The weighted objective formulation presents a simple method to add additional
constraints to the problem for use with new optimizers developed for machine learning
and increased performance.

The paper is organized as follows. In Section 2, the optimization framework with the
neural style transfer algorithm, topology optimization formulation, and post-processing
filter are described. In Section 3, three cases are presented demonstrating the method
with different design problems and reference inputs. In Section 4, the performance of the
method and the effects of the neural style transfer parameters and post-processing filter
are discussed. Section 5 provides conclusions and future improvements to the method.

2. Materials and Methods

This section describes the weighted objective approach for topology optimization
developed for this work. Each objective and constraint, including the structural objective
and neural style transfer loss, are summed to develop a single loss function to be optimized.
Figure 1 illustrates how each iteration of the analysis runs, starting with the design variable,
φ, and concluding with the total loss sent to the optimizer. The unconstrained design
variable is converted with the sigmoid function to be between 0 and 1. The result is used to
calculate the loss, L, for the given design problem with the objective function value from
finite element analysis and comparing the geometric style with the reference image(s) using
neural style transfer through mean squared error (MSE). Both results are multiplied by a
weight, w, and summed to form the total loss used in the optimizer. After the optimization
is complete, the result is post-processed using a physics-based filter to remove extraneous
artifacts left from the optimization and smooth the result for manufacturing.

Design
Variable

φ

Sigmoid
Activation
Function

Finite
Element
Analysis

Neural
Style

Transfer

Reference
Image(s)

Lfea

Lnst

Ltotal

Optimization Loop

Physics-
Based

Filtering

Post-Processing

×wfea

×wnst

Figure 1. Op-Level Flowchart for each iteration.

Traditionally, the topology optimization analysis is performed as a single-objective,
multi-constraint problem such as:

min f (x)

s.t. gi(x) = ci, for i = 1, . . . , n,

hj(x) ≥ dj, for j = 1, . . . , m

(1)
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where f (x) is the objective function to be optimized (e.g., compliance, mass, etc.), gi(x) are
the equality constraints for n equations, hj(x) are the inequality constraints for m equations,
and x is the design variable constrained between 0 and 1. Although this formulation is
suitable for current structural optimizers such as Optimality Criterion or Method of Moving
Asymptotes (MMA) [22], optimizers for machine learning problems such as Adam [23]
are formulated as a single loss function. Adam was developed to be computationally and
memory-efficient for a large number of parameters and use on graphics processing units
(GPU). Performing neural network operations on GPUs greatly improves the speed per
iteration and reduces the overhead of the neural style transfer calculation [24]. With these
considerations and the prevalence of the use of the Adam optimizer, it was chosen for
this work.

The loss function is therefore defined as a weighted objective function, where each
constraint and objective equation from Equation (1) is considered as a loss term, Li, with a
corresponding weight, wi. The summation of each loss term and weight then forms the
function to be optimized, see Equation (2).

Ltotal = ∑
i

wiLi (2)

With the machine learning optimizers, the design variables are not constrained be-
tween 0 and 1 as seen with the current structural optimizers presented. An activation
function is used to convert the design variable, φ, to the elemental densities, x. For this
work, the sigmoid function is used as it is continuously differentiable, see Equation (3).

Sigmoid(φ) = x =
1

1 + exp(φ)
(3)

The neural style transfer method is based upon the work by Gatys et al. [21]. The
convolutional filters of a pre-trained convolutional neural network are used as local feature
extractors for an input. Within the work, the VGG-19 neural network [25] is trained to
classify images to one of the over 80,000 sets found in the ImageNet database [26]. The
network is modified for use with neural style transfer, using average pooling layers rather
than max pooling. With such a variety of images, the convolutional layers are better
suited to recognize features on a large variety of inputs. Early convolutional layers in the
network (i.e., conv1_1) capture close local features of the input. Deeper layers, through
stacked convolutional layers and pooling (i.e., conv5_1), correspondingly extract features
from a larger region of the input. The different region scales from the extracted layers
smoothly integrate the geometric features to the new design. Figure 2 shows how the neural
network can extract the features of an input. This network architecture, also pretrained for
classification of the ImageNet database, is also used for this work. The reader is referred
to Simonyan et al. [25] and Gatys et al. [21] for the VGG-19 network architecture and
modifications for neural style transfer.

(a) (b) (c) (d)
Figure 2. Examples of the activations of selected convolutional filter layers within the VGG-19 neural
network for an (a) example input. The filters shown exhibit greater activation for (b) neighborhood of
similar pixels, (c) the left outer border of the structure, and (d) the right inner border of the structure.
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Using solely the convolutional layer for comparison between the input to be optimized
and the reference, the optimizer would modify the input to be a copy of the reference
to best reduce the loss. To determine the style representation, the activation across the
entire selected filter must be used for comparison. To achieve this, the Gram matrix, Gl

ij, is

calculated as the inner product of the vectorized feature map, Fl
ij, for layer l, where Fl

ij is

the activation of the ith filter at position j of layer l, see Equation (4).

Gl
ij = ∑

k
Fl

ikFl
jk (4)

To calculate the loss function for the style representation for layer l, the mean squared
error loss between the Gram matrices of the input and style images is used, where Nl and
Ml are the lengths of the Gram matrix of the input to be optimized, Gl

ij, and the Gram

matrix of the reference input, Al
ij, for layer l, respectively. This, as well as the derivative

for the design sensitivities, are shown in Equations (5) and (6). The convolutional layers
conv1_1, conv2_1, conv3_1, conv4_1, and conv5_1 of the VGG-19 network are used to
represent the style transfer loss. Liu et al. [27] provides the mathematical representations
of the convolutional layers used in the VGG-19 network.

Ll =
1

4N2
l M2

l
∑
i,j
(Gl

ij − Al
ij)

2 (5)

dLl

dFl
ij
=

1
4N2

l M2
l
((Fl)T(Gl − Al))ji (6)

The objective function of the topology optimization analysis for this work is based
on the 88 line MATLAB script by Andreassen et al. [28]. The script details an efficient
two-dimensional topology optimization problem using a Cartesian mesh. The structural
objective presented in the paper is to minimize compliance, or maximize stiffness, for the
design and load conditions. This formulation is self-adjoint which simplifies the sensitivity
analysis. The equations for compliance and the sensitivities are as follows:

L = UTKU =
N

∑
e=1

(Emin + (E0 − Emin)xp
e )uT

e k0ue (7)

KU = F (8)
dL
dxe

= −pxp−1
e (E0 − Emin)uT

e k0ue (9)

where x is the input variable vector containing element densities xe; K, U, and F are the
global stiffness matrix, displacement vector, and force vector, respectively; ue and k0 are
the element displacement vector and element stiffness matrix, respectively; p is a penalty
term for the element densities; E0 and Emin are the maximum and minimum allowable
Young’s moduli for solid and void material, respectively; and N is the number of elements
used for the domain. To avoid checkerboard patterns, a convolutional filter is applied to
the sensitivities of the compliance calculation [28]. The convolution is defined as follows:

d̂L
dxe

=
1

max(γ, xe)∑i∈Ne Hei
∑

i∈Ne

Heixi
dL
dxi

(10)

Hei = max(0, rmin − ∆(e, i)) (11)

where Ne is the set of elements with a center-to-center distance between the current element
for the sensitivity, xe, and an additional element, xi, less than the user defined radius, rmin,
γ is a small value equivalent to the void density to avoid division by zero, and Hei is the
weight factor for the additional element, xi.
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Two additional constraints were considered with the total loss function to achieve
the desired results for the analysis: volume fraction and standard deviation. For the
volume fraction, it is defined as the mean absolute error between the current volume
of the design, V(x), and the desired volume of the design, V0, see Equation (12). Other
formulations including the mean squared error were considered but the mean absolute
error achieved results closer to the desired volume fraction. The standard deviation term
is used to encourage the design to achieve a true 0/1 distribution and is defined as the
standard deviation of the element densities. If inputs with intermediate densities are
used, this ensures the final design achieves a 0/1 distribution rather than incorporating
the intermediate densities from the reference input. This term would be subtracted from
the total loss rather than summed, see Equation (13), where x is the input variable vector
containing element densities xe, µ is the mean of the input vector, and N is the number of
elements in the input vector.

L = |V(x)−V0| (12)

L = −
√

∑i(xi − µ)2

N
(13)

Although topology optimization alone encourages smooth designs to satisfy design
constraints, the additional neural style transfer objective with a large weight or poorly
suited reference design can introduce objects disconnected or minimally connected to the
main design. Martinez et al. and Hu et al. have also presented this issue in their works [7,8].
To overcome the issue, each used an additional constraint within the optimization to
discourage the formation of these objects. Martinez et al. suggests adding self-weight
to the design problem. However, it is determined the design may not converge properly
without relaxation of other constraints [7]. Hu et al. propose two adaptive regulations for
the texture appearance weight. The weight would be calculated for each neighborhood
of texture, reducing the appearance weight in void regions and avoiding disconnected or
minimally connected objects [8]. However, the method described would not be appropriate
for this work. The geometric features for this work are calculated on a global scale, not local.
Integrating the method would add to the computational cost of each optimization iteration.

To avoid disconnected or minimally connected objects in the final design without
great additional computational cost, a post-processing filter is introduced. Image pro-
cessing techniques such as erosion and dilation were found to remove important load-
carrying members or close features introduced from the reference. Similar to Groen and
Sigmund [29], a physics-based filter is introduced to remove these disconnected objects
without affecting the load-carrying members.

Through experimentation, it was found the equivalent von Mises stress at each el-
ement, σvM

e , in the disconnected objects of the final design was minimal compared to
the fully connected objects of the design. The formulation is derived from the stress con-
strained topology optimization method by Holmberg et al. [30]. Using the result from last
iteration of the weighted objective optimization, the equivalent stress for each element was
calculated as follows:

σe(xe) = EBue (14)

σe(xe) =
(
σxx σyy τxy

)T (15)

σvM
e (xe) = (σ2

xx + σ2
yy − σxxσyy + 3τ2

xy)
1
2 (16)

where E is the constitutive matrix, B is the strain-displacement matrix, ue is the element
displacement vector for element xe found from Equation (8), σe(xe) is the two-dimensional
stress tensor with components for a Cartesian coordinate system, and σvM

e is the equivalent
von Mises stress.

From the analysis, the elements with an equivalent stress value below a threshold
would be set as void material. For the numerical examples presented in this work, it was
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found a threshold of 10% of the elements with the least stress produced favorable results.
Examples demonstrating the effectiveness of the filter are presented in Section 4.

3. Numerical Examples

In this section, multiple two-dimensional examples are presented to show the capabil-
ities of the proposed work. The examples were created using a Python script built around
the PyTorch machine learning library implementing the method. Table 1 details the param-
eters and design domain used for each of the examples. The design problems presented
include the MBB-beam and the cantilever beam, where black and white represent solid
and void material, respectively. Both problems use the same values, as the values produce
quality results for the examples and simplify the problems for the reader to reproduce the
presented results. Figure 3 shows the reference inputs used for the examples.

Table 1. Variable Initialization.

Variable Value

Elements in x-direction 400
Elements in y-direction 200
Filter Radius for Sensitivity Analysis 1.5 elements
Mass Penalty for Finite Element Analysis 3.0
Young’s Modulus 10−6–1.0
Poisson’s Ratio 0.3
Force 1.0

Structural Compliance Weight 1
Neural Style Transfer Weight 103–105

Volume Fraction Weight 0.1
Standard Deviation Weight 0.1
Number of Iterations 500
Step Size for Adam Optimizer 0.08

(a) (b)
Figure 3. Reference design inputs for examples include (a) circular mesh and (b) Eiffel tower.

3.1. MBB Beam

The MBB beam is a common design problem among topology optimization research
as a benchmark for new methods [28]. The design problem is illustrated in Figure 4. The
left edge of the beam has zero horizontal displacement, and the bottom right node has
zero vertical displacement. The force is applied to the top-left node. Using the parameters
described in Table 1, the baseline design and designs influenced by the style input are
shown in Figure 5.
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Figure 4. Conditions for MBB Beam.

(a) No Reference:
Compliance: 80.384

(b) Figure 3a as Reference:
Compliance: 85.510

(c) Figure 3b as Reference:
Compliance: 81.062

Figure 5. Examples of the MBB beam examples with the compliance values for each design.

Figure 5a shows the optimized design for the MBB design problem without any
reference input. The optimized design is characterized by three large supporting members
inside the design envelope to support the force.

Observing the reference for the result shown in Figure 5b, the reference input is
composed of a repeating circular mesh structure. Through the neural style transfer objective,
the corresponding mesh is applied to the inner structure of the design, replacing the three
supporting members found in Figure 5a. Although the size of mesh beams more closely
reflect the reference image, the directions of the beams closely follow the standard result
members to satisfy the compliance. This compromise results in irregular holes, rather than
circular, in the final design. This may not fully achieve the desired geometric features, but
the beams within the mesh better align with the ideal direction to support the load with
the influence of the many holes from the reference input. The outer envelope of the design
better matches the standard result, not incorporating the mesh from the reference input. As
the outer envelope has larger members, it is determined the region greatly contributes to the
structural performance. The optimizer converged to a solid region for improved structural
performance, rather than including the holes from the reference design. When increasing
the weight of the neural style transfer loss, a greater portion of the design incorporates
the mesh, ultimately encompassing the full design space. Although this would satisfy the
ideal geometric style, the structural performance is greatly diminished.

Figure 5c uses a reference input composed of a tower. The input is symmetrical but
does not have many repeating elements as found for Figure 5b. The beams found in the
reference are slender, with some material removed as it converges near the top of the tower.
In the optimized design, the outer envelope is similar to the standard result. However, five
supporting members are used inside the design envelope, rather than three found in the
standard result. The voids are rounder to match the smooth curves of the reference and
incorporate a hole in the leftmost member which is also found in the reference.

Reviewing all three designs reveals common elements among them, notably the outer
envelope and the directions of the inner members. Even with the different reference inputs,
these elements were considered crucial to maintaining the structural performance of the
final design. Figure 5b heavily applies the mesh to the inner members to satisfy the neural
style transfer objective. The reference input for Figure 5c is comparably simpler and the
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optimized result is nearly identical to the standard result except for the additional inner
members. Although there are design differences between all three results, the structural
performances of both stylized results are still maintained within 10% of the baseline design.

3.2. Cantilever Beam

The cantilever beam design is inspired by the work by Wu et al. [10] for infill opti-
mization. The design problem is illustrated in Figure 6. The left edge of the beam is fixed
in all directions. A downward vertical force is applied to the middle of the right edge
of the beam. Using the parameters described in Table 1, the baseline design and designs
influenced by the style input for this design problem are shown in Figure 7.

Figure 6. Conditions for Cantilever Beam.

(a) No Reference:
Compliance: 60.098

(b) Figure 3a as Reference:
Compliance: 63.277

(c) Figure 3b as Reference:
Compliance: 62.833

Figure 7. Examples of the cantilever beam examples with the compliance value for each design.

Figure 7a shows the optimized design with no reference input. Although the problem
is not symmetrical, the optimized design is. Two small members inside the outer envelope
provide additional rigidity to improve the structural performance. For this example, the
reference inputs used for the MBB beam designs are used here.

Figure 7b uses the circular mesh pattern as the reference input. As seen in Figure 5b,
the outer envelope of the design is very similar to the standard result. In this design,
the mesh is incorporated at the edges of the envelope to satisfy the neural style transfer
objective. To further reduce the neural style transfer loss, much of the interior structure
is composed of circular mesh elements. The beams follow the directions of the two small
members in the standard result and are tightly packed to resemble the reference input.

Figure 7c follows the simple design of the standard result but incorporates more
features from the reference compared with Figure 5c. The interior members are correspond-
ingly thinner and are present in only one direction to support the asymmetric load. The
void areas also have round edges compared with the sharper corners in Figure 7a.

3.3. Using Multiple Reference Designs

A benefit of this method is multiple reference designs can be utilized for the neural
style transfer and balance the geometric features of multiple sources. The additional
reference is added as another objective for the multi-objective formulation. Figure 8 shows
the results for two inputs.

Performing the optimization did not impact the performance of the optimizer. The
average amount of time for each iteration was 1.8765 s. As presented in Table 2, this is
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comparable between two common optimizers used for TO solving similar design problems
without the neural style transfer: Optimality Criterion and MMA [22]. The reason for this is
that the gram matrices for each reference are stored and not recalculated for each iteration.
The mean squared error calculation is a relatively fast operation and does not impact the
optimization speed.

The result in Figure 8 does show resemblance to both provided references. The smooth
edges of the tower are present at the solid-void boundaries in the optimized design. Smaller
members are used as well as found in Figure 7c. To satisfy the circular hole pattern, many
small holes were added to the members as found in Figure 7b but are not as prevalent as
they would deviate from the tower reference input in Figure 7c.

Figure 8. Cantilever beam design using both reference inputs from Figure 3; Compliance: 61.147.

4. Discussion
4.1. Performance

Figure 9 shows the convergence history for the result shown in Figure 7c for each
function: compliance, mass fraction, standard deviation, and style loss for each layer. All
presented results follow similar histories. At the start of training, the optimizer greatly
improves the compliance value and style losses and exceeds the desired volume fraction.
After some steps, more material is removed and the volume fraction correspondingly
decreases until it falls below the desired volume fraction, with improving compliance
and style loss values. Towards the later stages, the improvements to the compliance and
style loss diminish. For each oscillation of the volume fraction, the compliance and style
loss values correspondingly oscillate. The values continue to improve at a much slower
rate until the given number of steps is reached. Although the losses have not converged
after the training procedures, the overall structure changed minimally at the end of the
optimization, only varying in particular regions. These regions were processed using the
physics-based filter to complete the optimization. With different parameters from Table 1,
more or less iterations may be required to achieve a final design.

The results presented in this work are characterized as deterministic, and therefore
do not require a statistical analysis. The CNN used for neural style transfer is pre-trained
and is not updated between results. The initialization parameters, shown in Table 1, are
also identical for repeated results, including the initial density of the design space. As the
initial state for a set of parameters is always identical, the gradients for descent are also
equal and the optimizer follows identical convergence paths for repeated analyses.

Table 2 shows the comparison of the Optimality Criterion optimizer and the MMA
optimizer [22] using the MATLAB implementation of the 88 line topology optimization
script by Andreassen et al. [28] with the Python implementation of this work using the
Adam optimizer [23] with and without the neural style transfer constraint. This was
performed with an 8-core Intel Xeon 3.7GHz processor, 128 GB RAM, and an NVIDIA
Quadro RTX 6000 GPU.
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Figure 9. Optimization convergence plots for result in Figure 7c.

Table 2. Average Time per Iteration of Optimizers.

Optimizer Time (s)

Optimality Criterion (Top88 Formulation) [28] 1.1208
Method of Moving Asymptotes without Neural Style Transfer [22] 2.8790
Adam without Neural Style Transfer 1.0360
Adam with Neural Style Transfer 1.8965

Using the Adam optimizer with the given equipment is on par with the linear Op-
timality Criterion optimizer and much faster than the MMA algorithm. Although it is
faster, more iterations are necessary to ensure a good result. It would be beneficial to use
techniques for machine learning to speed up the accuracy of the network for this. One such
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example includes transfer learning from a coarse result. The design could be optimized
for a low-resolution domain. The design would then be scaled to the finer resolution
to complete the optimization in fewer steps. Another example would be learning rate
annealing. High learning rate values result in large improvements early in the optimization
process. After many steps, the high learning rate starts to overshoot and the accuracy
fails to improve further. Learning rate annealing would reduce the learning rate for this
situation. The smaller learning rate would help perform smaller steps to better achieve the
minimum. A small learning rate could be used at the beginning of the optimization, but
many more steps would be required compared with the annealed method.

4.2. Post-Processing

Without the neural style transfer objective, the optimized design is smooth and con-
tinuous with no artifacts left from the optimization. The neural style transfer objective,
however, acknowledges the full design domain to optimize the geometric style. If a large
area of the design does not contribute to the overall structural performance, the optimizer
could satisfy the neural style transfer objective by adding material with the geometric
features of the reference.

Figure 10a shows the result from Figure 5b immediately after optimization. The
outer envelope contains many small members minimally connected to the design but still
following the circular reference design. In the void material near the bottom right support,
a disconnected member is also present. Traditional image processing techniques would
not work for this design, as a filter that would remove the artifacts would also impact the
desired circular mesh, introducing more minimally connected objects.

It was then found the minimally connected objects in both areas experience an equiv-
alent von Mises stress, similar to the void material areas surrounding them. Figure 10b
shows the equivalent von Mises stress for the result in Figure 10a. Although the discon-
nected members are visible in the structural result, the members exhibit very low stress and
are indistinguishable from the void stress values. Using the threshold method described in
Section 2, the elements with stress values below the threshold, including the disconnected
members, are set to void material and removed from the final result.

(a) (b)
Figure 10. Effects of the stress-based post-processing filter (a) before and (b) the equivalent von
Mises stress result. The post-processed result is found in Figure 5b.

4.3. Connectivity

As seen in Figure 10, some structures are disconnected from the main structure after
the optimization analysis. The post-processing filter can remove these objects effectively.
However, future work should be done to limit these artifacts during the optimization.

Such improvement could come from the addition of a stress constraint to the weighted
objective function. The effectiveness of the post-processing filter shows the objective would
reduce the number of the minimally connected objects. As discussed in Section 2, the
calculation of the stress would impact the performance. The efficiency of the calculation
would have to be considered during the implementation.

Through repeated training procedures, the weights of the individual style layers
would be adjusted rather than using a single weight applied to all layers to improve the
result. As shown in Figures 11 and 12, each layer contributes a different aspect of the
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reference input to the design, and adjusting the layer weights would change the final result.
The images in the figures were not post-processed with the stress-based filter to show
the result after optimization. Using conv1_1, it is understood a mesh would satisfy the
reference input. Using conv2_1 and conv3_1, the thickness of the members is found. Using
conv4_1 and conv5_1, the ideal angles of the members emerge in the design. Through
the use of the system, the results and parameters of satisfactory designs would be saved
to a database. Through searching or training another machine learning network of the
database, parameter weights for each layer would be suggested to achieve ideal results.

(a) Reference (b) conv1_1 Compliance: 62.442 (c) conv2_1 Compliance: 63.218

(d) conv3_1 Compliance: 63.222 (e) conv4_1 Compliance: 61.757 (f) conv5_1 Compliance: 61.825

Figure 11. Examples of the cantilever beam using different layers of the neural network.

(a) Reference (b) Weight: 1000
Compliance: 80.247

(c) Weight: 5000
Compliance: 81.552

(d) Weight: 10,000
Compliance: 81.954

Figure 12. Examples of the MBB beam using different weights for the neural style transfer.

Additionally, this work uses the original neural style transfer formulation by
Gatys et al. [21]. As described in Jing et al. [31], newer implementations are in develop-
ment to improve the results. Jing summarizes the extensions to the original approach and
various loss functions of the layer activations to improve the results. Adjusting the neural
style transfer to one of the described methods would require additional investigation for
further research.

5. Conclusions

In this work, a novel approach to generate topology optimized structures is proposed
using a pre-trained neural network to quantify the desired geometric style of the optimized
design. The conclusions drawn are as follows:

(a) The neural style transfer quantifies the geometric features of the reference and op-
timized designs efficiently using a Gram matrix calculation of the pre-trained con-
volutional filter activations for a neural network classifier. As such, the features of
the input are replicated rather than directly copied in the optimized design, which
expands the number of applicable inputs.

(b) The weighted objective formulation presents a simple method to add additional
constraints to the problem and tune the influence for each constraint. The formulation
also allows the utilization of new optimizers developed for machine learning and
increases performance.
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Although compliance is used for the objective, it is possible to use other structural
objectives such as natural frequency or stress minimization using the same optimizer.
Performing these analyses would further validate and improve the usefulness of the
proposed method.

Additionally, recent neural style transfer methods have been developed which im-
prove upon the original formulation used in this work; see Jing et al. [31] for a compre-
hensive review. Berger and Memisevic translate the feature maps to better capture spatial
and symmetric arrangements [32]. A recent work by Gatys et al. allows for spatial control,
limiting the style transfer to regions of the design and not the global structure [33]. Using
these methods could improve the final results of the optimization process, eliminating the
need for the stress-based post-processing filter. Similarly, the optimization need not be
done as a linear summation of all objectives. Prioritized optimization is an example of an
alternative method [34]. Using this method, multiple optimal solutions of one objective
function are used to find equally optimal solutions for an additional objective function.
Rather than using weights as found in the current linear summation, the method will iterate
through solutions that limit the error for each objective function. These improvements will
be left as future work for the authors.

Although topology optimization is most useful for three-dimensional CAD design,
the neural style transfer implementation used is limited to two-dimensional input. Using
three-dimensional voxelized inputs or other deep geometric learning methods, a three-
dimensional CNN classifier for CAD files with a similar architecture compared with the
network used in this work can be used for neural style transfer. The implementation
described by Gatys et al. [21] can be replicated for three-dimensional CNNs. This method
is under investigation by the authors.
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Abstract: The growing demand for wearable devices, soft robotics, and tissue engineering in recent
years has led to an increased effort in the field of soft materials. With the advent of personalized
devices, the one-shape-fits-all manufacturing methods may soon no longer be the standard for the
rapidly increasing market of soft devices. Recent findings have pushed technology and materials
in the area of additive manufacturing (AM) as an alternative fabrication method for soft functional
devices, taking geometrical designs and functionality to greater heights. For this reason, this review
aims to highlights recent development and advances in AM processable soft materials with self-
healing, shape memory, electronic, chromic or any combination of these functional properties.
Furthermore, the influence of AM on the mechanical and physical properties on the functionality of
these materials is expanded upon. Additionally, advances in soft devices in the fields of soft robotics,
biomaterials, sensors, energy harvesters, and optoelectronics are discussed. Lastly, current challenges
in AM for soft functional materials and future trends are discussed.

Keywords: additive manufacturing; soft materials; smart materials; stretchable devices

1. Introduction

Soft materials have developed as the key materials to address challenges in engineer-
ing fields where flexibility, large motions, and lightweight are desired. These types of
materials can be easily deformed by thermal and mechanical stresses owing to their low
Young’s modulus at room temperature (<100 MPa) [1] and high elongation without break-
ing. Additionally, soft materials can be found in various states such as colloids, liquids, gels,
and colloids and polymers. Many soft materials display inherent structures or properties
that can be significantly altered through external stimuli in a controlled manner and can be
regarded as functional materials. Examples of these intrinsic functional properties include
shape memory, dielectric, self-healing, and color-changing properties. Some soft materials
may display more than one of these properties or can respond to multiple stimuli and
are considered to be multifunctional. Additionally, soft material can be given magnetic,
piezoelectric, or piezoresistive properties by incorporating functional filler.

Additive manufacturing (AM) of soft materials has been gaining popularity in recent
years due to the growing interest in wearable electronics, tailored biomedical implants,
and soft robotics. In the rapidly increasing market for soft devices, the one-shape-fits-
all approach may soon no longer be the standard. Because of the limitations and cost
associated with creating new geometries through traditional manufacturing methods, AM
has been considered the future for soft material processing. In AM, a computer designed
structure is sliced into individual layers and then these layers are physically realized
through a variety of methods such as deposition of build material through a nozzle, jetting
of binder onto a build material substrate, photopolymerization of a material vat, or thermal
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coalescence of powder particles. AM techniques enable freedom of geometrical design,
customization with no added cost, and fabrication of complex geometries.

Materials that are otherwise rigid can be engineered to achieve softness and stretcha-
bility through advanced geometries and then be considered engineering soft materials [2].
Advanced geometries such as lattice and auxetic structures have previously been used to
tune the mechanical properties of polymer and polymer composites which has allowed for
some rigid polymers to have larger deformations without rupture. Examples of these are
seen in many biomedical applications where material compliance to the geometry of the
human body is necessary. The geometric freedom granted through AM has led to progress
in these advanced designs; for this reason, engineering soft materials will be considered in
this review.

The many AM technologies that have been developed have aided in the development
of functional materials through intelligent design of structures, the development of stimuli-
responsive 3D geometries, and functionality gradients through multi-material use in each
individual layer. Next, different AM technologies and their application in soft functional
materials manufacturing will be discussed. Then, the recent advancements, future trends
and governing mechanism for AM processed functional materials will be detailed. Lastly,
advances and challenges in applying these functional materials will be discussed.

1.1. Material Extrusion

Material Extrusion (ME) is an AM method that selectively deposits material through a
nozzle onto a movable substrate in a layer-by-layer fashion to produce a three-dimensional
part. ME is the most commonly used methodology, especially for rapid prototyping due to
low cost, ease of use, and market availability. The most two common techniques for ME are
fused deposition modeling (FDM) and direct ink write (DIW) also known as robocasting,
paste extrusion (PE) or bio-extrusion (when applied for biomedical purposes).

FDM and DIW differ in the materials they use, and the way solidification is achieved.
FDM uses thermoplastic filaments and has a fast solidification process through the cooling
of the printed material below its glass transition temperature [3]. DIW does not require the
temperature to achieve solidification and instead works with feed materials that flow due
to a shear-thinning effect and retain their shape after deposition thanks to a high storage
modulus (G’).

FDM has been used to successfully fabricate soft functional devices using thermo-
plastic polyurethanes (TPU), and shape memory polymers (SMP). In contrast, since DIW
only has the requirement of appropriate rheological properties for its print materials, it has
expanded to include a large soft material selection including polymers with a wide range
of molecular weights, liquid crystal elastomers hydrogels, and SMPs [4].

ME techniques are also of interest since they can incorporate multi-head nozzles
to realize devices with elaborate designs with the use of selectively deposited support
material or can produce devices with structural and functional regions by carefully placing
different materials together using the different nozzles [5]. Common applications for these
AM technologies have been sensors, soft robotics, biomedical, and wearable devices [6,7].

1.2. Vat Photopolymerization

Vat photopolymerization (VP) is an AM method in which a vat of liquid photopoly-
mer resin is selectively cured by a light source in a layer-by-layer manner to construct a
three-dimensional object. VP includes various techniques that differ in the way that the
light source, typically ultraviolet (UV) light, is projected onto the liquid photopolymer
reservoir [8]. In processes such as stereolithography (SLA), micro-stereolithography (u-SL),
and two-photon polymerization (TPP), light is projected from a single-point source that
traces the part’s shape until a full layer is built. Processes such as digital light processing
(DLP) and continuous liquid interphase production (CLIP) operate with a specialized
projector that cures an entire layer at once.
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VP is one of the more promising AM methods for soft material printing due to the
ability to fabricate delicate objects with high resolution, close tolerances, and smooth
surface finishes. Additionally, the ability to incorporate filler material into the resin allows
for tunability of physical and mechanical properties leading to better control over the
functionality of the final part. Despite the numerous advantages, there is a lack of available
soft materials compatible with the technology. Moreover, end-use parts manufactured
through VP often require more extensive post-processing steps than other AM methods
and have limited production size and strength, narrowing the use of the technology for
many practical applications.

VP has been previously used to print soft materials through free radical polymeriza-
tion (FRP) by attaching acrylate and methacrylate functional groups to elastomer monomer,
allowing for the formation of covalent crosslinks upon UV exposure. In recent years,
however, research on soft material printing through VP has been moving towards click
chemistries, especially thiol-ene reactions, due to the mild reaction conditions, insensitiv-
ity to oxygen or water, rapid polymerization rate, high efficiency, and low cytotoxicity.
Thiol-ene click chemistries have become an efficient tool to covalently crosslink polysilox-
anes into silicone elastomers, gels, and encapsulants, and have received great attention
in 3D printing technologies since it exhibits high resolution and accuracy through instan-
taneous formations of crosslinked networks only at the local and temporal exposure to
UV-radiation [9].

1.3. Material Jetting

Material jetting (MJ) is an AM method in which droplets of liquid photopolymer are
selectively deposited and cured successively layer by layer. MJ offers fewer manufacturing
difficulties than other AM methods such as vat polymerization, which ensures similar
resolution between prints and a higher rate of production. MJ also provides a more
efficient method of deposition, line-wise deposition, compared to the other AM methods
previously discussed in which deposition is point-wise. Thus, the technology can achieve
high accuracy and smooth surface finishes often without the need for post-processing.

MJ consists of several techniques, including drop-on-demand (DOD), PolyJet printing,
and nanoparticle jetting (NPJ). DOD printers operate by accurately depositing photopoly-
mer resins on a substrate and subsequently curing through UV-radiation layer by layer
until the full structure is created. In PolyJet printing, an ultra-thin layer of photopolymer
resin is sprayed on the build platform and cured through UV light. Gel-like support mate-
rials that can easily be removed by hand or dissolved are used in this technique to support
complex geometries. Lastly, NPJ nanoparticles or support nanoparticles are incorporated
in a resin that is sprayed onto a build platform in the form of tiny droplets. Solvents used
for flow in the nanoparticle resin are then evaporated by the high temperatures inside of
the machine, leaving behind structures made from nanoparticle materials.

MJ systems have become popular in recent years due to their capability for multi-
material printing through DOD [10]. Although used for more advanced purposes, the MJ
printing methods share many similarities to traditional 2D document printing systems
making it possible for 3D printers to easily be used in an ordinary office rather than
a laboratory environment. Advances in MJ technology have led to the fabrication of
technology such as heat-responsive active composite structures [11] and functionally
graded actuators for soft robots [12].

Although MJ is a promising AM method for soft materials, the technology, just
like other AM methods, suffers from limited availability of materials that are printable.
Additionally, wax-like materials, which are widely used due to their compatibility with
MJ tend to be rather fragile, limiting the application for the structure produced through
this method.
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1.4. Other Additive Manufacturing Methods

Table 1 summarizes the AM methods previously discussed. The remaining AM
methods (binder jetting, directed energy deposition, and sheet lamination) will not be
discussed in further detail since these methods are typically reserved for processing metals,
ceramics, or hard polymers and are not used for the development of soft structures (inherent
and engineered) as previously described.

Table 1. Summary of advantages and disadvantages of additive manufacturing methods and techniques used for the
fabrication of soft functional materials.

Printing
Technology

Specific
Methodology Deposition Feature Size Materials Features Drawbacks

Material
Extrusion

Fuse Deposition
Modeling Line ≈200 µm [13] Thermoplastics

• Low maintenance
• Low cost
• Simplicity
• Potential for

multi-material
printing

• Voids
• Limited to

complex
geometric
prints

Direct Ink Write Line ≈120 µm [14]

Thermoplastics
Thermosets
Elastomers
Hydrogels

Nanoparticles

• Large availability
of materials

• Rapid prototyping
• Potential for

multi-material
printing

• Warping
• Cracks
• Post-

processing

Vat Photopoly-
merization

Stereolithography Light single
point ≈50 µm [15]

Thermoset
Elastomers

Acrylate resins
Nanoparticles

• High resolution
• Close tolerances
• Smooth surface

finishes
• Complex

geometric prints

• Low material
availability

• Long printing
times

• Extensive
post-
processing

Micro-
Stereolithography

Light single
point ≈10 µm [16]

Two-Photon
Polymerization

Light single
point ≈0.3 µm [17]

Continuous
Liquid Interface

Production

Light entire
layer ≈0.4 µm [18] Thermoplastic

Acrylate resins
Nanoparticles

• High resolution
• Wavelength

multiplexing

• Low material
availability

• Post-
processing

Digital Light
Processing

Light entire
layer ≈200 µm [19]

Material Jetting

Drop on Demand Drop ≈32 µm [20]
Polymers

Thermoplastic
Acrylate resins

Elastomers
Nanoparticles

• High accuracy
• Little to no

post-processing
• Capability to

fabricate
functionally
graded materials

• Potential for
multi-material
printing

• Inconsistent
material
droplet
spread

Nanoparticle
Jetting Drop ≈10 µm [21]

2. Materials and Methods
2.1. Shape Memory Polymers

Shape memory polymers (SPs) are stimulus-responsive materials that can store dif-
ferent geometries in memory as a “temporary shape” and then return to their permanent
shape by applying an external stimulus. SMPs have a high entropy state at their permanent
shape, however, when stress is applied and reaches plastic deformation at their transition
temperature (Ttrans), this allows them to reach a low entropy state. When cooling to temper-

126



Materials 2021, 14, 4521

atures below their Ttrans without removing the stress, the entropy is frozen at a low state,
which allows a temporary shape to be fixed by trapping the kinetic energy [22,23]. Lastly,
when a stimulus is applied at Ttrans, the chain mobility of the material is reactivated and
returned to its high entropy state [22,23]. SMPs must have a soft and a hard component,
forming an interlinked polymer chain to activate functionalization of the material with a
reversible shape memory effect (SME). The soft component allows elastic deformations or
the shape morphing at Ttrans, while the hard component, usually a crosslinker, determines
the permanent shape of the material. The performance of the SME for shape-memory ma-
terials is typically characterized by measuring their shape fixity ratio (Rs), which measures
the material’s capability to be deformed into a temporary shape, and their shape recovery
ratio (Rr). Table 2 further summarizes AM processed SMPs, the AM method used for their
fabrication, glass transition temperature, elastic modulus, elongation at break, durability,
shape fixity and shape recovery.

Table 2. Summary of recent studies in the fabrication of SMPs using AM technologies and their impact on mechanical
properties including shape fixity and shape recovery.

Materials Technique

Glass
Transition

Temperature
(◦C)

Elastic
Modulus

(MPa)

Elongation
at Break

(%)

Durability
(Cycles)

Shape
Fixity (%)

Shape
Recovery

(%)

Elastic
Modulus

(MPa)

Elongation
at Break

(%)
Ref.

tBA, DEGDA
with nanosilica

fillers
DLP 56.23 - 85.2 10 100 90-97 - 85.2 [24]

filaflex
embedded with

polycaprolac-
tone

FDM 70 48 700 10 76 97 48 700 [25]

N-butyl
Acrylate

UV-
assisted

DIW
95.2 610

25.4
(Ultimate

strain)
3 97.1 98.5 610

25.4
(Ultimate

strain)
[26]

Polycyclooctene
with boron
nitrate and
MWCNT

FDM 70
3.85

(Storage
modulus)

- - 98.9 99.2
3.85

(Storage
modulus)

- [27]

Polylactic acid
(PLA)/Fe3O4

composites
FDM 66.6

1600
(Storage

modulus)
- - 96.8 96.3

1600
(Storage

modulus)
- [28]

poly(dimethyl
acrylamide-

costearyl
acrylate and/or
lauryl acrylate)
(PDMAAm-co-

SA)

SLA - - - 3 99.8 87.6 - - [29]

2-
Methacryloyloxy

4-
formylbenzoate

DLP 57 57 ± 4.0 39.30 ± 1.0 3 97.5 ± 0.30 91.4 ± 0.20 57 ± 4.0 39.30 ± 1.0 [30]

Poly(ethylene
terephthalate)

(PET)
FDM 85–100 - 45 7 100 90–98 - 45 [31]

poly(ethylene
glycol)

dimethacrylate
(PEGDMA),

isobornyl
acrylate and
2-ethylhexyl

acrylate

DLP 125 - - 10 92.6 95.3 - - [32]
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SMPs have recently gained significant attention due to diverse advantages such as
their light weight, flexibility of programming mechanisms, high shape deformability,
biocompatibility, and biodegradability for actuator applications. SMPs are also attractive
materials to fabricate diverse types of sensors for soft robotics and aerospace applications
and for minimally invasive surgery devices for biomedical purposes. 3D printing offers an
effortless way to fabricate more elaborate designs, AM has the flexibility to control some of
the factors that have been found to affect SME’s performance including geometry, print
path direction, and thickness of the sample [33]. VP has been of interest for processing SMPs
due to its in-situ polymerization process that allows the fabrication of elaborate geometries
for very specific applications. SLA and DLP have been reported in the fabrication of
origami structures, biomimetic, and soft robotic devices. Choong et al. evaluated the
use of nanosilica dispersed in tBA-co-DEGDA photocurable resin using DLP to enhance
nucleation and accelerate the polymerization rate, which significantly reduced fabrication
time with Rs of 100% and Rr of 87% [24]. For ME, FDM and UV-assisted DIW have
been reported in the fabrication of SMPs with biomedical purposes and soft robotics
application [25]. Villacres et al. used the FDM technique to print a semi-crystalline TPU
where they evaluated the effect of printing orientation and infill on the SME. It was found
that a print angle orientation of 60◦ and 100% infill resulted in an increment of failure strain
and strength where the infill content had a higher influence on mechanical properties [34].
Chen et al. fabricated tough epoxy and N-butyl Acrylate SMPs composites by UV-assisted
DIW with Rs of 97.1% and Rr of 98.5% [26]. Lastly, Jeon et al. fabricated multicolored photo
responsive SMP structures through Polyjet printing that showed different geometries when
triggered by assorted color lights of different wavelengths [35].

There are two main classifications by stimuli response known as thermal-responsive
and chemo-responsive. Thermal-responsive SMPs are triggered by applying heat to the
material and raising their temperature up to their Ttrans. However, using a direct heating
method could restrict their applications, which has led to the use of functional fillers to
fabricate SMPs composites that trigger SME by alternative methods, such as electricity,
magnetism, light, and ultrasound. Liu et al. fabricated multi-responsive SMPs using
Polycyclooctene with boron nitride and multi-wall carbon nanotubes (MWCNTs) by the
FDM technique. By using 20 wt.% MWCNTs in the composite, the SME could be triggered
by heat (under water at 70 ◦C), light (100 mW·cm2), and electricity (5 V) with outstanding
properties, Rs of 98.9% and Rr of 99.2% [27] Zhang et al. fabricated PLA-Fe3O4 composites
by FDM using magnetism (27.5 kHz) as an alternative stimulus for SME. It was found that
a higher content of Fe3O4 led to a higher Rr, where PLA-Fe3O4-20% mass fraction gave the
best results with Rs of 96.8% and Rr of 96.3% [28].

In chemo-responsive SMPs, the SME is triggered by altering the ionic strength to
promote plasticizing and lower Ttrans below room temperature [36]. The most common
method consists of submerging the SMP in a medium, such as an organic solvent or
water, that triggers the plasticizing. Recovery time can be decreased by reducing the
dimensions of the polymers to micro-fibers [37]. Solvent-responsive SMPs commonly
report the use of organic solvents such as ethanol, dimethyl sulfoxide methanol, and N-
N dimethylformamide (DMF) [3, 12]. Some water responsive SMPs includes hydrogels
(Polyvinyl alcohol, polyethylene glycol) [38] and TPUs [37]. Shiblee et al. fabricated
water-responsive shape memory gels by SLA process using poly (dimethyl acrylamide-
costearyl acrylate and/or lauryl acrylate) (PDMAAm-co-SA) by incorporating hydrophilic
and hydrophobic monomers in the formulation. This shape-memory gel showed an Rs
of 99.8% and Rr of 87.6% after the first cycle and Rr of 99.8% after the second cycle, the
authors attributed the change of Rr to the training phenomenon [29].

Thermal-responsive SMPs are mainly activated by hot programming, which consists
of heating the material to its Ttrans. The main advantage of hot programming is a high Rs, a
minimal springback and it usually requires a small amount of applied stress to produce a
plastic deformation [39]. Li et al. fabricated Bisphenol-A glycerolate diacrylate (BPAGA)
SMPs by DLP technique using hot programming method at glass transition temperature
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obtaining Rr of about 97% and Rs of 100% [40]. On the other hand, chemo responsive SMPs
are activated by either hot or cold programming. Cold programming is possible below
Ttrans and usually occurs at room temperature. However, cold programming is usually
more challenging since some thermosets are brittle at their rubbery point leading to possible
fractures [39]. Keshavarzan et al. evaluated hot programming and cold programming
methods for BCC and rhombic structures using 3DM-LED.W, which is a commercial
SMP resin for DLP. It was found that cold programming is beneficial for higher energy
absorption while hot programming obtained a higher shape fixity ratio, it was also noticed
that rhombic structures have a better energy absorption and recovery due to higher strength
and stiffness [32].

SMPs show different behaviors according to the number of geometries that can be
stored in memory, which depends on the network elasticity of the material [36]. Lastly,
multi-SMPs are materials that can learn more than three geometries additionally to their
permanent shape. Peng et al. synthesized triple SMPs by using poly(ethylene glycol)
dimethacrylate (PEGDMA), isobornyl acrylate and 2-ethylhexyl acrylate through DLP. The
SMPs were able to store two different geometries in memory with an Rs of 92.6% and Rr
of 95.3% without a significant degradation after 10 cycles, proving the effectiveness of
SMPs [41].

SMPs with chemical crosslinking are usually thermosets and have stronger bonds
than physically crosslinked polymers and higher shape recovery. However, SMPs with
chemical crosslinks cannot be reprocessed unless they have dynamic bonds. Some SMPs
with chemical crosslinking take advantage of dynamic chemistries such as transesterifi-
cation, transcarbamoylation, Diels–Alder bonds, disulfide bonds, diselenide bonds, and
imine bonds [38]. Thermadapts are a type of SMPs with dynamic covalent bonds that have
recently gained attention due to their capability to change the temporary shape after curing.
Some of the dynamic covalent bonds used to fabricate SMPs are hindered urea bonds
and triazolinedione. Miao et al. developed thermadapt SMPs (2-Methacryloyloxy and
4-formylbenzoate) with dynamic imine covalent bonds using DLP that allowed changing
the temporary shape after printing for different actuation purposes that can be useful for
soft robotics applications [30]. Davidson et al. used LCEs to develop thermadapt SMPs by
radical-mediated dynamic covalent bonds using the hot DIW technique. When exposed to
UV light during actuation, the exchangeable bonds that allow the change of the permanent
shape of LCE are activated [42]. Some SMPs that reported the use of physical crosslink-
ing include hydrogen bonds, ionic bonds, π-stacking, charge transfer interactions [38].
Chen et al. synthetized PET copolyester using π-stacking synergistic crosslinking to induce
enhance shape memory properties by the FDM technique. The optimal copolyester was
P(ET-co-PN) 20 with an Rs of 100% and Rr of 98%, it was also found to have some levels
of self-healing due to π-stacking crosslinking and flame retardant properties due to the
nature of PET [31].

SMPs have a diverse range of applications due to their unique mechanism, where
3D printing contributes to the evolution of elaborate designs. Many efforts to control
the responsiveness by alternative methods besides direct heating have been made. An
interesting research direction could be the development of SMPs with dual responsive
mechanisms for different purposes that expand their fields of application. Furthermore,
multi-material printing may allow the fabrication of SMPs that can store multiple geome-
tries in memory. The evaluation of 3D printing structures to fabricate reprocessable SMPs
with dynamic covalent bonds is another interesting research direction that can redefine
SMPs’ functionality.

2.2. Self-Healing Materials

Self-healing polymers are a branch of functional materials designed to take advantage
of intricate physical or chemical processes to reform broken bonds caused by mechanical
damage. The ability of self-healing polymers to respond to damage that may be difficult to
detect, helps prevent the propagation of cracks or ruptures that result from the polymer’s
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exposure to fatigue, abrasion, and other deteriorating forces during regular operation.
Recent advances in AM have led to an increase in the development of self-healing materials
that overcome the design limitations of traditional casting methods, resulting in self-
healable structures with increased complexity and tunable properties. For this reason, the
application of self-healing polymers has extended beyond protective coatings to wearable
devices, implantable biomedical devices, health monitors, and electronic skins.

The healing efficiency of AM processed self-healing polymers is often measured
through the restoration percentage of physical properties such as fracture strain and
corresponding tensile or compressive stress. Additionally, the recovery time can also be
an indicator of performance and in the case of non-autonomic processes, the activation
energy required to trigger the self-healing process, which can be calculated through the
Arrhenius equation. Table 3 further summarizes AM processed self-healing polymers, the
AM method used for their fabrication, their functional chemistry, recovery performance,
recovery conditions, and applications.

Table 3. Summary of recent studies on AM processable self-healing polymers highlighting mechanical robustness and
healing efficiency.

Materials Tensile Strength Max
Strain Technique Application Self-

Healing Stimulus Healing
Time Efficiency Ref.

Semi-
interpenetrating

polymer network
elastomer

5 MPa 600%
UV-

assisted
DIW

Biomedical
Devices

Embedded
semicrys-

talline
thermoplas-

tic

Heat at 80 ◦C 20 min <30% [43]

Ferrogel - 288% DIW Bio-
printing

Drug
Delivery and

Tissue
Engineering

Reversible
Imine Bond
Formation

No Stimulus 10 min ~95% [44]

Dynamic
Covalent
Polymer

Networks

3.3 MPa 140% FDM - Diels–Alder
Reaction

Heat at 80 ◦C
Deionized

Water at RT
12 h 96%

~70% [45]

Photoelastomer
Ink 16 kPa 130% SLA

Soft
Actuators,
Structural

Composites,
Architected
Electronics

Disulfide
Exchange Heat at 60 ◦C 2 h 100% [46]

Fluid Elastic
Actuators 13–129 kPa 45–400% SLA Soft Robotics

Unreacted
Prepolymer

Resin

Sunlight
~15,000 cd m2 30 s - [47]

Physically
Crosslinked
Hydrogels

95 kPa 1300% SLA

Flexible
Devices, Soft

Robotics,
Tissue

Engineering

Hydrophobic
Association Contact 6 h ~100% [48]

Silicone
Elastomer ~225 kPa ~330% SLA

Endurable
Wearables,

Flexible
Electronics

Ionic
Bonding Heat at 100 ◦C 12 h >90% [49]

Host–Guest
Supramolecular

Hydrogel
0.3–0.5 MPa 70% DIW Biomedical Host–Guest

Interactions
Mechanical

Stress 1 h Up to 80% [50]

PEDOT:PSS with
Polymeric
Surfactant

3 MPa 35% DIW Energy
Harvesting Surfactant Electrical

Current 10–3 A 1 s
85%

electrical
output

[51]

Polyurethane
Elastomer 3.39 ± 0.09 MPa 400.38% DLP - Disulfide

Exchange Heat at 80 ◦C 12 h 95% First
healing [52]

In the past two years, there has been a surge in the AM of crosslinked gels with
reversible imine Schaff bonding. For example, Kim et al. demonstrated the design and
preparation of biocompatible, polysaccharides-based, self-healing hydrogels [53]. These
hydrogels were processed through extrusion-based bioprinting to form stable geometries
such as donuts, disks, and filamentous structures. The hydrogels displayed autonomic
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healing ability in ambient conditions (room temperature in air). The healing was based on
reversible crosslinks comprising of imine bonds and hydrazine bonds, that were capable of
completely restoring functionality within 10 min. The same research group took the concept
one step further by incorporating iron oxide nanoparticles. This ferrogel was capable of
fully recovering autonomously after gel breakage in a lapse of 10 min in three different
conditions (in air at room temperature, in a buffer solution, and under a magnetic field).
Additionally, this ferrogel also demonstrated shape memory capabilities that were triggered
by the presence of a magnetic field [44]. In another example, Lei et al. synthesized a gelatin-
based self-healing hydrogel from dialdehyde carboxymethyl cellulose and amino-modified
gelatin. The hydrogel showed good fatigue resistance by recovering its original strength
during 10 cyclic compressive loading and unloading tests and by having a healing efficiency
of up to 90% after being heated for 1 h at 37 ◦C. Additionally, the hydrogel possessed ideal
hemocompatibility and cytocompatibility, making it a prospective candidate for injectable
tissue engineering scaffolds [54].

While self-healing gels are mainly processed through material extrusion AM tech-
niques, most self-healing elastomers are processed through UV-based methods such as
VP and MJ. Due to the nature of the technology and the rigidity of elastomers compared
to gels, AM processed self-healing elastomers can obtain more complex designs, higher
resolutions, better surface quality, and overall faster printing speeds, especially through
the use of click chemistries such as thiol-ene photolymerization.

Pertaining to VP, Liu et al. demonstrated the fabrication of hydrolysis-resistant silicone
elastomers through photopolymerization conversion of vinyl in thiol-ene photoreactions
in a stereolithography process [49]. This self-healing silicone elastomer demonstrated a
healing efficiency higher than 90% when healed at 100 ◦C for 12 h. The silicone elastomers
could be healed multiple times through reversible ionic crosslinks without losing significant
strength. Furthermore, the silicone elastomers were shown to be reprocessable, retaining
85% of their original strength when pulverized and re-casted. Similarly, Yu et al. developed
a photocurable PDMS-based elastomer through the same photopolymerization and AM
technique but with dynamic covalent crosslinks [46]. Through disulfide exchange, this
photoelastomer was able to completely regain 100% of its original strength in significantly
less time (2 h) and under milder conditions (60 ◦C) than the silicone elastomer Liu et al.
prepared, however, with less translucency.

In regard to UV-light-assisted methods, Kuang et al. developed a novel semi-
interpenetrating polymer (semi-IPN) composite for UV-light-assisted DIW that displayed
self-healing properties [43]. Photocurable resin composed of urethane diacrylate, and
n-butyl acrylate was incorporated to assist in the shape retention of the printed beads
of the material when post-cured after extrusion of every layer. This allowed the group
to fabricate complex structures with high stretchability like an Archimedean spiral ca-
pable of stretching over 300% strain with negligible in-plane anisotropy. The healing in
the semi-IPN elastomer is based mainly on the diffusion of a semicrystalline polymer,
polycaprolactone, and partially from hydrogen bonding between urethanes. As such, the
elastomer demonstrated the ability to heal micro-cracks (3 mm long and 30 µm wide) after
heat treatment at 80 ◦C for 20 min leaving only slight scarring. The elastomer was also able
to heal larger cracks such as a notched gap, however, the healing efficiency was relatively
low (<30%) in comparison to the self-healing materials previously discussed. Additionally,
the elastomer possessed shape memory capabilities associated to the crystalline component
of the elastomer. While self-healing elastomers still have a long way to go to be ready for
consumer-based applications, in terms of mechanical robustness, significant progress has
been made over the past few years to achieve faster healing under mild conditions (low
temperatures/pressure) and better printability.

Despite self-healing materials being some of the most varied, AM processable self-
healing polymers are still relatively limited due to the novelty of AM technology. One of
the shortcomings of self-healing polymers is their fragility, especially for gels. Through free-
standing AM techniques such as DIW and MJ, the hydrogels are susceptible to collapsing
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under their own weight. Although the use of support particulate gel beds is not uncommon,
the manufacturing process of the particle can significantly affect the quality of the gel. For
this reason, Senios et al. developed a fluid-gel bed that provides support to 3D extruded
structures and prevents them from collapsing under their own weight prior to being
crosslinked [55]. This process, known as suspended layer additive manufacturing (SLAM),
was shown to be able to overcome limitations associated with printing low viscosity inks
such as spread when depositing and sagging in multilayered structures, thus allowing for
the fabrication of hydrogels with even more intricate designs than previously achievable.
The development of AM assisting techniques such as SLAM, will help broaden the material
catalog and allow for their use in a wider range of applications and push for commercial
goods such as wearable electronics.

2.3. Electronic Polymers

Electronic soft polymers are those that exhibit changes to their electronic properties,
such as polarization, capacitance, or resistance when exposed to mechanical, thermal,
light, or pH stimulus. These characteristics have made electroactive polymers useful for
actuating [56], sensing [57], and energy harvesting [58] applications, and to develop as a
very important research area.

There exist various families of electronic polymers defined by the governing physical
mechanism of their functionality. Examples of electronic polymers include dielectric
elastomers, piezoresistive polymers, and piezoelectric polymers. These polymer families
have been explored for AM to produce conformable, smart structures with programmed
sensing and actuating behaviors.

Dielectric elastomers (DEs) are electroded elastomers that respond with large actuation
to applied electric fields due to their high compliances. The Coulombic forces that result
from the applied electric field cause a reduction in the thickness and anisotropic expansion
of the electrode area of the elastomer. DEs are quite useful as actuators for biomedical [59]
and soft robotics [56] because of their large strains, low noise, and quick response times.
However, DEs have inherent disadvantages such as requiring large electric fields upwards
of 100 kV/mm [60] and having isotropic non-directed deformations.

AM processes have been used in recent years to obtain three-dimensional dielectric
elastomer actuators (DEAs). AM provides advantages to DEs such as the ability to build
different elements such as the DE films, the electrodes, or the rigid frames together us-
ing a wide variety of deposition methods. ME and MJ technologies have been mainly
used for the manufacturing of DEs [61], Progress in MJ of DEAs has been driven by the
development of rubbers suitable for jetting into films with controlled distribution and
thickness. For example, AM patterned films were obtained through MJ using commercial
silicone rubber by diluting them in a solvent to obtain suitable jetting properties prior
to printing [61]. Careful design of the printing inks resulted in prints with comparable
properties to traditionally casted films. Another approach to building DEAs using MJ that
has been explored is the aerosol jetting of graphene oxide electrodes onto DE films [62].
The capability to pattern electrodes onto dielectric elastomer films allowed for electrode
patterns that were unaffected by substrate stretching and it was proposed that stacked
DEAs could be produced by alternating layers of silicone and graphene oxide jetting.

Multi-material manufacturing approaches enabled by AM have been used to fabricate
fully functional DE actuators. In one example, a unimorph cantilever was built by selective
deposition of an active barium titanate/silicon DE layer, a passive stiff silicon layer, and
ionogel electrodes [63]. All different elements were built using a single AM process and the
resulting cantilever bent upon the application of an electric field. In a similar multi-material
approach, 3D actuators were manufactured by printing rigid thermoplastic frames on a
prestretched acrylic DE substrate using FDM [64]. Stretched DEs were used as a substrate
so that once the print was finished and the substrate was released, the contraction of
the substrate would transform into bending due to the mismatch of modulus across the
thickness. The resulting curled-up structures followed predictions using minimization of
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energy approach and showcased how three-dimensional complex actuators could be built
using intelligent design of printed patterns onto a DE substrate. Similarly, honeycombs
of TPU were patterned using FDM into both sides of acrylic DE substrates to obtain
anisotropic unidirectional actuators [65]. Higher degrees of anisotropy were obtained
by varying the rib angle of the honeycombs and increasing the pre-stretch ratios of the
DEs during print. Under optimal conditions, an axial strain of 15.8% with only −0.97%
transverse strain was achieved by loading with 7.5 kV.

Overall, the necessity to pre-stretch DEs to obtain useful actuation behaviors limits the
incorporation of these materials into all AM processes. DEs will see further development
only in multi-material approaches where complete actuators can be built in one AM process.
Still, smart design for AM will continue to develop and result in actuators with efficient
electromechanical energy transfer.

Piezoresistive materials respond with a change in electrical resistance when strained.
In the case of piezoresistive polymer composites, a network of electrically conductive fillers
embedded in a thermoplastic or thermoset elastomer matrix is disturbed by strain causing
a variation in the electrical conductivity of the composites [66]. This variation in electrical
resistance as a function of strain if large, can be used to accurately measure strain. For
piezoresistive polymer composites, sensitivity is maximum when the concentration of the
filler approaches what is known as the percolation threshold. At this concentration, it is
possible for agglomerations to form and impact the sensitivity. Thus, manufacturing meth-
ods for piezoresistive composites must ensure that agglomerations do not occur. Among
the suitable manufacturing processes for piezoresistive composites, AM has emerged as
one of the most important prospects because of the freedom in design, and because of the
control of filler alignment possible in processes such as ME.

Piezoresistive soft polymer composites have been manufactured through ME using
different matrix and filler systems [67–71]. For example, sensors of TPU with CNT fillers
were manufactured using FDM [68]. The use of AM enabled new or enhanced properties
in some cases. For example, biaxial strain sensors made of TPU with CNT fillers were
manufactured using FDM [68]. The different patterns of CNT electrode deposition allowed
for different designs, each with its own sensitivities to axial and transverse deformations,
with largely unaffected mechanical properties (all materials exhibited ≈50% axial strain at
4 MPa loading). In another work, a hierarchically porous lattice of TPU was printed and
bonded to a stretchable matrix of the same TPU and used as a conformable sensor [70]. The
macroscale porosity was controlled by the spacing of the struts, while intermediate and
small-scale porosities were achieved through sacrificial fillers burned out after printing.
The hierarchical porosity achieved anisotropy in response allowing the sensor to be bonded
to curved substrates without affecting its pressure sensitivity. This was not previously
possible for conventionally casted sensors. Other approaches used in AM of piezoresistive
polymer composites to enhance their performance have consisted of using particle–matrix
interface modifiers [67] and embedding CNTs to a printed elastomer lattice using partial
melting [69].

Piezoresistive soft polymer composites have been manufactured through ME using
different matrix and filler systems [67–71]. The use of AM enabled new or enhanced
properties in some cases. For example, biaxial strain sensors made of TPU with CNT fillers
were manufactured using FDM [68]. The different patterns of CNT electrode deposition
allowed for different designs, each with its own sensitivities to axial and transverse de-
formations, with largely unaffected mechanical properties (all materials exhibited ≈50%
axial strain at 4 MPa loading). In another work, a hierarchically porous lattice of TPU was
printed and bonded to a stretchable matrix of the same TPU and used as a conformable
sensor [70]. The macroscale porosity was controlled by the spacing of the struts, while
intermediate and small-scale porosities were achieved through sacrificial fillers burned
out after printing. The hierarchical porosity achieved anisotropy in response allowing the
sensor to be bonded to curved substrates without affecting its pressure sensitivity. This
was not previously possible for conventionally casted sensors. Other approaches used in
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AM of piezoresistive polymer composites to enhance their performance have consisted of
using particle–matrix interface modifiers [67] and embedding CNTs to a printed elastomer
lattice using partial melting [69]. Ionic gels are another class of piezoresistive materials
that have been developed for AM. A group of researchers developed a shear-thinning ionic
gel that could be patterned into 3D structures and studied how a reentrant honeycomb
structure enabled 310% larger elongations and sensitivity as compared to a traditional
film [72]. Another group further developed ionic gels for printing using eutectic solvents
as the media for better stability post-printing [73]. Once again, the freedom of design from
AM was used to construct auxetic structures that offered enhanced strain sensitivity with a
max GF of 3.30 and a strain of 300%.

Piezoresistive polymers have been widely developed for AM using ME. Further con-
trol of the porosity, and design of metamaterial structures will enable enhanced sensitivity
and a broader range of operation. However, other AM processes with higher resolutions
such as VP will be needed to develop smaller piezoresistive polymer sensors for use
in MEMS.

Piezoelectric materials possess a permanent polarization that when disturbed through
mechanical loading produces a voltage across the material. These materials are electrome-
chanically coupled so mechanical loads produce voltages and applied voltages cause strains.
Because of this characteristic, piezoelectric materials can function as both electrically driven
actuators [74] and as mechanical sensors [75].

Flexible piezoelectric materials have been developed with the help of AM by printing
polymers as well as nanocomposites with piezoelectric ceramic fillers. Optimization of
concentration, along with intelligent structure design, has allowed materials to exhibit
larger coupling coefficients as well as increased elongations. Strategies for AM of soft
piezoelectrics have focused on intelligent structure design to overcome the inherent stiff-
ness of common piezoelectric materials such as PVDF and ceramics. For example, Li
et al. used electrical field-assisted FDM to produce piezoelectric sheets with designed
deformations made with nanocomposites of sodium niobate ceramics and PVDF [76].
Chiral patterns were built into the sheets to allow large deformations. Thus, once the
sheets were rolled onto artery-like structures they could expand to sense radial pressures
such as those found in blood flow inside the human body. Similarly, Yao et al. devel-
oped flexible and wearable piezoelectric sensors using lattice patterns through DLP [77].
Highly sensitive but soft piezoelectric lattices were possible thanks to surface functional-
ization of the piezoelectric ceramic fillers, which enhanced mechanical energy transfer at
lower solid loadings. Three-dimensional honeycomb structures were printed using the
high-resolution photopolymerization printing method and the performance of the sensors
surpassed piezoelectric polymers in sensitivity and compliance. Another approach towards
building compliant piezoelectric structures through AM consisted of infiltration of a ce-
ramic lattice with PDMS elastomer [78]. This strategy allowed for complex structures to be
built using only a ceramic-filled resin using SLA while still being able to obtain complaint
structures afterwards.

Soft piezoelectric materials have been developed for AM despite the limited selection
of polymer systems that exhibit piezoelectric polymers and the high stiffness of bulk
nanocomposites of piezoelectric ceramics and elastomers. Continued development of
metamaterial structures and identification of unique piezoelectric behaviors will continue
to drive AM of soft piezoelectric structures composed of polymers and ceramic fillers.

Table 4 below summarizes the different efforts to print electronic polymers for sensing
and actuation applications, highlights the specific elements fabricated using AM, their
softness, and their individual performance.
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Table 4. Summary of various soft electronic polymers recently manufactured through AM for use as sensors and actuators
and their performances achieved.

Material Application
Role of
Printed

Material

Young’s
Modulus or

Elasticity
Max Strain Printing

Technique Performance Ref.

Silicone
elastomer

Dielectric
actuator

Actuating
layer ≈700 kPa 600% DOD

A maximum areal strain of
6.1% at an electric field of

84.0 V/µm
[61]

Reduced
graphene

oxide-
elastomer
nanocom-

posites

Dielectric
actuator

Flexible
electrode layer - 104% Aerosol Jet

Printing

Electrodes with a
maximum stretchability of
100% could be bonded to
dielectric layers without

losing conductivity

[62]

Thermoplastic
polyurethane/
carbon nan-

otubes/silver
nanoparti-

cles
composites

Dielectric
actuator

Actuating
material

3.44 MPa in
print direction

Up to 800% in
print direction FDM

Dielectric constant of 6.32
and a radial extension of

4.69% at an applied 4.67 kV
[79]

Barium
titanate filled

silicone
elastomer

Dielectric
actuator

Actuating
layer 39.82 kPa >100% DIW

Maximum tip displacement
of 6 times its thickness at

5.44 kV
Blocking force of 17.27 mN
and deflection of 0.85 mm
under a 0.12 g mass with a

5 kV applied

[63]

Thermoplastic
elastomer

Dielectric
actuator Elastic frame - - FDM

A tilt angle of 128◦ and a
blocked force of 24 mN
were measured when

driven by 6 kV

[64]

Thermoplastic
polyurethane

Dielectric
actuator Elastic frame - - FDM

Honeycomb structures
could achieve a

longitudinal strain of 15.8%
and transverse strain of
−0.97% at a driving voltage

of 7.5 kV

[65]

Thermoplastic
polyurethane

and
multiwalled

carbon
nanotubes

Piezoresistive
sensors

Sensor and
electrodes - >100% FDM

Anisotropic electrical
resistance responses to

strain with gauge factors
between 1.5 and 3

[68]

Thermoplastic
polyurethane
and carbon
nanotubes

Piezoresistive
sensor Sensor ≈1 MPa at a

strain of 30% - FDM
Consistent 50% change in
developed current during
1500 cycles of 5% strain

[67]

Thermoplastic
elastomer

Piezoresistive
sensor Sensor body - 800% FDM

Pressure sensitivity as high
as 136.8 kPa−1 at pressures
<200 Pa and GF of 6.85 at

stretching

[69]

Thermoplastic
polyurethane,
carbon black,

and silver
composites

Piezoresistive
sensor

Substrate,
sensor, and
electrode

layers

-
600% for TPU,

120% for
electrode layer

DIW

Low sensitivity to in-plane
stretching of (R/R0 < 7%)
and pressure sensitivity of
5.54 kPa−1 at low pressures

(<10 kPa)

[70]
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Table 4. Cont.

Material Application
Role of
Printed

Material

Young’s
Modulus or

Elasticity
Max Strain Printing

Technique Performance Ref.

PDMS and
multi-walled

CNT

Piezoresistive
sensor

Conductive
pattern - >70% DIW

GF of 13.01 with linear
responses up to 70%

tensile strain
[71]

Ionogels Piezoresistive
sensor Sensor

Tensile
strength of 0.81

MPa at
242% strain

242% DIW
≈40% change in electrical

current under a
29% elongation

[72]

Cellulose
nanocrystals

and deep
eutectic
solvent
ionogel

Piezoresistive
sensor Sensor 0.20 MPa At least 790% DIW Up to a 3.3 GF in the strain

range up to 300% strain [73]

Barium
titanate

Piezoelectric
sensor Sensing lattice - - Ceramic

slurry DLP

Compressibility up to at
least 10% and direct
relationship between
recorded voltage and

applied strain

[78]

Polyvinylidene
fluoride and

sodium
potassium

niobate

Piezoelectric
sensor Sensor

<1.0 MPa for
designed
structure

40% FDM
Pressure sensitivity of

2.295 mV kPa−1 and ability
to self-power

[76]

Lead
Zirconate
Titanate

Piezoelectric
sensor Sensor Compliance up

to 3 × 10−8 Pa - Ceramic
slurry DLP

Variable piezoelectric
charge constant up to

110 pC/N and sensitivity to
pressure and extension

with high conformability
to surfaces

[77]

2.4. Chromic Materials

Chromic materials have the ability to change in appearance in their refractive index
(e.g., color, fluorescence, brightness, transparency) when applying different stimuli such
as temperature, mechanical stress, electricity, pH concentration, among others. Chromic
materials are of interest due to their reversible optical mechanism that can be incorporated
into wearable devices for sensing, and for soft robotics. Table 5 further summarizes AM
processed SMPs, the AM method used for their fabrication, applied stimuli, color change,
absorbance wavelength and reversibility.

The use of AM for soft chromic materials provides an effortless method to explore
different geometrical designs and obtain tunable, mechanically activated chromic (also
known as mechanochromic) responses with reversible optical properties. For example,
Rohde et al. used the DIW technique to explore different geometries for mechanochromic
composite elastomers, using PDMS microbeads as a matrix with spiropyran aggregates
as a functional filler [80]. Activation of the chromic mechanism was possible by applying
either a low mechanical strain under uniaxial tension or compression. The soft elastomer
composite showed reversible mechanochromic properties displaying a purple color in the
area of applied mechanical force and returning to white after releasing such force. Chen et al.
fabricated highly stretchable photonic crystal hydrogels with reversible mechanochromic
properties by DIW technique [81]. The physically crosslinked poly(butylacrylate) (PBA)
composites provided a high elongation at break of 2800% and reversible color change from
blue to grey under tension and compression.
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Table 5. Summary of chromic materials and their properties that have been recently processed through AM techniques.

Materials Matrix Response
Type Technique Applied

Stimuli
Color-

Change

Absorbance
Wave-
length
(nm)

Reversibility Ref.

Spiropyran Polydimethylsiloxane Mechanochromic DIW Off-white
to Purple Yes [80]

Poly(butyl
acrylate) Polyacrylamide

Mechanochromic
and

Hydrochromic
DIW Compression:

5.7 kPa

Entire
Wave-
length

Spectrum
Colors

500–900 Yes [81]

Polyethyleneimine-
co-poly(acrylic

acid)

Polyethylene
glycol diacrylate Hydrochromic DIW

Blue-
Green, and

Red
400–650 Yes [81]

Polyurethane
acrylate Isobornyl acrylate Thermochromic

Projection
Micro
Stere-

olithogra-
phy

74.2–81.7 ◦C

Black, Red,
Blue,

Yellow,
White

400–800 Yes [82]

Poly(N-isopropy
lacrylamide)

Silica-alumina
based gel

Thermochromic
and

Electrochromic
DIW

>60 ◦C and
0.6–1.8 Amp

(2~6 V)

Transparent
to Opaque

State
1400–1900 Yes [83]

Poly(3,4
ethylenedi-

oxythiophene)-
poly(styrene

sulfonate) (PE-
DOT:PSS)/silver

(Ag)

Grid/polyethylene
terephthalate Electrochromic IJ −0.6–0 V Transparent,

Black 633 Yes [84]

Additionally, AM has contributed to the fabrication of complex inks with moisture-
activated chromic properties (often referred to as hydrochromism) that allow the obtain-
ment of multiple color changes. For example, Yao et al. developed a 3D printable hydrogel
ink for the DIW technique to develop soft actuators with shape memory and appearance
tuning properties [85]. By using polyethyleneimine-co-poly (acrylic acid) (PEI-co-PAA),
hydrochromism was produced, showing tunable luminescence from blue to green, which
can be controlled by water absorption of the actuators in the range of 20% to 90% relative
humidity. Moreover, by the incorporation of fluorophore-lanthanide an additional red
color was also tunable by water absorption in the sample. The hydrochromic soft actuators
also showed a reversible change in opacity from opaque to transparent produced by phase
separation caused by dehydration.

Thermally activated chromic (often referred to as thermochromic) are the most re-
ported chromic materials due to the simplicity of their chromism mechanism tuning. One
example is Chen et al. who developed a 3D printable resin with polyurethane acrylate
(PUAs) oligomer and isobornyl acrylate (IBOA) monomer with shape memory properties
for the µSL process [82]. By the addition of thermochromic microcapsules, it was possible
to fabricate self-actuating devices with reversible change colors from red to white with
tunable glass transition temperature from 74.2 to 81.7 ◦C.

Electrically activated chromic materials (also known as electrochromic) have been
of interest for soft functional devices as an alternative method to used temperature to
trigger a color change. For example, Zhou et al. used DIW technique to fabricate a
device using poly(N-isopropylacrylamide) (PNIPAm) as functional particles dispersed
in an Si/Al sol-gel, producing a hybrid hydrogel (PSAHH) with reversible appearance
properties from opaque to translucent that could be triggered by heat or electricity [83].
These reversible thermochromic and electrochromic properties could be triggered by
heating the samples above 60 ◦C or by increasing current from 0.6 to 1.8 Amp (2~6 V). The
change in the sample’s appearance was due to the temperature-induced dehydration of
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PNIPAm particles, which acted as light scattering fillers. Cai et al. used ink-jet printing to
fabricate electrochromic WO3-PEDOT:PSS composites printed on flexible substrates with
electrochromic properties [84]. The flexible device showed a fast electrochromic response
even under bending conditions in the range of −0.6 to 0 V transitioning from transparent
to black and with good electrochemical stability up to 10,000 cycles.

Chromic materials are an emerging research area that has recently found its way into
AM techniques for the fabrication of soft functional devices. Due to the high potential of
chromic to fabricate wearable devices, it is expected to see future research trends taking
advantage of AM to develop multi-responsive devices with reversible chromic properties.

2.5. Multifunctional Soft Materials

Multifunctional materials are those that present two or more functionalities due to
their inherent properties or when combined with other functional materials as compos-
ites. The functionalities that make up multifunctional materials can be a combination of
shape memory, self-healing, actuation, sensing, optical, biological, elastic, etc. In engi-
neered multifunctional material systems, properties are carefully selected to achieve the
desired multifunctionalities based on the field of applications. For example, multifunctional
biomaterials must first present a therapeutic functionality and then may present added
functionality including sensing of body temperature and pressure, or actuation [86]. Other
engineered multifunctional materials can provide structural support in demanding envi-
ronments while providing additional functionality to address very strict requirements [87].
The applications of such materials include energy [88], medicine [87], nanoelectronics,
aerospace, defense, semiconductor, and other industries.

Multifunctional materials reduce system complexity by having one material perform
functions that would be otherwise performed by multiple different materials. This is
beneficial in applications such as soft robotics where weight reduction and simplicity
are some of the key characteristics and the use of the least number of materials ensures
the best performance possible [89]. The integration of multifunctional materials into
structures requires material compatibility and adhesion between different components.
AM allows a seamless transition from structural to functional sections through material
gradients [90]. Thus, the combined development of materials with multiple functionalities
together with the development of AM techniques that easily transition between materials
allows for the simplest, most size effective structures. Table 6 below summarizes the
different multifunctional materials and composites that have recently been developed
using a variety of AM processes.

Table 6. Different multifunctional soft materials recently manufactured using AM techniques and their applications.

Materials Modulus Max Strain (%) Technique Application Functionalities Ref.

Polyacrylamide 17 KPa 574 DIW Biocompatible
Soft Robotics Magnetic response [91]

Polyacrylamide
with Carbomer 40 KPa 260 DIW Biocompatible

Soft Robotics Magnetic response [91]

PLA-PEA 125 MPa 2.5 DIW Actuation
and Sensing

Shape memory
effect and

piezoelectric effect
[92]

Polypyrrole (PPy) 498 kPa 1500 DIW Sensor Self-healing [93]

Polydimethylsiloxane
(PDMS) 160 kPa 210 DIW Sensor Superhydrophobicity [94]

One of the families of advanced soft materials with the greatest potential for multifunc-
tionality enabled through AM is hydrogels. These materials possess molecular networks
swollen in water that, when subject to stimuli such as temperature or strain, may undergo
gelling. Gelling constitutes a physical change where the stiffness of the hydrogel, as well as
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other relevant properties such as the swelling behavior, are altered. Thus, these materials
possess sensing and shape change capabilities. Additionally, due to their high inherent com-
pliance, they offer the potential to form functional composites with metallic or carbon fillers
without sacrificing their softness. Functional hydrogel composites with electrically [93]
or magnetically [31,71,72] responsive fillers have been enabled through AM. For example,
hydrogels with self-healing molecular networks have been combined with conductive car-
bon fillers and used to fabricate complex sensing and healing structures through DIW [93].
Similarly, self-healing hydrogels with magnetic iron particle fillers were printed using
DIW [44]. The structures could heal damage over time through reversible imine-bond
formations, and the printed structures also exhibited macroscopic shape change in the
presence of a magnetic field. Additionally, hydrogels were printed simply through DIW
with the use of carbomer as a rheological modifier and their multifunctional properties
were showcased [91]. The printed hydrogels showed time-dependent actuation in a hot
(50 ◦C) water environment due to a phase transition and deswelling of one of the printed
layers at the water bath temperature. The showcased hydrogels were also mixed with
magnetic particle fillers and printed to form a biologically inspired octopus structure. This
structure could locomote in the presence of a moving magnetic field and demonstrated
the potential to obtain soft robotic nature mimicking structures through DIW [91]. Though
magnetic hydrogel composites are capable of motion when a magnetic field is applied, their
magnetic response is still considered weak. Thus, Tang et al. instead obtained 3D printed
actuating structures that worked through the magnetothermal effect by introducing an
alterning magnetic field causing heat and degradation of the hydrogel networks [95]. The
printed parts were able to both encase and kill cancer cells after an oscillating magnetic
field was applied due to the actuation of the heated hydrogel-filled elastomeric arms.

Composites with SMPs enabled through multi-material AM have shown potential to
develop into multifunctional actuators. Bodkhe and Ermanni designed a piezoelectric SMP
that changed its shape with temperature and could simultaneously measure the extent
of its deformation through the development of a proportional voltage signal [92]. The
multifunctional composite was enabled through the deposition of rigid and soft sections
with multi-material DIW. The possibilities to tune actuation temperatures from 100 ◦C
down to body temperatures were explored, and a robust sensor capable of withstanding
temperatures ranging from 23 ◦C to 100 ◦C was presented, and to over 5000 operation cycles.
This shape-memory composite had a shape recovery rate of ∼98% and the sensor had a
linear voltage response in the force range of 0.1–1 N [92]. Ge et al. combined hydrogels and
SMPs through a multi-material DLP print method. UV curable hydrogels were developed
by the creation of a water-soluble photoinitiator [96]. To obtain heterogeneous structures of
elastomer and hydrogel, a moving stage with “puddles” of the different precursor solutions
was placed under the UV light at different times per layer and air-jetted off in-between
material exchanges. The multi-material structures were able to perform multiple functions
owing to the combination of advanced materials. For example, stents were built that could
be cold programmed to a small diameter size and inserted into blood vessels and later
would expand through the body temperature induced shape recovery process.

AM has the potential to provide additional functionality through careful geometrical
design. As an example, multifunctional silicone structures with hierarchical porosities
were built using a combination of micrometer sized sacrificial pore forming fillers and
macroscopic infill gaps through DIW [94]. The 3D printed structures that had millimeter
sized gaps on their infill attained super hydrophobicity and super olephilicity due to
their capacity to entrap air at the pores inside and around the printed struts. Moreover,
the silicone inks used to print the porous structures were able to be mixed with CNTs,
showcasing their capabilities as resistive sensors. The additional functionality of these
structures as sensors was demonstrated by wetting them in a CNT bath, subjecting them
to cyclic compressions, and measuring the linear electrical resistance response. A linear
response was observed up to 10% strain although the highly porous structures could easily
be compressed cyclically without loss of elasticity.
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3D printed multifunctional materials and structures will continue to develop through
the development of AM compatible chemistries, as well as the incorporation of multi-
material printing to the different AM technologies. Careful design of new materials
will aim to achieve multifunctionality without compromising AM compatibility. The
incorporation of heterogeneous materials into AM feed has been highly developed, and
thus, the blueprints for a future of yet unrealized multifunctional composites are in place.
Multifunctional materials may begin to outpace single function materials due to the benefits
they provide including system simplicity and reduction of mass. However, careful design
must ensure that coexisting functionalities are not compromised by the presence of one
another. AM provides pathways to seamlessly transition from structural to functional
elements, and the high resolution of various printing technologies will enable careful
control of material deposition to ensure functionalities are not compromised. Together, the
fields of AM and advanced materials will continue to develop hand in hand to realize a
future with efficient, responsive, and intelligent structures for various industries.

3. Applications
3.1. Biomaterials

Bioprinting has seen a surge in recent years helping progress the efforts in tissue
and organ engineering through the incorporation of live cells into 3D printable inks that
are engineered to interact with biological systems. Recent advancements in biological
inks either promote the growth and interaction of cells and tissues or by becoming part
of the cellular structure. In a recent example, Zhange et al. developed bioinks with
the same biological activity as original cartilage extracellular matrices, which could be
used to construct scaffolds for cartilage tissue engineering [97]. In another example,
Butler et al. developed a bioink from a blend of chitosan and starch [98]. This bioink showed
great printability and biocompatibility with great promise for neural tissue
engineering applications.

Traditional methods for fabricating biomaterials such as casting, suffer from significant
drawbacks such as suboptimal engraftment, poor cell survivability (~1%) and uncontrolled
differentiation which limit their use in in vivo applications such as stem-cell therapy [99].
The ability to design and control the internal structure of biomaterials through AM has
recently been seen as a method to overcome some of these barriers. Microarchitectural
control in biomaterials, enabled through AM, can lead to better control of drug delivery and
antibacterial properties of the material resulting in fewer infections and a lower likelihood
of rejection by the immune system [100]. For example, Tytgat et al. reported on the
potential of norbornene-functionalized gelatin and thiolated gelatin processed through the
ME technique with a cell viability above 90% up to 14 days [101].

Bioprinting has primarily been used to produce higher quality models of tissue and
organ to study complex diseases and anomalies such as cancer in vitro. For example,
Zhu et al. bioprinted prevascularized tissues with complex 3D microarchitectures without
the need of sacrificial material [102]. The use of bioprinting allowed the group to study
different architectural features of the vascular network to produce a pre-vascularized tissue
with high cell viability in vitro and in vivo. In another example, Mollica et al. devel-
oped a 3D biomimetic in vitro model through ME technique, using extracellular matrix
from decellularized rat and human breast tissues [103]. This model was capable of sus-
taining large structural growths such as bioprinted organoid and tumaroid formations,
or formations resembling organs and tumors. Another group from Georgia Institute of
Technology and Emory University demonstrated the potential of producing anatomi-
cally correct, live, and functional organs through patient-derived models of the human
heart at different stages of development through DLP of gelatin methacrylate bioinks
(Figure 1) [104]. The development of advanced models can help in the discovery of dis-
eases and treatments as well as significantly improve the reliability of those laboratory
discoveries. In addition, the use of accurate and functional tissue and organ models could
lead to reduced reliance on animal models.

140



Materials 2021, 14, 4521

Materials 2021, 14, x FOR PEER REVIEW 19 of 36 
 

 

need of sacrificial material [102]. The use of bioprinting allowed the group to study dif-

ferent architectural features of the vascular network to produce a pre-vascularized tissue 

with high cell viability in vitro and in vivo. In another example, Mollica et al. developed 

a 3D biomimetic in vitro model through ME technique, using extracellular matrix from 

decellularized rat and human breast tissues [103]. This model was capable of sustaining 

large structural growths such as bioprinted organoid and tumaroid formations, or for-

mations resembling organs and tumors. Another group from Georgia Institute of Tech-

nology and Emory University demonstrated the potential of producing anatomically cor-

rect, live, and functional organs through patient-derived models of the human heart at 

different stages of development through DLP of gelatin methacrylate bioinks (Figure 1) 

[104]. The development of advanced models can help in the discovery of diseases and 

treatments as well as significantly improve the reliability of those laboratory discoveries. 

In addition, the use of accurate and functional tissue and organ models could lead to re-

duced reliance on animal models. 

 

Figure 1. “Experimental workflow used to create patient-derived 3D printed heart models at vary-

ing developmental stages. A 3D model of an embryonic human heart at Carnegie stage 10 (21–23 

days old, e-HT) was made either through (A–D) CAD modeling of an idealized structure, or (E–H) 

using the actual human data obtained in collaboration with the 3D Atlas of Human Embryology. 

The anatomical heart tube model contained the (E) primitive cardiovascular system which was (F–

H) trimmed to only include the linear heart structure. (I–L) A patient-specific fetal left ventricle (f-

LV) was acquired from fetal echocardiography of the human heart (week 33). The (I) full heart 

model was (J–L) trimmed at the mitral and aortic valves to only include the inner surface of the LV. 

For both models, the geometries were optimized, hollowed, and smoothed using the Meshmixer. 

Flow extensions were appended using AutoDesk Fusion 360 at the trimmed inlets and outlets to 

simulate adjacent vasculature. Different scales of (C,H) e-HT and (L) f-LV constructs were 3D 

printed by a Form 2 printer using the clear resin.”—[A. D. Cetnar et al., “Patient-Specific 3D Bi-

oprinted Models of Developing Human Heart,” Adv. Healthc. Mater., vol. n/a, no. n/a, p. 2001169. 

Reproduced with permission.]. 

One of the challenges in fabricating scaffolds for soft tissue and organs through AM 

is the lack of available biomaterials with the necessary mechanical and physical properties 

D 

Figure 1. “Experimental workflow used to create patient-derived 3D printed heart models at
varying developmental stages. A 3D model of an embryonic human heart at Carnegie stage 10
(21–23 days old, e-HT) was made either through (A–D) CAD modeling of an idealized structure, or
(E–H) using the actual human data obtained in collaboration with the 3D Atlas of Human Embryol-
ogy. The anatomical heart tube model contained the (E) primitive cardiovascular system which was
(F–H) trimmed to only include the linear heart structure. (I–L) A patient-specific fetal left ventricle (f-
LV) was acquired from fetal echocardiography of the human heart (week 33). The (I) full heart model
was (J–L) trimmed at the mitral and aortic valves to only include the inner surface of the LV. For
both models, the geometries were optimized, hollowed, and smoothed using the Meshmixer. Flow
extensions were appended using AutoDesk Fusion 360 at the trimmed inlets and outlets to simulate
adjacent vasculature. Different scales of (C,H) e-HT and (L) f-LV constructs were 3D printed by a
Form 2 printer using the clear resin.”—[A. D. Cetnar et al., “Patient-Specific 3D Bioprinted Models
of Developing Human Heart,” Adv. Healthc. Mater., vol. n/a, no. n/a, p. 2001169. Reproduced
with permission.].

One of the challenges in fabricating scaffolds for soft tissue and organs through AM is
the lack of available biomaterials with the necessary mechanical and physical properties
to be compatible with AM technology [105]. Most common biomaterials such as collagen,
gelatin, fibrin, chitosan, hyaluronic acid, and silk suffer from poor mechanical strength
which results in melting, dissolution and warping of the printed structure [106]. Recent
approaches to better the rheological properties of bioinks have been seen through the
incorporation of polymer microspheres [107]. Additionally, advances in the AM technology
such as the development of Suspended Layer Additive Manufacturing (SLAM) for ME-
based bioprinting have helped to achieve a higher complexity in the printed structures as
shown by Figure 2 [55].
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Figure 2. “3D printing multilayer gradient scaffolds by SLAM. (A,B) Images of bilayer scaffolds using
combinations of (A) collagen–alginate and (B) collagen–gellan. (C) Large collagen–core gellan–shell
scaffold and (D) small collagen–core alginate–shell scaffold (scale bars = 5 mm). (E) Schematic of
diagram showing control of cell behavior with attachment motif bearing complexes in the upper
collagen gel and no attachment motifs for cell suspension within an alginate gel. (F) Micro-CT
showing gradient porosity within a lyophilized collagen–alginate scaffold. (G) Confocal micrographs
of Hoechst/actin cell staining of HDFs attached in the collagen layer (upper) and suspended in
the alginate (lower) regions of a dual layer scaffold (scale bars = 100 µm). (H) Stress versus G′

showing variations in gel strength and elasticity across a collagen–alginate scaffold including the
interfacial regions illustrating a gradient in mechanical strength across the printed part.” [J. J. Senior,
M. E. Cooke, L. M. Grover, and A. M. Smith, “Fabrication of Complex Hydrogel Structures Using
Suspended Layer Additive Manufacturing (SLAM),” Adv. Funct. Mater., vol. 29, no. 49, p. 1904845,
2019. Reproduced with permission.].

3.2. Sensors

Precise sensing is critical for various applications including biomedical, structural
health monitoring, aerospace, and chemical. Various conditions of interest to be sensed
include strain, pressure, temperature, and the presence of a gas or liquid. Soft materials that
develop electric responses to these stimuli are of interest because their high stretchability
makes them suitable for attachment onto various types of surfaces, including human bodies
as wearable sensors and electronic skins [108]. Conventionally manufactured soft sensors
have been limited by their geometries and material arrangements. These types of sensors
cannot fully explore the capabilities of their constituent sensing materials. For example, it
has been shown that enhanced stretchability and sensitivity could be achieved with the
use of designed cellular structures [109]. These kinds of structures are difficult to achieve
using conventional manufacturing methods without the use of specialized tools.

AM techniques have been used as methods to develop both, casing and sensing
elements, to build soft sensors with expanded material and geometric selection [110–112].
Gao et al. used a ME technique to create a substrate for a pressure sensor that had slots
built into it where conductive elastomer composites were later cast [110]. This sensor was
able to be attached to different objects with curved surfaces and could distinguish the
different gripping forces exerted to lift objects. A similar approach was used by Zhou et al.
who printed a piezoresistive strain sensor using SLA where the upper layer of the printed
structure had channels that were filled with strain-sensitive Galinstan after the printing
process [111]. The asymmetry of the printed structures enabled by the different patterns on
each cured layer allowed for the determination of the type of bending motion experienced.

Complete sensors have been completely built using AM taking advantage of the
multi-material capabilities of processes such as ME, where multiple nozzles are filled with
a unique material that can also be used in a single print [113]. The process of building a
complete strain sensor using AM consisted of first depositing elastomer layers to act as
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insulators, then depositing electrode beads using a carbon nanotube-filled elastomer, and
finally depositing a pressure-sensitive layer made from an ionic liquid-filled elastomer.
The multi-material sensor performed reliably and the ability to deposit electrode traces in
specific regions of the prior backing layers allowed for localization of pressure along the
body of the sensor.

Various soft strain sensors have been recently built using a variety of AM techniques
and materials [68,71,114–120]. Some of these developed sensors have shown enhanced out-
of-plane sensitivity compared to casted sensors when 3D patterning using ME [117]. The
use of print nozzles with a 100 µm diameter allowed for miniaturized flexible sensors that
could sense very low pressures [117]. Different print patterns built using ME have also been
used to develop strain sensors with augmented anisotropic strain sensitivities [68]. The
capability to pattern complex structures out of sensing materials using AM was utilized by
Lai and Yu who built wearable sensors with auxetic cellular geometries out of conductive
hydrogels as shown in Figure 3 [73]. These sensors had vastly increased stretching limits
when compared to solid geometries and could maintain contact with human skin even after
muscle contractions and extensions. Yu et al. also demonstrated the advantage of building
three-dimensional cellular geometries for strain sensors [121]. Lattices of thermoplastic
polyurethane were built using FDM and then coated with carbon nanotubes to add strain-
sensing functionality. The presence of carbon only on the surfaces as well as the inherent
softness of the lattices resulted in very high sensitivity and stretchability. In a similar
manner, Yin et al. used SLA to manufacture hydrogel electrodes with mesh geometries
for capacitive strain sensors [122]. Their electrode designs enhanced the sensitivity of the
sensors and they found that three-dimensional meshes exhibited higher strain sensitivities
than two-dimensional meshes because of their higher compliance.
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Figure 3. “Performance of 3D printed strain sensors with resistance change. (a) Photograph of the printing process.
(b) Dimensional change in the auxetic sensor during stretching. (c) Relative resistance change in the sensor at different
strains. (d) Variation in relative resistance vs. strain. The slope of linear fitting corresponds to the gauge factors in the range
of strain from 0 to 100%, 100 to 200%, and 200 to 300%, respectively. (e) Relative resistance change in the sensor at 30%
strain for 100 cycles.” [Chun-Wei LaiChun-Wei Lai, “3D Printable Strain Sensors from Deep Eutectic Solvents and Cellulose
Nanocrystals|ACS Applied Materials and Interfaces.” https://pubs.acs.org/doi/10.1021/acsami.0c11152 (accessed 22
October 2020). Reproduced with permission.].

AM has enabled the development of soft sensors with enhanced and added function-
alities. The capability to pattern unique cellular structures through AM was used to build
a temperature sensor that was insensitive to strain, as shown by Figure 4 [123]. The use
of cellular patterns built using ME allowed for the sensor to stretch without experiencing

143



Materials 2021, 14, 4521

large amounts of elastic strain on the cellular trusses and thus reduced the sensitivity of its
electrical properties to deformation. The built sensors had the ability to sense temperature
in the same manner as undeformed sensors despite being bent and twisted to conform to
curved surfaces. AM has also aided in the development of hydrogel-based liquid sensors
capable of distinguishing the position and volume of the target liquid. Electrically conduc-
tive hydrogels were printed using a high-resolution multi-material SLA process [124]. By
depositing sections of hydrogel with and without conductive carbon fillers, the researchers
were able to build a mesh that could detect the position and volume of liquid in contact
with the sensor. The different sensitivities of the neat and carbon-filled hydrogels allowed
for bidirectional sensing of liquid coming from leakage in different sections of a system.
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Figure 4. “Monitoring of the cooling process on a curved surface: (a) experimental setup; (b) com-
parison of the temperature performance between graphene/PDMS composites with a grid structure
and commercial temperature sensor; and (c) simultaneous monitoring of wrist skin temperature
and joint bending.” [Z. Wang et al., “3D-Printed Graphene/Polydimethylsiloxane Composites for
Stretchable and Strain-Insensitive Temperature Sensors,” ACS Appl. Mater. Interfaces, vol. 11, no. 1,
pp. 1344–1352, Jan. 2019.].

Soft sensors fabricated through AM have shown great potential as they allow for
unique patterns with enhanced sensitivity to stimuli and unique multidirectional sensing.
As new materials with better performance are developed for sensors, they will require
manufacturing methods with great flexibility in the material selection that do not re-
quire complete retooling for the new materials. AM will continue to co-develop with
emerging materials to result in highly sensitive and resistant sensors suitable for new
operational environments.

3.3. Energy Harvesting

Energy harvesters are devices that can generate electrical energy from alternative
sources of energy, such as thermal and mechanical. Energy harvesting can take the form
of triboelectric, thermoelectric, and piezoelectric devices, the last of which are among
the most common [125]. With the push for sustainable green energy in recent years,
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the use of soft engineered materials for energy harvesting has gained significant interest
due to their capability to conform to different surfaces, making them attractive in many
modern fields such as automotive, aerospace, and biomedical applications. The use of
AM technology has contributed to improved designs of energy harvesting devices by
expanding the geometric selection to include lattice structures with better mechanical
properties such as higher compression and conversion of energy, and easier incorporation
towards their application [126]. With great shape conformity and elasticity, AM-enabled
energy harvesters may find great use in applications such as wearable electronics, textiles,
and skins [127,128].

Various types of energy harvesters have been explored through AM using soft matrix
materials that can respond to different stimuli such as motion, temperature, or stress. One
type of energy harvester, the triboelectric device, generates electrical energy from materials
that are electrically charged after they are separated from a different material. For example,
Zou et al. fabricated a triboelectric device through DIW and were able to harvest the
motion of muscles to power a sensor while underwater. This printed triboelectric device
demonstrated good flexibility and stretchability for energy conversion while showing
outstanding tensile fatigue resistance, as seen in Figure 5 [129]. In another example,
Kaijuan et al. printed a triboelectric nanogenerator (TENG) energy harvester through
DIW that could harvest mechanical energy from motion and power a sensor that was
embedded in a shoe insole [130]. This sensor could be built into multilevel structures that
could harvest energy due to the triboelectric effect of three sequential deformation stages as
shown in Figure 6. The use of multi-material AM allowed for a single process programming
of a TENG. Kaijuan et al. successfully provided a new approach to wearable devices by
combining 3D printing with TENG devices for self-sustainable and comfortable embedded
sensors. Another type of energy harvesting device is the thermoelectric device which can
harvest energy from electric potentials generated from temperature differences across a
distance Lazaros et al. printed an organic thermoelectric generator (TEG) with TPU and
multi-walled carbon nanotubes through FDM for potential large-scale energy harvesting
applications with stretchability [131]. One of the current challenges of thermoelectric
energy harvesters is their limited use in industrial applications. However, the development
of wearable devices where complex 3D architectures and customizability are required have
opened new avenues for these harvesters.

One of the most common types of energy harvesters is piezoelectric devices which are
capable of transforming applied mechanical stress into an electric potential. As an example
of the use of AM to better the properties of these devices, Xiaoting et al. used a combined
DOD and ME printer to fabricate a multilayer piezoelectric energy harvester that could
harvest higher amounts of power than conventional flat harvesters [132]. Annealing of
the piezoelectric polymers after each layer was deposited allowed for a higher amount
of ferroelectric phase development and an overall higher piezoelectric performance. The
multilayer harvesters were wrapped around a “rugby ball” shaped part made of soft PDMS
polymer that was printed using ME at a separate print process. Overall, the AM harvesters
performed 2.2 times better in open circuit conditions compared to flat single layered har-
vesters and could develop an output power 100 times greater than flat, single-layered
harvesters. In another example, Desheng et al. were also able to fabricate embedded
piezoelectric sensors through µSL and obtained high piezoelectric responsiveness and
compliance via exploiting the effects of nanoparticle–matrix functionalization of the elec-
tromechanical performance of the piezoelectric nanocomposite [77]. This allowed them to
achieve target flexibilities while keeping high piezoelectric responses via rational designs
of inclusion morphologies and monomer stiffness of the constituent materials.
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Figure 5. “Underwater wireless multi-site human motion monitoring system. (a) Illustration of
underwater wireless multi-site human motion monitoring system based on bionic stretchable nano-
generator (BSNG). (b) Signal outputs of BSNG fixed on the elbow at different curvature motion.
(c) Photographs of integrated wearable BSNG worn on the arthrosis of humans. (d) Signal outputs
recorded by underwater wireless multi-site human motion monitoring system when the volunteer
swam in different strokes (LA, RA, LG, RG represent left arm, right arm, left leg, right leg, respectively;
PP interval represents the time interval between two peaks)” [Y. Zou et al., “A bionic stretchable
nanogenerator for underwater sensing and energy harvesting,” Nat. Commun., vol. 10, no. 1, p. 2695,
Dec. 2019].

AM has greatly contributed to the development of energy harvesters by the incor-
poration of soft functional materials that can help to increase the range of application by
allowing the adaptation to different surfaces and shapes. Furthermore, AM has contributed
to being able to fabricate devices with a high degree of customization without design
limitations, which has shown improved functionality for energy conversion.

3.4. Soft Robotics

Soft robots and/or actuators are highly compliant devices with multiple degrees of
freedom that enable object manipulation with minimal damage. Due to their interesting
material properties such as flexibility and compliance, soft robotics have gained a sig-
nificant attention in the fabrication of diverse types of grippers for manufacturing [133],
nature inspired actuation [134,135], sea exploration [136], surgical devices [137,138], and
rehabilitation devices [133,139]. Actuation of soft robots occurs usually through the

146



Materials 2021, 14, 4521

application of pneumatic or hydraulic pressure [133], temperature [134,135,140], UV
light [135,141], magnetic fields [134], or electric fields [137,138]. The most used materials
for soft robotics applications include SMPs, hydrogels, ionic polymer–metal composites
(IPMC), and elastomers.
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Figure 6. Design, working mechanism, and output performance of mTENG. (a) Schematic
illustration of the 3D printing multi-material used as self-powered wearable electronics.
(b) Schematic illustration of the electricity-generation process of the single-level contact separa-
tion. (c) Force–displacement curve of compressive test of the three-layer multi-material showing
three stages of deformation. (d) The output performance of TENG in the different levels of contact-
separation mode, including Voc, Isc, and Qsc. (e) Relation between the instantaneous output voltage
and current density with the external load resistance. (f) Relation between the instantaneous output
power density with the external load resistance. (g) The m-TENG was used as an energy harvester to
lighten LEDs. (h) The mTENG can lighten 3, 6, and 9 LEDs by compression with the first, second,
and third levels of deformation. [K. Chen et al., “Dynamic Photomask-Assisted Direct Ink Writing
Multimaterial for Multilevel Triboelectric Nanogenerator,” Adv. Funct. Mater., vol. 29, no. 33, p.
1903568, 2019, Copyright Wiley-VCH GmbH. Reproduced with permission.].

AM enables the tuning of mechanical properties of soft actuators by controlling
the material orientation and chemical composition without design limitations and with
outstanding performance. Some researchers have used AM to print molds and then tradi-
tionally cast a soft material with the purpose of being used as a soft actuator. However,
this method has several limitations, such as limited structure design, poor mechanical
properties, and extended manufacturing processes. AM used for direct printing of soft
robotics devices is a cost-effective method that contributes to a reduction in the manu-
facturing lead time as well as facilitating the fabrication of custom designs. For example,
Ang et al. fabricated different bellow-type of soft actuators (Figure 7) by FDM methods
using NinjaFlex, which is a TPU-based filament, with the purpose of controlling bend-
ing and increasing length of actuation. At 175 kPa the bellow-type soft actuators could
withstand a weight of 0.94 Kg and handle delicate objects such as food without damaging
them [133]. Furthermore, Ang et al. demonstrated that besides being used as grippers for
manufacturing, NinjaFlex soft actuators could also be used for locomotion, and wearable
devices applications.
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Figure 7. “Demonstration of (a) robotic gripper equipped with 3D-printed pneumatic actuators
picking up (b) a 0.94 kg structure and (c–j) items of different shapes, sizes, and weight using 175 kPa
of pressure. (j) A second robotic gripper with outward-facing 3D-printed pneumatic actuators that can
grasp (k) inside of a cylindrical can and (l) roll of tape.” [B. A. W. Keong and R. Y. C. Hua, “A Novel
Fold-Based Design Approach toward Printable Soft Robotics Using Flexible 3D Printing Materials,”
Adv. Mater. Technol., vol. 3, no. 2, p. 1700172, 2018, Copyright Wiley-VCH GmbH. Reproduced
with permission.].

In addition, AM facilitates the engineering of mechanical properties to obtain fast ac-
tuation and control of bending curvature, which determines the efficiency of soft actuators.
Electroactive hydrogels (EAH) for example, are materials of interest for soft actuators that
exhibit a linear deformation dependence on an applied electric field. Han et al. used PµSL
to control bending curvature and actuation of EAH by varying the thickness of several
types of structures (grippers, transporters, and human-like) that enabled manipulation
and locomotion due to their elaborate designs [141]. Saed et al. developed molecularly
engineered LCEs to modify their thermomechanical properties and control their actuation
temperature and strain. The soft actuators were fabricated by DIW with an extended actua-
tion temperature range from 20 ◦C to 100 ◦C [140]. Roach et al. took advantage of the shear
force generated on the ink during extrusion in DIW to align the liquid crystal monomers
in the direction of printing and obtain large actuations. The alignment of monomers was
locked as the material was deposited by shining a UV light and locking it through the
formation of crosslinks. They demonstrated that printing with smaller nozzle diameters
contributed to a higher actuation strain, additionally, the influence of printing speed on the
alignment of LCEs was evaluated [142].

Soft polymer composites with functional nanofillers are another interesting approach
for soft robots that either provides an alternative actuation mechanism or additional
functionalities. Some researchers have used nanofillers to develop nature-inspired or
mimetic soft actuators. For example, Kim et al. developed 3D origami soft sensing robots
using FDM composed of nanocomposite filaments of cellulose nanofiber, PLA, and TPU,
as shown in Figure 8. These devices could detect electromyography signals for health
monitoring [143]. Tognato et al. created a method to tune the anisotropy of robotic
actuation by adding magnetic responsive iron oxide nanoparticles (IOPs) to a PEG matrix
suitable for AM. Due to the high biocompatibility of IOPs, this device could be used as a
bioactuator for cell reorientation with a multi-stimuli responsive mechanism like starfish-
inspired structures [134]. Finally, Kim et al. developed several conductive soft actuators by
using MWCNT dispersed in epoxy aliphatic acrylate with tunable mechanical properties
fabricated through DLP [144].
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Figure 8. EMG assessment with origami-inspired robotic structures and materials. (a) Schematics
and (b) actual photo image of electromyogram (EMG) sensing humanoid robot hand (scale bar: 2 cm).
(c) Photo image of the sensing robot during the EMG measurement. (d) Typical raw and rectified
EMG signals measured by wet Ag/AgCl electrodes (top) and the EMG sensing robot (bottom).
(e) Rectified EMG signals at three different fist-holding forces of the participant. (f) SNR profiles
of EMG sensing robot as a function of touching cycles to the human subject. [T.-H. Kim, J. Vanloo,
and W. S. Kim, “3D Origami Sensing Robots for Cooperative Healthcare Monitoring,” Adv. Mater.
Technol., vol. n/a, no. n/a, p. 2000938, Copyright Wiley-VCH GmbH. Reproduced with permission].

AM has shown great capabilities to expand the functionality and applications of soft
robotics for manufacturing and biomedical purposes compared with traditional manufac-
turing methods. Some future trends in soft robotics might expand to include multi-material
for single 3D printing steps of soft actuators and electrodes, improving the adhesion of
materials and mechanical properties. Another interesting future approach is the evaluation
of actuation mechanisms and tunable mechanical properties for metamaterial designs,
which are only possible by AM techniques. In addition, some future trends for biomedical
purposes include the fabrication of soft actuators for surgical devices, which might allow
the development of body temperature responsive devices.

3.5. Optoelectronics

Optoelectronic devices place a connection between optics and electronics by gen-
erating light from electrical energy or producing energy by capturing light through a
semiconductor. Optoelectronics can be applied as photodiodes [145], solar cells [146], or
light-emitting diodes [147].

AM has drawn more attention in the manufacturing of optoelectronic devices over
traditional microfabrication technologies in recent years. This is due to AM’s ability to
extend the flexibility in the design and fabrication of 3D structured optoelectronics that
results in high-performance integrated active electronic materials and devices. In addition,
AM also allows for the integration of both, organic/inorganic/biological and conduct-
ing/semiconducting materials, as a single tool [148]. For example, Hu et al. [149] have
shown black phosphorus as a functional ink platform for MJ of visible and near-infrared
photoelectronic, including photodetectors. Additionally, AM’s ability to incorporate func-
tional fillers has demonstrated tunable optical properties. A group from the University of
Warwick utilized FDM to fabricate several electromagnetic devices capable of controlling
the propagated wave through a particularly graded refractive index [150]. Such devices
like 3D printed gradient refractive index lens showed ways to manipulate and control an
electromagnetic wave going through a boundary between two homogeneous media.
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Soft optoelectronic devices printed by AM have a diverse field of application in-
cluding omnidirectional light-sensing, and light-emitting which are typically used for
detecting structural defects [151]. Optoelectronic structures fabricated through FDM of
multi-material filaments have been shown by Loke et al. [151]. The specialized filaments
were performed to contain photodetecting or light-emitting structures at their core. This
allowed a good adhesion between the elements that made up the optoelectronic structures
and the production of application-ready parts using a single-step process. The method
for fabricating filaments was proposed for a wider range of materials and could prove
to be the next evolution in the multi-material extrusion of functional devices. Another
approach for building complete optoelectronic structures using AM consisted in deposit-
ing photodetectors onto flexible elastomeric substrates using a DIW method as shown in
Figure 9 [148]. The photodetectors were realized through a multi-material deposition of
the sensing and conductive elements, and the process was highly adaptable to various
types of substrate materials both, rigid and soft, and geometries including flat and concave.
The expanded flexibility of AM allowed for accurate photo sensors with new capabilities
including onboard powering, as well as wearability.
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Figure 9. “3D-printed photodetector arrays printed on planar and spherical surfaces. (a) 5 × 8
photodetector array printed on PET. (b) Photographs of the bent photodetector array on PET films,
viewed from both sides. (c) Characterization of the flexible photodetector array as an image sensor.
Optical patterns projected onto the photodetector array and the reconstructed images: (I) square
pattern; (II) letter “M;” and (III) white-light parallel strips with varying intensities. The range of the
grayscale bars is from 0 (black) to 300 nA (white). (d) Photographs of the concentric photodetector
array printed onto the inner surface of a hemispherical glass dome: (I) inside view and (II) outside
view of the 3D-printed concentric photodetector array. (e) Current–voltage characteristics of the
photodetector highlighted in (d). The excitation light source is a 405 nm laser of varying intensities.
(f) Characterization of the spherical photodetector array as an image sensor. (I) the projected cross
mark onto the devices (denoted by the dashed outline); (II) reconstructed cross mark pattern; (III
and IV) cross mark pattern projected onto the spherical photodetector array rotated 90◦ and the
reconstructed cross mark pattern. The range of the grayscale bar is from 0 (black) to 300 nA (white).
Scale bars are 5 mm.” [Park, S.H.; Su, R.; Jeong, J.; Guo, S.-Z.; Qiu, K.; Joung, D.; Meng, F.; McAlpine,
M.C. 3D Printed Polymer Photodetectors. Adv. Mater. 2018, 30, 1803980, Copyright Wiley-VCH
GmbH. Reproduced with permission].
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Researchers and scientists have carried out significant work in the field of photonics
and optoelectronic applications; however, there are still plenty of opportunities for expand-
ing the properties, applications, and interconnectivity of optoelectronic devices. Future
3D printers’ capability to control optical properties (like refractive index, reflectivity, trans-
mittance, absorption, diffusion, etc.) will empower flourishing design space for sensing,
display, and illumination.

4. Conclusions

A comprehensive review, including a brief description of AM techniques for soft
functional materials, recent developments promoting their functional properties, and their
use in various applications, is presented. AM technology has significantly contributed to
the recent surge in the development of soft materials with functional properties such as
the ability to self-heal, change color, program shape, serve as electronic devices, and multi-
functionality. The versatility of AM technology has allowed for tunability of properties
and greater freedom of design, boosting their potential in various applications, from tissue
engineering to soft robotics. Additionally, the ability to integrate multi-materials in a single
print through and flexibility in the design and fabrication of complex geometries such
as lattice structures has helped to achieve high-performance integrated active electronic
materials such as soft optoelectronic devices and energy harvesters.

The lower cost of manufacturing, rapid prototyping, fabrication of complex geometry
and custom building has given AM technology a competitive edge over traditional methods
in the manufacturing of functional materials. However, there are a few drawbacks that
may require further research and development in the technology. The drawbacks include
limited printable materials, limited use of multilaterals in AM of soft devices, and in some
cases low printing speed. With enormous research efforts on the AM of soft functional
materials, many challenges are being overcome in this field. For example, technology such
as the SLAM technique is being developed to overcome the shortcomings of AM such as
low material viscosity and allowing for materials to achieve more complex designs that
would otherwise not be compatible with AM. Alternatively, manipulations of the molecular
structures of materials or incorporation of functional fillers into existing materials have
also been shown to improve the printability of soft functional materials and expand the
list of printable materials in AM technology. Additionally, incorporating an expansion of
design-based software with more informed inputs based on material genomics, multiscale
modeling, topology optimization, and further use of multi-material AM technology will
facilitate the integration and sophistication stage in AM soft structures. The increased
amount of funding and massive research and development in 3D printing technology will
bring a revolution in soft functional materials.
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Abstract: Composite materials are a combination of two or more types of materials used to enhance
the mechanical and structural properties of engineering products. When fibers are mixed in the
polymeric matrix, the composite material is known as fiber-reinforced polymer (FRP). FRP materials
are widely used in structural applications related to defense, automotive, aerospace, and sports-based
industries. These materials are used in producing lightweight components with high tensile strength
and rigidity. The fiber component in fiber-reinforced polymers provides the desired strength-to-
weight ratio; however, the polymer portion costs less, and the process of making the matrix is quite
straightforward. There is a high demand in industrial sectors, such as defense and military, aerospace,
automotive, biomedical and sports, to manufacture these fiber-reinforced polymers using 3D printing
and additive manufacturing technologies. FRP composites are used in diversified applications
such as military vehicles, shelters, war fighting safety equipment, fighter aircrafts, naval ships, and
submarine structures. Techniques to fabricate composite materials, degrade the weight-to-strength
ratio and the tensile strength of the components, and they can play a critical role towards the service
life of the components. Fused deposition modeling (FDM) is a technique for 3D printing that allows
layered fabrication of parts using thermoplastic composites. Complex shape and geometry with
enhanced mechanical properties can be obtained using this technique. This paper highlights the
limitations in the development of FRPs and challenges associated with their mechanical properties.
The future prospects of carbon fiber (CF) and polymeric matrixes are also mentioned in this study.
The study also highlights different areas requiring further investigation in FDM-assisted 3D printing.
The available literature on FRP composites is focused only on describing the properties of the product
and the potential applications for it. It has been observed that scientific knowledge has gaps when it
comes to predicting the performance of FRP composite parts fabricated under 3D printing (FDM)
techniques. The mechanical properties of 3D-printed FRPs were studied so that a correlation between
the 3D printing method could be established. This review paper will be helpful for researchers,
scientists, manufacturers, etc., working in the area of FDM-assisted 3D printing of FRPs.

Keywords: FRP; 3D printing; defense; FDM

1. Introduction

The properties of materials play a significant role in manufacturing of equipment for
various industries, such as defense, automobile, aerospace, healthcare, and many similar
sectors, with demanding applications. Fiber reinforced polymer (FRP) composites are a
combination of fibers and matrixes that can be either thermoplastic, elastomer, or thermoset.
The fiber provides a strength-to-weight ratio, the polymer composites cost less, and the
process of making their matrix is quite easy. In 1960, FRP composites were the major
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structural component of the aerospace sector. In 1990–2006, FRP composites were the low
cost and flexible solution for many manufacturing processes [1].

FRP composites have a high strength-to-weight ratio, good anti-wear properties and
improved anti-aging capacities compared to traditional metal materials. FRP composites
are light weight and provide high performance in many industries. The matrix in FRP
composites mostly consists of thermosetting and thermoplastics. The thermosetting plastics
in FRP are of an epoxy and polyurethane type and that of thermoplastics are polypropylene
(PP), polyamide (PA), and polyetheretherketone (PEEK). FRP composites are also charac-
terized by different fiber materials such as glass, carbon, aramid, and Kevlar. FRPs are
also divided into subtypes by fiber length parameter such as short fibers (0.2–0.4 mm), and
long fibers (10–25 mm). The method of forming and processing long and short CFRPs is by
extrusion or injection molding. For the other type of continuous fiber-reinforced plastic,
the processing is performed by winding, molding, impregnating, and pultrusion. The
construction of continuous fiber-reinforced plastic components is a lengthy and complex
process, and complex structure achievement is difficult because the viscosity is high for
infusion during wet-out [2,3].

Additive manufacturing (AM)/rapid prototyping is said to be a method of integrat-
ing materials to make objects from computer aided design (CAD) models in consecutive
films [4]. AM manufacturing provides low-cost, versatile products; thus, over the past
years, the use of this technology to design improved products has become a large trend.
Either with monolithic structures or micrometer solutions, AM is proving to beneficial [5].
The literature on FRPs focuses only on straight processes describing the properties of the
product and the potential applications for it. Due to the complex interfacial adhesion in
FDM printing of fiber-polymer composites, the performance of the component varies signif-
icantly, and there is a need to better understand its performance. The mechanical properties
of 3D-printed carbon fiber-reinforced polymers are created so that the correlation between
the types of additive manufacturing methods can be understandable. The techniques of
combination composite materials impact on the weight-to-strength ratio as well as the
tensile strength of the components and can play a critical role towards the service life of
the components. Fused filament fabrication (FFF) is also a technique for 3D printing; it also
allows for layered fabrication of parts using thermoplastic composites. Complex shape and
geometry with enhanced mechanical properties can be obtained using this technique.

The literature [6–12] has revealed that the strength of FDM-printed parts is highly
dependent on the printing phenomena and quality of the bond formation. Weak strength
is associated with insufficient bond strength between the layers. It is also observed that
the formation of bonds between layers is based on three phases, namely, surface contact,
neck growth, and molecular diffusion [6]. It has been revealed that the second phase of
neck growth is very important and can play a vital role towards the strength of FDM-
printed parts. The quality of the bonds between layers is dependent on the size of neck
formation and is controlled by molecular diffusion that happens between the polymeric
chains at the interface. Gurrala and Regalla [13] also studied the coalescence of filament
towards the strength of FDM-printed parts. In the study, it was revealed, by scanning
electron microscopy, that neck growth was not uniform throughout the process, and at
some locations there was no neck formation at all. The reason attributed to this observation
was linked with the localized non-uniform cooling rates and temperature variations at
different locations. Sun et al. [14] provide an in-depth study on the coalescence mechanism
between filament layers. The study mentions the importance of phase 2, which facilitates
adhesion and formation of molecular diffusion. The study also revealed that phase 2 is
dependent on the contact angle between two filaments. Bonding occurs between adjacent
layers of the filament and successive layers of the filament, known as intra-layers and
inter-layers, respectively, as shown in the Figure 1 [6].
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The review section of paper highlights the stated challenges in the development of
carbon fiber-reinforced polymers and the challenges associated with its mechanical properties.
The future prospects for the carbon fiber-reinforced polymers are also mentioned in this study,
while it also puts a spotlight on areas requiring further investigation in rapid prototyping.
The objective of this review paper was to corelate the mechanical properties of 3D-printed
carbon fiber-reinforced polymers with respect to various 3D-printing techniques.

2. Industrial Significance of FRP Composites

FRP provides the desired strength and stiffness while being light weight at the same
time. This lightweight property is controlled by using the weight of the matrix in the
fiber-matrix material system. In addition to these properties, FRPs are capable of oper-
ating at higher temperatures, chemical inertness, and have the ability to provide better
damping [15]. Due to the fact of these qualities, FRP composites are rapidly replacing
conventional ferrous and non-ferrous metals and their alloys. It can also be observed
that the global market growth for FRP composites is increasing rapid. As reflected in
Figure 2, the US composite market (FRP) is forecasted to have a compound annual growth
rate of 11.3% from 2017 to 2025 [16]. At the same time, industry is adopting 3D-printing
technologies to print FRP composites. As shown in Figure 3, the 3D-printed composites
market is forecasted to grow to 111 million USD between 2017 and 2022 [17].

As shown in Figure 4, a visible increase in market growth can be noticed regarding
3D-printed FRP composite products with respect to the aerospace and defense sectors.
In the below subsections, these sectors and related FRP applications will be discussed
in detail.
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2.1. Defense and Military Sector

FRP composites are well suited for defense and military applications due to the
fact of their high strength, light weight, corrosion resistance, and prototyping of complex
geometries, etc. This class of materials was widely used in defense and military applications
after World War II. They gained popularity over conventional metals and steels in the
defense sector because of their anti-corrosiveness, fatigue resistance, and light weight.
This was because structures experience excessive corrosion in salty seawater [18,19]. FRP
composites are used in diverse applications such as military vehicles, shelters, war fighting
safety equipment, fighter aircrafts, naval ships, and submarine structures. Figure 4 shows
FRP composites in a submarine, an F-35 fighter jet, and a helicopter. These materials were
favored due to the fact of their light weight and high strength, reliable performance, and
ease in maintenance during service life. FRP composites are also utilized extensively in the
protective clothing used by security enforcement bodies [20].
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2.2. Aerospace Sector

FRP composites are widely used in the construction of passenger aircrafts. The Airbus
A300 utilized CFRPs for spoilers, rudders, and airbrakes. Different famous FRP composites,
such as CFRP, GFRP, and AFRP, were utilized in the Airbus A330/340 [15]. It is estimated
that approximately 50% (by weight) of modern aircrafts are made of composites as shown
below in the Boeing 787 Dream Liner in Figure 5. The Boeing 787 was the first air jetliner
that utilized composite materials as leading structural materials in the airframe structure.
The Boeing 787 carries 23 tons of composite materials. FRP composites are used in key body
aircraft parts such as fuselage, upper and lower wing skins, radom, wing flaps, elevators,
vertical fins, and horizontal stabilizer. Carbon-fiber epoxy is laid up with the help of robotic
heads and fibers are reinforced in the desired directions to support maximum loads [21].

Materials 2021, 14, x FOR PEER REVIEW 6 of 28 
 

 

is estimated that approximately 50% (by weight) of modern aircrafts are made of 
composites as shown below in the Boeing 787 Dream Liner in Figure 5. The Boeing 787 
was the first air jetliner that utilized composite materials as leading structural materials 
in the airframe structure. The Boeing 787 carries 23 tons of composite materials. FRP 
composites are used in key body aircraft parts such as fuselage, upper and lower wing 
skins, radom, wing flaps, elevators, vertical fins, and horizontal stabilizer. Carbon-fiber 
epoxy is laid up with the help of robotic heads and fibers are reinforced in the desired 
directions to support maximum loads [21].  

 
Figure 5. Material utilization in the Boeing 787 Dream Liner manufactured by HdH [24] (reprinted 
with kind permission from Elsevier). 

2.3. Automotive Sector 
The Automotive sector was first to introduce better engineering materials to replace 

conventional metals and alloys to reduce cost and weight. It is reported that 75% of fuel 
consumption is directly linked to the weight of automobiles [25]. In addition, the 
automotive sector is highly competitive, and a higher performance with an extended 
service life is desired from different automotive components. Composite materials are 
used heavily in the load bearing and structural parts, such as the body, chassis, hoods, 
brakes, and electronics, of an automobile [20]. In the past, engine parts in the automobile 
sector were made from cast iron; the drawback of using cast iron was the reduced fuel 
efficiency and the speed of the engine was also slow. Now, cast iron parts are being 
replaced by aluminum alloys. A simple material cannot provide all the properties 
required for an effective product, so combinations of two or more materials were 
introduced to obtain the desired properties; these are known as composite materials [25]. 
Figure 6 shows some automotive parts constructed out of composite materials. 

  
(a) (b) 

Figure 6. Natural composites applied in the automotive sector (a) Components of Mercedes-Benz E-Class (b) Ford 
Montagetrager front-end grill (available under a Creative Commons license [26]). 

2.4. Construction Sector 

Figure 5. Material utilization in the Boeing 787 Dream Liner manufactured by HdH [24] (reprinted with kind permission
from Elsevier).

2.3. Automotive Sector

The Automotive sector was first to introduce better engineering materials to replace
conventional metals and alloys to reduce cost and weight. It is reported that 75% of
fuel consumption is directly linked to the weight of automobiles [25]. In addition, the
automotive sector is highly competitive, and a higher performance with an extended
service life is desired from different automotive components. Composite materials are used
heavily in the load bearing and structural parts, such as the body, chassis, hoods, brakes,
and electronics, of an automobile [20]. In the past, engine parts in the automobile sector
were made from cast iron; the drawback of using cast iron was the reduced fuel efficiency
and the speed of the engine was also slow. Now, cast iron parts are being replaced by
aluminum alloys. A simple material cannot provide all the properties required for an
effective product, so combinations of two or more materials were introduced to obtain
the desired properties; these are known as composite materials [25]. Figure 6 shows some
automotive parts constructed out of composite materials.

2.4. Construction Sector

FRP composites are utilized extensively in the construction sector. They have successfully
replaced conventional steels, previously used to produce reinforcement bars for concrete con-
structions. In the construction sector, FRP composites are popular because of their low weight,
high strength, corrosion resistance, high-impact strength, electromagnetic transparency, low
operational cost, and low thermal conductivity. However, with respect to the construction
industry, they also have limitations such as high brittleness, low shear and bending strength,
vulnerability to fire, and high initial investment [1]. FRP composites are widely used in
bridge construction. The major limitation associated with FRP composite curing is linked
with exothermic resin. It releases heat during the curing process, and thicker samples restrict
this heat that, in some cases, result in instant combustion. Many of the bridge structures
being used all over the world are pultruded profiles generated from FRP composites. Figure 7
shows different ways in which FRP composite materials are used in bridge structures.
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3. Fiber-Matrix Material System

Composites are the materials that are made up of mixture of two or more distinct
constituents. In order to be referred as composite materials, it is important that distinct
constituents mix with each other at the macro level without any chemical interaction.
In mixture form, the resulting product has properties significantly different from each
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constituent. Moreover, another important feature of composite materials is that one or
more discontinuous constituent is embedded in a continuous constituent [28]. As per
the nomenclature, the discontinuous constituents are called reinforcements and carry
more strength and hardness, whereas the continuous constituent is referred to as the
matrix and is generally weaker with respect to the reinforcements. Figure 8 represents
schematic illustrations of the fiber-matrix material concept. Reinforcements can come in
different geometric shapes and directly controls the strengthening. These reinforcements
are classified as fiber or particle based. The resulting composites are referred to as fiber-
reinforced composites or particulate-reinforced composites.
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As fiber reinforcements, there are many contender materials that provide beneficial
results. Some famous fiber materials are silica, alumina, aramid, carbon, and boron. These
fibers possess high strength but low plasticity. Fibers are selected to make FRP composites
based on their specific gravity, strength, and modulus. Higher values of specific modulus
and strength points to the fiber material being light weight with high strength and stiffness.
Desired properties can be tailormade by introducing the correct fiber material, their volume
fraction, and their orientation.

Matrix material is weaker in strength and shows relatively more plasticity with respect
to the fiber materials. Matrix materials should be chemically and thermally compatible
with the fiber materials. Matrix materials bind fiber materials and perform load transfer
mechanism between fibers. Matrix material is selected based on the resulting FRP com-
posite operating temperature. Different types of materials such as polymers, metals, and
ceramics can be used to serve the matrix materials. In the case of FRP composites, matrix
materials are generally polymers. There are two major types of matrix materials, namely,
thermosetting plastics and thermoplastics [29]. The most commonly used thermosetting
resins are polyester resin, vinyl-ester resin, and epoxy resin. Table 1 represents the most
commonly used matrix-fibers FRP composites. However, polymers as matrix material
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also contain several flaws such as low operating temperature, high thermal expansion
coefficient, interaction with moisture, and interaction with radiation [30–34]. Figure 9
shows the properties of commonly used fiber materials.

Table 1. Different properties and industrial applications of matrix materials [30–34].

Sr. No. Matrix Material Properties Major Industrial Sector

1 Polyether sulfone Flame resistance Automotive
2 Polyphenylene sulfide Chemical and high temperature resistance Electrical
3 Polysulfone Low moisture absorption and high creep strength Marine
4 Polyethylene (PE) Corrosion resistance Piping construction
5 Polypropylene (PP) Chemical resistance Packaging
6 Polylactic acid (PLA) Biodegradable nature Biomedical
7 Polyurethane (PU) Wear resistance and waterproof Structural
8 Natural Rubber Low density Automotive
9 Epoxy Resin High strength Automotive and aerospace

10 Polyester Durable and resistance to water Structural
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In order to bond matrix and fiber together, a bonding agent is utilized at the interface
of both as shown in the Figure 10A [36]. To perform adequately, a composite material
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should be bonded properly at the interface region [37]. The interface has an important role,
as it transfers a load from the matrix to the reinforcements. Better bonding at the interface
results in higher stiffness and strength of the resulting composite [38].

Materials 2021, 14, x FOR PEER REVIEW 10 of 28 
 

 

should be bonded properly at the interface region [37]. The interface has an important 
role, as it transfers a load from the matrix to the reinforcements. Better bonding at the 
interface results in higher stiffness and strength of the resulting composite [38].  

  
(A) (B) 

Figure 10. (A) Fiber-matrix composite material structure. (B) Fiber-matrix interfacial bonding mechanisms: (a) molecular 
entanglement following interdiffusion, (b) electrostatic adhesion, (c) chemical bonding, and (d) mechanical interlocking 
[39] (reprinted with kind permission from Elsevier). 

Figure 10B shows the different types of interfacial bonding mechanisms between 
fiber and matrix. Interfacial adhesion between the fiber and matrix interface is the critical 
factor that significantly dictates the stress transfer between matrix and fibers. In the 
literature [40], different mechanisms for fiber-matrix bonding have been reported such as 
inter-diffusion, electro-static adhesion, chemical reaction, and mechanical interlocking as 
reported in the Figure 10B. These mechanisms contribute in combination to make the 
interfacial adhesion between layers. When fiber and matrix materials came into contact at 
the molecular level, a diffusion process occurs due to the Van der Waal interaction and 
hydrogen bonding. This process is controlled by the good wetting behavior between fiber 
and matrix materials and the degree of diffusion. The degree of diffusion is mainly 
dependent on the chemical compatibility of the fiber and matrix materials. In electrostatic 
adhesion mechanism, the bonding between fiber and matrix surfaces is the result of anion 
and cation formation at the surfaces that results in adhesion. In the chemical bonding 
mechanism, surface chemistry has a controlling influence. Mechanical interlocking is the 
result of penetration and locking of peaks and valleys between fiber and matrix materials.  

Poor bonding at the interface provides lower strength and stiffness. Failure 
mechanisms are also characterized by fracture at the interface or away from interface, 
namely, adhesive and cohesive fractures, respectively.  

4. 3D Printing of FRP Composites 
It has been observed that conventional FRP composite fabrication methods are 

expensive, time consuming, and rigid to design modifications [41]. 3D printing is an 
additive manufacturing technique; in 3D printing, layer-by-layer components are 
fabricated instead of cutting or molding the material. 3D printing can produce complex 
and customized products with a short delivery time, lower production cost, and lower 
material consumption. Currently, 3D printing is used in applications, such as individual 
production, complex products manufacturing, on-demand manufacturing, new business 
models, new services, and decentralized products. 3D printing is without a doubt a 
technology that will rule the future and will represent new stage of smart manufacturing 
[42]. The global forecast for growth in additive manufacturing of composites is predicted 
to be a 10 billion USD overall opportunity as shown in Figure 11 [43]. The process of 
fabricating CFRP in a cost-effective way is under investigation. It is also predicted that 
3D-printing technologies will bring positive changes in the cost, energy, and emissions 

Figure 10. (A) Fiber-matrix composite material structure. (B) Fiber-matrix interfacial bonding mechanisms: (a) molecular
entanglement following interdiffusion, (b) electrostatic adhesion, (c) chemical bonding, and (d) mechanical interlocking [39]
(reprinted with kind permission from Elsevier).

Figure 10B shows the different types of interfacial bonding mechanisms between fiber
and matrix. Interfacial adhesion between the fiber and matrix interface is the critical factor
that significantly dictates the stress transfer between matrix and fibers. In the literature [40],
different mechanisms for fiber-matrix bonding have been reported such as inter-diffusion,
electro-static adhesion, chemical reaction, and mechanical interlocking as reported in the
Figure 10B. These mechanisms contribute in combination to make the interfacial adhesion
between layers. When fiber and matrix materials came into contact at the molecular level,
a diffusion process occurs due to the Van der Waal interaction and hydrogen bonding. This
process is controlled by the good wetting behavior between fiber and matrix materials
and the degree of diffusion. The degree of diffusion is mainly dependent on the chemical
compatibility of the fiber and matrix materials. In electrostatic adhesion mechanism, the
bonding between fiber and matrix surfaces is the result of anion and cation formation at the
surfaces that results in adhesion. In the chemical bonding mechanism, surface chemistry
has a controlling influence. Mechanical interlocking is the result of penetration and locking
of peaks and valleys between fiber and matrix materials.

Poor bonding at the interface provides lower strength and stiffness. Failure mecha-
nisms are also characterized by fracture at the interface or away from interface, namely,
adhesive and cohesive fractures, respectively.

4. 3D Printing of FRP Composites

It has been observed that conventional FRP composite fabrication methods are expen-
sive, time consuming, and rigid to design modifications [41]. 3D printing is an additive
manufacturing technique; in 3D printing, layer-by-layer components are fabricated instead
of cutting or molding the material. 3D printing can produce complex and customized prod-
ucts with a short delivery time, lower production cost, and lower material consumption.
Currently, 3D printing is used in applications, such as individual production, complex
products manufacturing, on-demand manufacturing, new business models, new services,
and decentralized products. 3D printing is without a doubt a technology that will rule
the future and will represent new stage of smart manufacturing [42]. The global forecast
for growth in additive manufacturing of composites is predicted to be a 10 billion USD
overall opportunity as shown in Figure 11 [43]. The process of fabricating CFRP in a
cost-effective way is under investigation. It is also predicted that 3D-printing technologies
will bring positive changes in the cost, energy, and emissions throughout the life cycle
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of parts [44]. Another comparative study showed that cumulative energy demand was
reduced by 41–64% using 3D-printed polymeric materials [45].
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The most popular type of 3D-printing technologies is FDM. Other techniques that
are used in 3D printing are selective laser sintering (SLS), laminated object manufacturing
(LOM), PolyJet, digital light processing (DLP), selective deposition lamination (SDL),
and electron beam melting (EBM). The materials used in FDM 3D printing are polymer
filaments (PLA, TPU, ABS). The strength of 3D-printed materials is discussed in a later
part of the manuscript.

Currently, the strength of 3D-printed components is not up to the industry’s require-
ments, especially load-bearing parts and fully functional industry parts [46,47]. It is because
of the lower end of the polymeric material system, commonly known as commodity ther-
moplastics, mainly used in 3D printing applications but have limited functionality based
on load bearing capacity. Thus, if CFRPs and 3D printing are combined together, we can
fabricate the best products that are light weight, high performance, complex in structure,
and have good prospects in future industries [48,49]. Therefore, if we can combine CFRPs
and 3D printing together and take advantage of both, we can produce light-weight and
high-performance components more efficiently with more complex structures, which will
have very good prospects in future manufacturing industries [50]. CFRPs have mechanical
properties that can improve the life span of the products manufactured. These products are
then used in the aerospace industry and small manufacturing sector so that light-weight
products with durability can be manufactured [51,52].

4.1. Fused Deposition Modeling (FDM)

FDM is a 3D-printing method based on material extrusion. In this process, extruded
heated material comes out of nozzle and adds, layer by layer, to result in a printed com-
posite part [53]. Filaments are made up of thermal plastics. The FDM process consists of
the deposition of two materials: one to build the actual component and the other with
disposable structural support. Filament is available in the form of spools and fed to the
extrusion head. The extrusion head has a temperature controlling mechanism that facili-
tates heating of filament and conversion into a semi-liquid state. Figure 12a represents the
schematic illustration of the FDM process. A spool of filament is utilized to melt first in
the nozzle and then print the material in a layer-by-layer sequence to generate required
geometric feature. To print the FRP composites using the FDM printing method, there are
two methodologies. Figure 12b shows the structural representation of the FRP printed
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product. It shows the nomenclature in terms of bead, lamina, and laminate and intra-bead
and inter-bead voids.
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4.2. Short Fiber-Polymer Composites Using FDM

In the first method, a filament is a mixture of short fibers and polymer and print-
ing happens using the conventional FDM-based printing process. Figure 13 shows the
schematic illustration of the material flow in the FDM printing of the FRPs. The figure
shows that CF and plastic pellets are blended together in the blender and extruded in the
form of filament. The prepared CF-polymer filament is then utilized in the conventional
FDM printer for printing purpose.
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4.3. Continuous Fiber-Polymer Composites Using FDM

In the second approach, fiber is in a continuous form and mixed with polymeric matrix
to print functional parts. The literature [55–57] reveals that there are three different options
to incorporate continuous fiber in the matrix. These methods are differentiated in terms
of timing and location of fiber-matrix mixing. In the first simple approach, prefabricated
composite filaments are utilized to print the part using conventionally available FDM
printers. It is referred to as a simple approach because it requires little change from the
conventional FDM setup. In the second approach, the fiber and matrix are separated
prior to reaching the print head, and they mix in the printing head that makes the mixing
flexible. However, it comes with a challenging printing head setup. Air inclusion should
be avoided by precise control during the fiber infiltration process [55]. Figure 14 represents
the second type of printing arrangement. In the third case, fiber is deposited directly
onto the polymeric component using separate mechanisms. Fiber impregnation is critical
in this case, and inappropriate fiber deposition causes defects in the 3D-printed FRP
composites. However, temperature-controlled post-processing can increase the strength
significantly [58]. Table 2 shows different types of FDM-based FRP printing methods.
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Table 2. 3D printing method.

Pre-Embedded
Composite Filament Embedding in Print Head Embedding on Component

Advantages

- Improved handling while
printing due to the
prefabrication of filament.

- Easy to incorporate in a
conventional FDM printer.

- Ability to print both pure plastic
and plastic–fiber mixed parts.

- Easy to vary fiber volume ratio.

- Process is more versatile and
different fibers and matrices
materials can be added.

Disadvantages
- Rigid in terms of material

mixture, as it provides a fixed
fiber–volume ratio.

- Requires special printing head
with precise control over mixing
and air inclusion.

- Adjustment of fiber orientation
requires additional complex
machine capabilities.
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5. Mechanical Properties of Fiber-Reinforced Polymer Composites

The performance of any material is assessed from the mechanical properties. Me-
chanical character of material is judged by its yield strength, tensile strength, modulus of
elasticity, and flexural strength. These properties are important in determining the perfor-
mance of materials. Several studies were conducted to analyze the mechanical character of
both short and long fiber 3D-printed FRP composites.

5.1. Elastic Modulus and Strength

Ning et al. [5] investigated if mixing carbon fiber in different content percentages and
fiber lengths could improve the mechanical properties in comparison to pure thermoplastic,
which was ABS plastic in the study. The study incorporated different fiber content, such
as 3%, 5%, 7.5%, 10%, and 15%. Two different fiber lengths of 100 and 150 µm were
investigated. The study revealed that highest tensile strength was observed for the fiber
content between 5% and 7.5%. For higher fiber content, tensile strength was reduced
by approximately 10%. Higher levels of porosity were observed for fiber contents of
10% and linked with low strength. The 3D printing of FRP composites showed that by
increasing the carbon fiber content in the product, it resulted in large void areas, and
these voids negatively impacted on the tensile strength of the material [5]. Tekinalp
et al. [60] mixed chopped short carbon fibers in the ABS matrix. The study revealed that
the tensile strength and modulus was improved significantly when compared with the
conventional compression molded composite samples. It was observed that 3D printed
samples showed 115% increase in tensile strength, and approximately 700% increase in
the modulus. Karsli and Aytac [61] prepared FRP composite by mixing short carbon fiber
in polyamide 6 (PA6) matrix. The study investigated the mechanical properties of the
prepared FRP by considering the fiber length and fiber content as the main parameters.
Increasing fiber content resulted in better strength, modulus, and hardness values at the
expense of ductility. Zhong et al. [62] mixed short glass fibers in the ABS matrix and
improved the strength significantly. Abeykoon et al. [63] investigated the performance of
five commercially available printing materials such as polylactic acid (PLA), acrylonitrile
butadiene styrene (ABS), carbon fiber-reinforced PLA (CFR-PLA), carbon fiber-reinforced
ABS (CFR-ABS), and carbon nanotube-reinforced ABS (CNT-ABS). The study aimed to
investigate the effects of infill pattern, infill density, and infill speeds. It was observed in the
study that higher infill density increased the modulus. Out of the different infill patterns,
linear provided the highest modulus as shown in Figure 15C,D. The best performance of
linear pattern was attributed with the layer arrangement with lowest pores and higher
bonding between layers. The strongest material among the five materials was CFR-PLA
as shown in Figure 15A. A nozzle temperature of 215 ◦C was found to be appropriate
for PLA as shown in Figure 15B. Table 3 shows the summary of few studies with short
fiber reinforcement.

Table 3. Summary of the literature on short fiber reinforcement.

Source Matrix Reinforcement Important Findings

Ning et al. [5] ABS Carbon fiber powder
(100 µm, 150 µm)

- Tensile strength of 42 MPa was highest for 5%
wt fiber and lowest 34 MPa for by 10% wt.

- 100 µm fiber length specimen showed higher
ductility and toughness with respect to
150 µm.

Tekinalp et al. [60] ABS
Short carbon fiber

(0.2–0.4 mm, after mixing:
0.26 mm)

- 3D printed composite samples showed 115%
higher tensile strength and 700% higher
modulus when compared with the
conventional compression
molded composites.
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Table 3. Cont.

Source Matrix Reinforcement Important Findings

Karsli and Aytac [61] Polyamide 6 Short carbon fiber (0–50 µm)

- Increasing fiber content improved strength,
modulus, and hardness.

- However, increasing fiber content resulted in
lower strain at break value.

Zhong et al. [62] ABS Short glass fiber
- Strength of ABS was improved significantly

at the expense of low hand ability and
poor flexibility.

Abeykoon et al. [63]

Polylactic acid (PLA), acrylonitrile butadiene
styrene (ABS), carbon fiber-reinforced PLA

(CFR-PLA), carbon fiber-reinforced ABS
(CFR-ABS), and carbon nanotube-reinforced ABS

(CNT-ABS)

- To obtain desirable results, the printing
speed and nozzle temperature should match.

- Higher modulus was obtained for higher
infill density.

- Linear pattern provided highest modulus
due to the lower number of spaces in
the sample.

- CFR-PLA was found to be the
strongest material.
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The weak bond between the polymer matrix and the carbon fiber highly impacts the
mechanical properties of the material. In the same case of weak bonds, however, the tensile
strength and flexural strength could be improved by surface treatment with methylene
dichloride and PLA trimmings [4]. Several studies were conducted on continuous fiber
reinforced printing as well. Li et al. [64] produced 3D printed FRP composites by using
PLA matrix and continuous carbon fiber filament. It was observed that desirable interface
bonding was achieved using 3D printing method, as a result tensile strength was improved
by 13.8% and flexural strength was improved by 164%. Yang et al. [65] fabricated the
composite sample using a 10% fiber part of continuous carbon fiber (CCF) and ABS
polymer using an additive manufacturing technique. The samples made proved to have an
improved flexural strength of 127 MPa and a tensile strength of 147 MPa. These results
were close in nature to the injection moldering made CCF/ABS composites. Liao et al. [66]
developed FRP composite using continuous carbon fiber in polyamide 12 (PA12) matrix.
The study revealed that better performance was observed for the carbon content of 10%
wt as shown in the Figure 16a–c. Heidari-Rarani et al. [57] investigated the 3D printing
of continuous fiber-based PLA matrix. The study aimed to investigate the influence of
printing temperature, printing speed, fiber tension, and fiber surface conditions on tensile
and bending properties. In addition, the study explored the development and designing
of a user-friendly extruder that can be used with conventional FDM printers. The study
utilized embedding on the workpiece method of continuous fiber printing method. The
experimental findings revealed that tensile and bending strengths were improved by 35%
and 108% when PLA matrix was printed with the continuous carbon fiber. Table 4 provides
a brief summary of some studies with continuous fiber FDM 3D printing method.
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Table 4. Table displaying the matrix, type of fiber reinforcement, and type of printing technique.

Source Matrix Reinforcement Important Findings

Li et al. [64] PLA Continuous carbon fiber

- 3D printed samples showed desirable
bonding at the interface and increased tensile
and flexural strengths by 13.8% and
164%, respectively.

Yang et al. [65] ABS Continuous carbon fiber
- 10% wt continuous fiber in ABS increased

the tensile and flexural strengths to 127 MPa
and 147 MPa.

Liao et al. [66] Polyamide Continuous carbon fiber
(6–7 µm)

- Adding 10% wt. fiber content to PA 12
increased tensile strength, flexural strength,
and modulus without affecting behavior.

Heidari-Rarani et al. [57] PLA Continuous carbon fiber

- The tensile and bending strengths were
improved by 35% and 108% when PLA
matrix was printed with the continuous
carbon fiber.

5.2. Fatigue Strength

Fatigue strength is considered an important criterion that contributes significantly
towards the functionality of the 3D printed component. Shanmugam et al. [67] provided a
detailed study to reveal the fatigue strength of 3D-printed polymeric material, 3D-printed
polymeric composites, and 3D-printed cellular materials. The fatigue behavior of 3D-
printed composite materials is very complex due to the anisotropic nature and layer by
layer adhesion. Figure 17 represents the failure mechanism in the fiber-polymer composites
in the form of three phases. The initial phase of failure is linked with the fiber matrix
debonding in the regions where poor bonding is present. The reasons for poor bonding
are reported to be fiber misalignment, matrix richness and poor surface conditions such
as pores or voids. In the second phase, delamination occurs between fiber and matrix
materials. In the final stage, crack propagation occurs at the fiber, and localized fractures
occur [68]. Travieso-Rodriguez et al. [69] utilized the Taguchi design of experiments to
study the fatigue performance of wood-PLA-based composite material. The study revealed
the that 75% infill density, a 0.7 mm nozzle diameter, and a 0.4 mm layer height was the
optimal combination. Printing velocity was found to have no significant influence on the
performance. The lower endurance limit was found to be 17.9 MPa. Fatigue performance
of the 3D-printed fiber-reinforced composites was highly dependent on the fiber volume
fraction. Higher fatigue strength is achieved by higher volume fraction. Higher fiber
orientation can result in poor fatigue performance. Higher fiber orientation can result in
poor fatigue performance. It was also found that fatigue life was dependent on the stress
ratio. A higher stress ratio provides a low fatigue life [68].

5.3. Creep Strength

Creep performance of 3D-printed FRP materials is an important parameter towards
the reliable functionality of a product. It is rare in the literature for the creep performance
of 3D-printed FRP materials to be investigated. Waseem et al. [70] performed a study
where creep performance of 3D printed PLA was investigated using multiple response
optimization. The study utilized different performance parameters such as infill pattern,
layer height and infill percentages. Three levels of each parameter were investigated such as
layer height which varied from 0.1–0.3 mm; infill patterns were linear; hexagonal, diamond,
and infill percentages varied from 10–100%. The optimal condition of the hexagonal
pattern, a 0.1 mm layer height, and 100% infill density was recommended in the study.
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Zhang et al. [71] investigated the creep performance of 3D printed ABS materials. The
study also investigated creep performance under different printing orientations. The
study revealed that a 90-degree printing orientation provided the highest creep resistance.
Mohammadizadeh et al. [72] investigated the tensile, fatigue and creep performance of
3D printed fiber polymer composites. The samples were prepared using nylon and fibers
of Kevlar, carbon fiber, and fiber glass. Higher void formation was observed in the SEM
observed for creep. Higher creep strains were observed when the temperature increased
to the glass transition temperature due to the higher macromolecular mobility in the
polymeric chains. Figure 18 the scanning electron micrographs of fractured samples in
creep testing.
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6. Complexities in FRP Composite 3D Printing Using FDM

Generally, the traditional way of molding carbon fiber is a time taking process and
costly as well. But integrating it with additive manufacturing helps reduce cost and save
time as well, increasing efficiency in case of complex shapes especially [3,47,51–53,73].
For short fiber reinforced composites, carbon fibers (in short length segments) are mixed
with other thermoplastics for printing. They are extruded to obtain a filament which can
be used in 3D printer to manufacture various shapers and parts. Increasing the carbon
fiber content increases the tensile strength and hardness but the effect of reinforcement for
short fibers is less than long fibers. It was also observed that fibers have low wettability
when combined with the thermoplastics resulting in poor behavior and also it makes
fiber loading in filament problematic. The performance of 3D printed parts is linked
with interlayer bonding between the consecutive layers. The melt dynamics of plastic
are linked with the temperature and viscosity behavior during extrusion process [74,75].
The literature revealed that voids form during the printing of adjacent layers, and it has
a controlling influence on the strength-related character of the printed FRP composite
materials [14,76,77]. Different printing strategies can be adopted to decrease the void
density in the printed samples as shown in the Figure 19. Reducing the interbead voids in
the sample, increases the load bearing capacity of the printed sample. Figure 20A shows
fractographs of neat ABS and CF-ABS under FDM and Conventional compression molded
samples. It can be observed that fibers are bulging out showing poor interfacial adhesion
between fiber and matrix. It can also be observed that larger pores were present in the
FDM (ABS/CF) as compared to the compression molded sample. Figure 20B shows that
as the CF is added to the neat ABS, the triangular channel between beads is reduced. It is
associated with a reduction in die-swell and improvement in the thermal conductivity due
to the CF.

Materials 2021, 14, x FOR PEER REVIEW 20 of 28 
 

 

associated with a reduction in die-swell and improvement in the thermal conductivity 
due to the CF. 

 
Figure 19. Schematic illustration of interbead void formation under different printing strategies (a) 
Rectangular pattern (b) Skewed pattern (redrawn from [78]). 

  

(A) (B) 

Figure 20. (A) Fractography of (a,b) conventional FDM-ABS (c) FDM printed with 10% wt. carbon fiber and (d) 10% wt. 
carbon fiber compression molded [60]. (B) Short fiber-based composites by compression molding (a–d), FDM-printed 
short fiber composites (e–h) with the fiber volume fraction changing from unfilled to 30 wt.% with a 10% increment [60] 
(reprinted with kind permission from Elsevier). 

The functionality of 3D printed FRP composites is strongly associated with the 
sintering of polymeric materials. Sintering in 3D printing is controlled through 
temperature and surface contact. Temperature is important because it governs the flow 
properties by influencing the surface tension and viscosity of the molten polymeric 
material. Heat distribution in the printed layers is controlled by the thermal conductivity 
and heat capacity [79,80]. The whole process becomes more complex due to the 
involvement of fiber content and dependency of material parameters with respect to the 
printing parameters. Figure 21 shows the influencing parameters to get optimal level of 
sintering between different polymeric layers. 

Figure 19. Schematic illustration of interbead void formation under different printing strategies
(a) Rectangular pattern (b) Skewed pattern (redrawn from [78]).

The functionality of 3D printed FRP composites is strongly associated with the sin-
tering of polymeric materials. Sintering in 3D printing is controlled through temperature
and surface contact. Temperature is important because it governs the flow properties
by influencing the surface tension and viscosity of the molten polymeric material. Heat
distribution in the printed layers is controlled by the thermal conductivity and heat ca-
pacity [79,80]. The whole process becomes more complex due to the involvement of fiber
content and dependency of material parameters with respect to the printing parameters.
Figure 21 shows the influencing parameters to get optimal level of sintering between
different polymeric layers.
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It has also been observed that stiffness improves but strength is not improved signifi-
cantly. This is due to the fiber pull out phenomenon that takes place before fiber fracture.
In addition, increasing carbon fibers lead to larger areas of void which starts affecting the
tensile strength negatively. Moreover, the resulting composite starts losing ductility and
yield strength. Poor bonding between other materials and carbon fiber can significantly
affect mechanical characteristics. Pure continuous carbon fiber when 3D printed has a
better performance, but its major weaknesses are longer processing times and they cost
more [37].
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7. Industrial Developments to Print FRP Using FDM

According to a recent study, it is expected that the global market for 3D printing
is projected to grow from USD 12.6 billion (in 2021) to USD 34.8 billion (by 2026) at a
22.5% compound annual growth rate (CAGR). 3D printing of composites is still in an
emerging stage. But many industrial technologies, including defense, automotive, and
aerospace, possess huge opportunities for 3D CFRP printing. This has many advantages
such as reducing part manufacturing time and waste, achieving intricate geometries, and no
expensive tooling is required. Currently, 3D printing is being used for the manufacturing
of tools made of composites and the composite prototype parts. But the continuous
advancement in 3D printing of FRP and the increasing interest of companies in additive
manufacturing of composites will take the market to new heights. Many big names are at
the forefront of using FRP-based 3D printing technology. For example, in 2017, Stratasys,
an additive manufacturing company, launched a nylon-filled carbon fiber product for rapid
proto-typing, composite tools, and high-end applications instead of using metals.

3D composite printing plays an imperative role in meeting customer needs by manu-
facturing various parts utilizing less time and reducing wastage. The market is segmented
based on composite type (continuous fibers or discontinuous fibers), reinforcement type
(e.g., carbon fiber or glass fiber) or the technology type (e.g., extrusion, powder bed fusion
etc.). Also, carbon fiber reinforcement is preferable due to the wide variety of applications
and advantages such as high strength, low weight and resistance to fatigue and corrosion.
It is also high in demand in major industries including aerospace, automotive, defense and
medical sectors due to the biocompatibility and light-weight parts for structural applica-
tions to improve the fuel efficiency and reducing carbon emissions. Based on regions, North
America is the most dominant market for 3D printing of composites while the European
market contributes as the 2nd largest. Some of the well-known names for the 3D printed
composite parts in market include Stratasys Ltd., Cincinnati Incorporated, Arevo Labs,
Mark Forged, 3D Systems Corporation, Inc., Graphite Additive Manufacturing Limited,
and CRP Group. For example, the Figure 22 below shows a MarkOne printer with dual
nozzles for nylon and fiber injection [81].
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Additive manufacturing or 3D printing of polymer fiber composites, such as carbon
fiber, is a vigorous manufacturing model. These composites provide flexibility in structure
and enhanced mechanical properties. By reading the papers added in the review, one thing
observed is that the FDM is the most commonly used additive manufacturing technique
for the preparation of carbon fiber-reinforced polymers. Currently, FDM compatible
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thermoplastics are limited to amorphous polymers and polymers with low crystalline level
acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA) [17,31]. The study’s focus is
primarily on the mechanical properties of FRP composites fabricated using FDM techniques
of 3D printing. The major usage of carbon fiber in products fabrication is because of the
high-strength-to-weight-ratio and light weightiness of the material. The literate reviewed
also reported the usage of varied thermoplastic polymers and short carbon fiber of 0.1 mm,
this matrix is reinforced using 3D printing by using a slow extrusion process. Using short
fibers proved to give improved strength of printed products. It has been reported that
average fiber length reduces as the fiber loading increases during FDM. During the mixing
of fibers with resin, the fiber length reduced drastically due to the following reasons such
as contact of mixing instrument, resin contact, and contact with other fibers [35,36].

8. Data-Driven Based Machine Learning (ML) Approaches

There is a lot of attention given to artificial intelligence (AI) and machining learning
(ML)-based data-driven approaches these days. ML approaches are based on recognizing
the patterns from complex data. Goh et al. [82] provided a very detailed review of the ML
approaches (supervised, semi-supervised, reinforced, and unsupervised) with respect to
the 3D printing technologies. Charalampous et al. [83] conducted a study using regression-
based machine learning approach to investigate the deviations between CAD model and
the actual part. The study also discussed strategies to provide compensation related to
the FDM process. Noriega et al. [84] conducted a study where an artificial neural network
(ANN)-based algorithm was used to study the dimensional accuracy of FDM printed parts.
The study revealed that 50% and 30% of dimensional errors were reduced for external and
internal features using the proposed optimization approach. Vahabli and Rahmati [85]
conducted a study using radial basis function neural networks (RBFNNs) to predict the
surface finish of FDM printed parts. Optimization was performed using imperialistic
competitive algorithm. The study revealed an error percentage of 7.11–3.64% for both
models. Delli and Chang [86] provided a methodology to automatically monitor the 3D
printed products using a machine learning approach, namely, support vector machine
(SVM). Rayegani and Onwubolu [87] correlated the FDM process parameters with product
strength using group method of data handling. The study developed a mathematical
model by using the controlling parameters of orientation, raster angle, raster width and
air gap. The results of this work were very practical and encouraging and can be easily
implemented in the industry. Hooda et al. [88] utilized AI data-driven approach to reduce
manufacturing time and cost of the product. The study discussed the deposition angle
optimization with respect to the product geometry. Prediction accuracy of 94.57% was
obtained by the proposed methodology. Figure 23 and Table 5 shows the parameters used in
this work and the CAD models used to train the model. Yanamandra et al. [89] revealed an
important application of reverse engineering of 3D printed composite part using imaging
and machine learning assisted approach. The study analyzed the microstructure using
the machine learning approach and even the tool was reconstructed. Figure 24a,b shows
the CAD model and micro-level CT scans of layers. The approach revealed an error of
only 0.33%. Jiang et al. [90] utilized back propagation neural network (BPNN) to study the
parameters involved in unsupported bridge length for 3D printed sample component. It
has been revealed that BPNN correctly provide the optimal longest distance between point
that can hang unsupported.
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Table 5. FDM parameters and parts based data [88].

Process Time
(min)

Weight Material
(g)

Length of Material Wire
(m) Orientation Deposition

Angle

77 6 2.43 Flat 0
107 7 2.57 Flat 15
138 5 2.07 Upright 60
158 6 2.22 Edge 15
146 6 2.21 Edge 30
84 6 2.26 Flat 75
88 6 2.31 Flat 90
76 6 2.43 Upright 0

110 7 2.55 Upright 15

9. Conclusions

After reviewing the literature, we can say that new and enhanced mechanical proper-
ties of materials with light-weight composition and greater flexibility can be achieved using
various 3D printing techniques with carbon-fiber reinforced polymers. The 3D printing
of carbon-fiber reinforced polymers is preferred to be performed using FDM technology.
The material used in this type are separate carbon fiber filaments or saturated carbon fiber
filaments. The FDM printer is modified to achieve co-extrusion, cutting, and fixed-shape
properties. LOM type printers are using carbon fiber-impregnated films for product manu-
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facturing; this technique is not fully developed yet. New technologies for automated fiber
placement and laser tape-assisted winding are close in nature to additive manufacturing,
and the concept of using these looks promising in applications of continuous carbon fiber-
reinforced polymers. The continuous carbon fiber-reinforced thermoplastics by 3D printing
is a novel concept due to the high efficiency and low-cost potential.

The continuous fiber placement for 3D-printed CFRP composites requires new algo-
rithms so that accurate placement of the fiber can be made possible. There is a research
gap that exists in understanding the long-term performance of CFRPs products fabrication
using 3D printing technology. FRP materials are used in product fabrication to attain
better strength. The material selection is the critical criteria for predicting the strength of
the CFRPs in the long term. Moreover, the CFRP sheets encounter the problems of fiber
rupture, micro-cracks in the structure, and the resin de-bounding with the passage of the
time strength. For future research, studies should be conducted on the use of recycled
carbon fibers, so that cheaper and less energy consuming products can be fabricated. These
recycled carbon fibers will be helpful in reducing the environmental and financial impacts
of additive manufacturing of CFRPs using virgin fibers. Another area for future research
work is to study the physical and mechanical properties of carbon fiber reinforced polymers
from different aspects, different than the ductile strength and the flexural properties. The
results of these studies will be helpful in analyzing the potential of CFRPs fabricated using
additive manufacturing and will open ways to new markets. One more field highlighted is
to investigate the long-term usage impact and wear and tear in the structure of 3D-printed
carbon fiber-reinforced polymers.

In order to enhance the performance of 3D printed FRP materials, there is a need
improve the interfacial bonding between the fiber and matrix to improve the functional
performance of the 3D printed materials. Limiting the porosities in the 3D printed FRP
materials can also result in the improved performance. Parameters, such as fiber volume
fraction, atmospheric environment, cooling rate, temperature of the nozzle, and printing
speed. can be optimized to limit porosities.

Fatigue performance of the 3D-printed fiber-reinforced composites is highly depen-
dent on the fiber volume fraction. Higher fatigue strength is achieved by higher volume
fraction. Higher fiber orientation can result in poor fatigue performance. It was also found
that fatigue life was dependent on the stress ratio. A higher stress ratio provides a low fa-
tigue life. Higher creep strains were observed when the temperature increased to the glass
transition temperature due to the higher macromolecular mobility in the polymeric chains.

Automated quality inspection of the 3D printed part is an emerging area these days.
It has been seen that artificial intelligence-based machine learning approaches have good
potential in this application. However, the majority of work is performed on conventional
FDM printing for polymers only. There is a need to enhance this area for potential quality
inspection of FDM-printed fiber-reinforced composites as well. Machine learning was
also identified as a power tool to reengineer the microstructure of 3D-printed composite
product. Machine learning based approaches can also be utilized efficiently to optimize the
hanging lengths of the 3D printed product for optimal design solutions.
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Abstract: Tooling, especially for prototyping or small series, may prove to be very costly. Further, pro-
totyping of fiber reinforced thermoplastic shell structures may rely on time-consuming manual efforts.
This perspective paper discusses the idea of fabricating tools at reduced time and cost compared to
conventional machining-based methods. The targeted tools are manufactured out of sand using the
Binder Jetting process. These molds should fulfill the demands regarding flexural and compressive
behavior while allowing for vacuum thermoforming of fiber reinforced thermoplastic sheets. The
paper discusses the requirements and the challenges and presents a perspective study addressing
this innovative idea. The authors present the idea for discussion in the additive manufacturing and
FRP producing communities.

Keywords: binder jetting; sands; vacuum thermoforming; fiber reinforced composite

1. Introduction

A main industrial focus today lies in energy-efficient and resource-saving manufactur-
ing. This is one way to meet relevant ecological and economic targets as well as to ensure
the competitiveness of products in the long term. As a result, lightweight components of
high mechanical performance are increasingly attracting attention. Thus, fiber reinforced
polymers (FRP), especially involving carbon fibers, are currently in the spotlight of develop-
ments. Related manufacturing processes, equipment and tools must be adapted to the new
material and functionality requirements. A significant amount of time in the optimization
process of a component lies in the creation of initial prototypes. The production of small
series often proves to be particularly cost-intensive. These are primarily manufactured
in manual processes. Depending on part complexity, costly and time-consuming tool
manufacturing might be necessary.

Additive manufacturing provides a good solution regarding the rapid fabrication of
tools. Next to functional integration, additively manufactured molds can combine complex-
ity and lightweight. As an example, additive manufacturing makes it possible to realize
complex cooling channels within the tool without the need of parting the mold. Some
additive manufacturing techniques, such as the Binder Jetting process have a high volume
throughput compared to the established CNC machining, thus allowing for lower manu-
facturing time and energy consumption. Further, additive manufacturing contributes to
the conservation of material resources, since it relies on generating the final structure layer
by layer as opposed to the material removal concept in established machining processes.
For processing FRPs, both tools for low temperature applications (such as hand layup or
Resin Transfer Molding) as well as high temperature applications (such as autoclave curing
or compression molding) are relevant. Generally, tools do not require high strength [1,2].
In high pressure processes, as in the case of autoclave curing, compression molding or
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vacuum-assisted processes, loads are primarily compressive. In fact, these loads are often
more favorable for additively manufactured parts, as compared to tensile loads [2].

Several studies have been concerned with the fabrication of tools by additive man-
ufacturing from different materials. Brotan et al. [3] fabricated innovative tools out of
Marlok C1650 steel powder in a Powder Bed Fusion (PBF) process to realize complex gra-
dient structures to increase the thermal fatigue resistance and allow for a defined thermal
management of the tools. The target applications of these low weight tools are injection
molding and die casting. Similarly, Fette et al. [4] compared common additive manufactur-
ing techniques—Additive Layer Manufacturing (ALM), Electron Beam Melting (EBM) and
Selective Laser Melting (SLM)—with conventional methods to manufacture metal tooling.
The authors claim that the use of integrated heating channels close to the mold surface
allows the even dissipation of heat.

Warden [5] studied the application of Fused Deposition Modeling (FDM) to manufac-
ture tools for compression molding thermoplastic multiaxial prepreg systems. The author
proposed a low-temperature curing cycle in order to reduce the thermal degradation of
the FDM tooling. Further, Bere et al. [6] processed Carbon Fiber Reinforced Polymers
(CFRP) through vacuum bagging and oven curing using an FDM polylactic acid (PLA)
versus acrylonitrile butadiene styrene (ABS) mold. The PLA mold was treated with a layer
of epoxy that contains aluminum powder to enhance the bonding with a subsequently
applied polyester gel coat, which further acts as a release agent and facilitates demolding.
Hassen et al. [7] proposed the use of the extrusion-based Big Area Additive Manufacturing
(BAAM) process to fabricate CFRP tools for further molding purposes. The main advantage
lies in the increased throughput (~16,400 cm3/h) and the possibility to flexibly process
material from granule form [8,9].

Further attempts have been made to reduce tooling costs for the thermoforming of
non-reinforced plastics by additive manufacturing. Laser-sintered metal parts can be
excluded due to their high costs. Although manufacturing costs can be reduced to as low
as 14% compared to conventional tooling methods (milling), although this is offset by the
high metal powder costs of 167% [10]. For the medical field, additive manufacturing of
molds from calcium sulfate and gypsum powders was successfully demonstrated and even
implemented for thermoforming of plastic structures [11,12]. In addition, Junk et al. [10]
reported the application of the inkjet technology for thermoforming mold fabrication out
of polymer gypsum. This was tested for a case study, in which a fairing made of ABS
for an unmanned aerial vehicle was produced. Among other things, this study aimed
to integrate vacuum channels in the manufacturing step without the need for additional
post-processing (e.g., drilling). The study also explained the specific technical challenges,
such as the demolding of undercuts or the separation of the tool. Results showed that the
tool had sufficient strength for the subsequent thermoforming process. Another advantage
of additive manufacturing is the design flexibility of both the overall geometry and the
internal structure to influence strength and other physical properties for optimized vacuum
guidance [11,13].

Little work has been carried out so far to elicit the advantages of using silica sand for
tooling purposes. In this perspective, the authors claim that sand structures may prove
to be efficient for tooling in general and for vacuum thermoforming processes in specific.
Sand structures are thought to be cost-effective. Rough calculations evidenced a tooling
cost of EUR 600 to 1000 for an aluminum or steel omega shaped tool compared to less than
EUR 100 for a sand tool; the outer tool dimensions are 300 mm × 260 mm × 60 mm. In
addition, their low thermal conductivity is favorable for the thermoforming process. First,
maintaining the tool at constant temperature allows uniform manufacturing conditions
for all parts that are to be formed. Second, when forming thermoplastics, the sheets need
to be heated above their glass transition (for amorphous polymers) and slightly below
their melting point (for semi-crystalline polymers). Within the process, it is necessary to
ensure that forming is completed before the sheet temperature falls below these levels.
Achieving that through low heat conduction through the tool may assist in allowing an

188



Materials 2021, 14, 4639

energy-efficient thermoforming process. In the case of thermoforming, vacuum channels
may be directly printed, eliminating the necessity of subsequent drilling steps. In addition,
bonding of individual particles allows a porous structure, which might be advantageous
for vacuum drawing.

This manuscript presents a novel idea and gives an insight regarding current and
planned research activities targeting the use of sand molds for vacuum thermoforming
of FRPs. The targeted manufacturing process for the mold is Binder Jetting. Further, the
approach for mold modification for the anticipated application is presented. In addition, the
challenges regarding the vacuum thermoforming of FRPs are discussed and a systematic
procedure is followed to address them.

2. Thermoforming of Fiber Reinforced Composites

One of the established methods in the automotive sector to fabricate FRP thin-walled
structures is the Resin Transfer Molding (RTM) process. This involves the layup of multi-
axial textiles into stacks, followed by draping into a 3-dimensional shape by matched tool
pressing and finally resin infusion. This process is mostly limited to thermosets due to their
low viscosity (below 1000 mPa·s) compared to thermoplastics (beyond 100,000 mPa·s) and
is able to fulfill the demands for good surface quality. A drawback lies in the long cycle
times needed for part curing (standard RTM processes may require several hours or days
for curing; enhanced RTM processes 2–10 min) [14], thus limiting the use of thermosets for
mass production. In contrast, the use of thermoplastic matrices makes short cycle times
(60–140 s) [15] more feasible. Thermoplastics further have the advantages of providing
improved toughness behavior and allow for recyclability. For fiber reinforced thermo-
plastics the thermoforming process is applicable. The process, as illustrated in Figure 1,
implies forming a flat laminate into a 3D geometry under the influence of temperature.
For heating IR lamps or convection ovens are often used [16]. The transfer time to the
press has to be kept short in order to avoid extensive laminate cooling, which would
prohibit adequate forming. For 3D forming of FRPs, both matched-die forming as well as
deformable die forming is applicable. During shaping, the laminate is held in place using a
support frame or a blank holder. This is crucial in order to keep the laminate under tension
and accordingly prevent the creation of wrinkles. Further, the mold is kept closed during
deformation to avoid heat loss and to maintain high pressures (10–40 bar), targeting proper
compaction and full consolidation [17]. The final part is then left to cool within the mold,
until it reaches a temperature below the glass transition temperature of the matrix.
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Figure 1. Schematic illustration of the thermoforming process.

Schug [17] summarized the main influencing parameters on the forming behavior and
part quality. The author claims that the tool temperature has a major impact on the cooling
time and morphology of the material. Further, the forming speed should be selected in such
a way that allows a compromise between timely shaping and shear thickening response
of the thermoplastic melt. The press load, where a high pressure favors consolidation
on the one hand but may lead to dry spots and matrix flow on the other hand, mainly
governs the surface quality. Further typical defects are fiber undulations, gap formation,
out-of-plane wrinkles and folds [18,19]. Insufficient contact between mold surface and
laminate at the end of the forming process may be the reason for rough surface areas. In
the case of extensive tension of the laminate within the support frame, a fiber breakage and
thus drastic losses in mechanical performance can be expected.

In the case of single and double diaphragm forming, pneumatic pressure is applied.
The function of the diaphragm is to transfer the mechanical loads to the laminate and
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keeping a biaxial tension for wrinkle and undulation prevention. In single diaphragm
forming, the laminate is placed over the mold having the diaphragm on top. The vacuum is
applied and the laminate is forced against the tooling to take its shape. In double diaphragm
forming the laminate is sandwiched between two flexible membranes and compacted by
vacuum. Further vacuum is applied to press the sandwiched stack against the mold. This
technique allows a greater degree of double curvature than single diaphragm forming [20].
For more intricate geometries and smaller fillets the hydroforming can be adopted. Here,
a fluid pressure is applied to a rubber diaphragm to force the laminate stack to the mold.
Hydroforming and diaphragm forming eliminate the need of mutual conforming tools and
hence, the tooling cost is lowered [20].

Harrison et al. [21] investigated the use of springs instead of friction-based blank-
holders to induce in-plane tension in the laminate in order to prevent the formation
of wrinkles. This technique was evaluated as being flexible, easy to use and naturally
facilitating heat transfer into the laminate prior to forming. However, the authors report
that the focused application of tension might lead to in-plane buckling and localized zones
of high shear.

The use of vacuum thermoforming for pure plastic sheets is a widespread process. In
2018, the market size for vacuum forming was estimated at USD 11.69 billion [22]. Various
plastics (e.g., PA, PE, PP, PC or PET) are often applied. The basic process (Figure 2a) implies
forming a sheet into a 3D geometry by heating it to a formable state, pressing it against
a mold and holding it in that position until the sheet is cooled below the glass transition
temperature. Finally, the part is trimmed to final shape [23]. In most cases, the processing
temperatures are below the melting temperature and above the glass transition temperature
(e.g., around 240–250 ◦C for PA6) [24,25]. Heating is mostly carried out by radiation, for
example by using IR-heaters. Accordingly, bringing the plastic sheet to a viscoelastic state
depends on the polymer’s ability to absorb the long infrared wavelength energy. Plastics
with low crystallinity are said to have better formability [25] since the crystals hinder the
flow behavior of the viscous fluid.
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Despite its high process flexibility and good suitability for prototype and series pro-
duction, thermoforming is associated with some challenges. When using single-sided tools,
the component thickness can vary significantly, due to varying stretching according to
the geometry. Sheet areas first touching the mold are hindered in their biaxial motion by
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friction and thus remain thicker than other areas that continue to witness stretching. This is
also associated with faster cooling by heat conduction from the touching area to the mold.
This uneven deformation and cooling behavior can lead to residual stresses in the final
component [23]. As a remedy, a pre-stretching step may be introduced after the heating
step. In that case a clamping tool fixes the edges of the sheet and air pressure is applied
to inflate the sheet into a bubble (Figure 2b) [26]. In the next step, forming is achieved by
vacuum pressure. Nevertheless, the thickness distribution in the final components largely
depends on the viscoelastic properties of the polymer materials.

In plug-assisted (Figure 2c) thermoforming, the heated sheet is pre-stretched through
a mechanical plug. Next, actual forming is completed through the application of vacuum
pressure [27]. Chen et al. [28] observed that thickness at the sidewalls increased with
increasing mold temperature, preheating temperature, plug depth and holding time, but
decreased with increasing plug speed. At a thermoforming temperature above the glass
transition the sheet material becomes sticky and thus unable to slip over the plug surface
due to increased friction [27,29,30].

3. Binder Jetting of Sand Tools

Conventional tool manufacturing relies on subtractive (machining) process starting
from a material block. Such tools are often metallic (e.g., tool steel type AISI-SAE 1045 [31])
or in some cases made from polymers (e.g., RAKU®Tool [32]) (RAMPF Tooling Solutions
GmbH & Co. KG, Grafenberg, Germany) and foams. Considering material costs and
machining time, the fabrication of tools may prove to be extensively time consuming and
costly [31].

In contrast to the subtractive manufacturing, additive manufacturing builds the struc-
ture in a layer-by-layer technique, applying material only there where it is needed. Figure 3
illustrates the Binder Jetting process according to ASTM [33]. Here, the following process
steps are repeated until the desired component is created: A build platform is lowered by a
layer thickness of ranging between 10 µm to 400 µm. The hereby-created free space is then
filled with powdered material using a re-coater. In the third step, a binder is selectively
deposited using an inkjet print head to bond the individual particles together. This creates
a bond within the layer and with the layer below. In the case of Binder Jetting of sand, sand
grains are used as the building material.
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platform, Second—recoat layer, Third—jet binder.

This setup makes Binder Jetting systems particularly easy to scale in terms of per-
formance. The number of nozzles correlates with the overall performance [34]. Likewise,
several layers can be applied simultaneously. This feature cannot be achieved with laser-
based systems using beam deflection. Such unique arrangement leads to extraordinary
build rates and, consequently, to special cost-effectiveness. Binder Jetting currently achieves
a maximum build-up rate of approximately 400 L/h (Datasheet ExerialTM 3D) (ExOne,
Gersthofen, Germany) printer and costs significantly less than 10 €/l. The basis of the
Binder Jetting can be various particle materials. Plastic particles, metal powders or inor-
ganic materials such as sand or ceramics can be used. The particles are adapted to the
layer thickness to be achieved, and the spectrum of average particle sizes ranges from
d50 = 20 µm to d50 = 400 µm. Silica sand is particularly cost-effective for use as tools. Here,
the raw material costs are often less than 100 €/t.
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The components manufactured by Binder Jetting can be used either directly or with
post-treatment as a tool. Post-treatment usually increases the strength and wear resistance
of the product. Used directly, sand binder systems achieve a maximum tensile strength of
about 10 MPa (identified by preliminary examinations and further referred to as the base
material). The strength can be significantly increased, for example, by infiltration with an
epoxy resin. The sand or the underlying particle material can be sintered or an impression
can be made with a higher-strength material (e.g., with a polymer cement) when even
higher strengths are required.

The strength of the base material is affected by different aspects related to material
and process, such as the strength of a sand grain, the density of the sand, the binder
adhesion and cohesion as well as the amount of binder. The sand grains are packed
more or less densely during the coating process, depending on the technique [35]. This
results in a volume ratio of air to sand of about 50%. Depending on the binder system,
approximately 2–5 wt% binder penetrates into the loose sand during the deposition of the
binder. The capillary action causes liquid to accumulate at the contact points of the sand
grains (Figure 4), which solidify by drying or polymerization, depending on the binder
system. The cavity that now remains can be filled by infiltration with another material
system, thus raising the strength due to the higher amount of binder compared to the
base material.
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Figure 4. SEM-Micrograph of the connection between two grains.

The properties of printed sand molds can be used especially in applications where
low strength is of secondary importance or even helpful. For example, a casting core needs
to be as strong as necessary for safe handling but, after the casting process, has to be easily
removed out of the cavity. Also relevant here are cores for hollow structures that have to
be removed after the lamination process (washouts) [36].

Tools for casting purposes are also manufactured using tools fabricated by Binder
Jetting. Very different casting materials can be used in this process. For example, concrete
can be molded to produce structures in the construction industry (Figure 5) [37,38]. The
molds must be pre-treated for casting by sealing the surface to prevent the ingress of mixing
water. After the concrete has set, the mold is opened and removed from the structural
member. Depending on whether the structure is undercut, the molds can be used once or
several times. This is also the case, with laminating molds where the mold is used only for
a few impressions in prototyping applications.

Sand molds are further widely spread in the foundry industry for the production of
metal castings. Here, individual parts with small and large dimensions are often realized
with printed molds. In particular, parts that conventionally require the storage of large
molds over long periods can be produced economically using Binder Jetting [39]. On the
other hand, large series in engine construction can nowadays also be realized with sand
molds from 3D printers [40].
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Figure 5. Concrete part formed on a Binder-Jetted tool [38].

Various sand types have been qualified for the usage in Binder Jetting of sand molds
and cores [41]. Silica sand is most commonly used in foundries to make molds (amongst
other methods also through additive manufacturing), due to its cost effectiveness. The
sand morphology and particle size (Figure 6) distribution are known to strongly affect
the resulting packing density [35] and surface properties [42]. The packing density influ-
ences both mechanical strength and permeability. In general, by choosing a sand with a
smaller d50 medium grain size than a reference one, a higher casting surface quality can
be expected [43]. However, this grain size implies low permeability to air and gases. The
shape of the sand grain also has a decisive influence. Sharp edged grains, on the one hand,
have the least contact with each other in a compacted structure and thus make the sand
highly permeable to gases. On the other hand, they cannot be packed to the optimum
extent during Binder Jetting and structures made from them have low strength [44].
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Figure 6. SEM-Micrographs of different qualities of sand suitable for the Binder Jetting of tools:
(a) Silica Sand type GS14 RP by Strobel Quarzsand GmbH Freihung, Germany, and (b) Bauxitsand
by Hüttenes Albertus GmbH Düsseldorf, Germany.

Current binder systems in combination with sand as a molding material are inexpen-
sive epoxy, furan or phenolic resin–based systems that bring sufficient thermal stability.
Environmentally friendly inorganic binders are nowadays the subject of research and are
preferred within this study [43,44].

For 3D printing of tools, the mechanical properties of the 3D-printed part prior to
infiltration might be of minor importance. Thus, a sufficient strength for secure handling
during the infiltration process is expected to be acceptable considering the overall process.
The permeability, however, is essential to ensure a sufficient infiltration depth and thus
to provide the basis for infiltrated sand tools of enhanced mechanical properties. Sand
qualities that will be investigated within this study are silica sands obtained from natural
reservoirs of varying powder size distributions as well as artificial sands produced by
sintering. In contrast to natural sands, artificially produced sands typically show regular,
round shapes and narrow particle size distributions.
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4. Sand Tools for Vacuum Forming of FRP

The main target of the investigations is to develop an innovative process chain for the
rapid and cost-effective production of large-area thermoplastic-based shell structures made
of fiber reinforced plastics—especially during the product development phase, or where
small part numbers are needed. In the solution approach, the advantages of additively
manufactured sand molds are combined with the possibilities of a fast thermoforming
process. This results in synergy effects that significantly advance prototype and small
series production. In the following the main requirements regarding sand tools for vacuum
thermoforming applications are given:

• Compression strength exceeding 20 MPa in order to stand the specific process loads;
• Acceptable wear resistance to withstand at least ten forming cycles;
• Surface finish with arithmetic mean roughness Ra < 20 µm to minimize indentations

on visible surfaces;
• Porous structure to ensure a safe application of vacuum;
• Temperature resistance up to 280 ◦C;
• Cost-effective in terms of engineering and production comparable with state-of-the-

art tools.

In order to address the aforementioned requirements, a segmented approach is applied
(Figure 7). In the first stage, the focus is laid on the sand mold, where materials and process
parameters will be defined. After 3D printing by Binder Jetting, a mockup tool is further
treated to fulfill the requirements regarding mechanical properties and surface quality.
In parallel, the feasibility of vacuum thermoforming is studied, addressing the main
challenges such as the applicable clamping mechanism for FRP laminate to ensure vacuum
pressure on the one hand and draping of the laminate under tension on the other hand.
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Figure 7. Investigation approach targeting the fabrication of sand tools for vacuum forming of FRP.

4.1. Initial Approaches and Results in Binder Jetting of Sand Tools

For preliminary tests, the silica sand GS14 (Strobel Quarzsand GmbH, Freihung,
Germany) in combination with an inorganic binder system (IOB by voxeljet AG, Friedberg,
Germany) was selected. The 3D printing tests were carried out using increased binder
weight contents (150%, 200% and 300% with respect to conventionally used binder amount)
in order to investigate the feasible limits and their effects on the mechanical properties
considered relevant for sand tool fabrication for vacuum forming of FRP. Further, during
3D printing, the binder content is to be increased globally on the one hand and selectively
varied locally on the one hand. Local variation (further referred to as the skin-core setup)
implies the fabrication of a skin layer of 5 mm thickness with high binder content relative
to the core segment. This allows for superior mechanical properties at the mold surface.
In contrast, in the case of global binder application at high binder content, the entire sand
structure is printed at the aforementioned increased values. Two sets of specimens were
produced: bars with a cross-section of 22.4 × 22.4 mm for 3-point flexure tests and cylinders
D50 × 50 mm for compression tests and density evaluation. Five specimens were tested
for every parameter set. Figures 8–10 show the results of the preliminary investigations,
indicating that the increase of binder content can be directly correlated with an increase in
density, compressive strength and bending strength for globally increased binder contents
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(a) and skin–core settings (b). The specimens’ densities printed using the skin-core strategy
were found to be higher than those of the respective specimens with overall increased
binder contents (Figure 8). This effect was attributed to the fact that the printed binder of
the underlying layer and its residual moisture impedes the deposition of new powder and
its compressibility. The compressive strengths of the specimens was significantly reduced
by the skin–core setting (Figure 9), while the bending strength slightly increased (Figure 10).
This was related to the maximum bending stress, which increases indirectly proportional to
the geometrical moment of inertia of the cross-section that is smaller for hollow rectangular
cross-sections compared to filled rectangular areas.
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Especially the dimensional accuracy in building direction decreased significantly with
increasing binder contents. While the specimens’ dimensions (measured by a Vernier
caliper) in building direction roughly comply with targeted dimensions for moderately
increased binder contents (mean deviations of +0.83% for 150% binder content and +1.56%
for 200% binder content), the dimensions for 300% binder content deviated extremely
from the targeted values (mean deviation of +3.91). The upper application limit of binder
content was therefore identified to be 200% for the observed sand–binder combination.
Especially the print strategy (e.g., the local density of the jetted binder), were found to play
an important role and will be further investigated.

4.2. Initial Approaches and Results in Infiltration of Sand Tools

The requirements regarding the mechanical properties cannot be achieved with the
basic material system. A conflict of targets exists regarding strength, penetrability and final
permeability. This conflict can only be solved by considering the process, i.e., including
printing and infiltration. Therefore, the 3D-printed sand structures were subsequently
impregnated with various resins. In a preliminary test, first promising results were gained
by infiltrating two D15 × 20 mm specimens. The samples were Binder-Jetted using GS14
sand and furan resin (VX-2C by voxeljet AG, Friedberg, Germany). The Epoxy resin
(IH16 by Ebalta Kunststoff GmbH, Rothenburg ob der Tauber, Germany) was applied
as the infiltration medium. Infiltration was carried out manually at room temperature
using a brush. Figure 11a shows two infiltrated specimens: at the top of the figure, a
radial cut shows the full impregnation of the sand specimen; at the bottom, the second
specimen, previously tested for compression strength, is shown. The fully infiltrated
specimen reached a compressive strength of ~70 MPa, thus exceeding the targeted value
of 20 MPa. However, when altering the specimen dimensions to D50 × 50 mm, it was
observed that only a comparably limited penetration depth could be achieved. Figure 11b
demonstrates that such samples witnessed a spalling effect during compression testing.
This was accompanied by a reduced mean compression strength of 5.9 MPa at a standard
deviation of 0.3 MPa. When doubling the amount of infiltration medium for another
five specimens of D50 × 50 mm, spalling could still be observed, while the compression
strength increased to a mean compression strength of 12.1 MPa at a standard deviation
of 3.1 MPa. These first experiments were intended to show the potential and challenges
associated with the infiltration of 3D-printed sand structures. Further examinations with
a larger quantity of specimens including a broader variety of materials are planned for
future investigations.
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A rough evaluation of the surface quality achievable by grinding the epoxy-infiltrated
structure showed Ra of 7 µm, fulfilling the requirements stated above. However, hand-
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grinding using sand 120-grit paper shows a low level of automation. Thus, alternative
methods are also scope of the future investigations.

4.3. Intended Future Investigations Regarding Sand Tool Fabrication

The results of the first investigations showed that the requirements regarding the tools
can in principle be met. The preliminary tests have to be refined in order to prove the
feasibility of the production of suitable tools.

The planned study implies the evaluation of the mechanical performance, dimensional
accuracy, density, permeability and surface quality of the sand structures with respect to
the targeted requirements. Table 1 presents the applied test methods for evaluation.

Table 1. Materials testing methods for further investigations.

Material Testing Method Standard

3-point flexure test VDG P71
Compression test DIN EN ISO 126

Dimensional accuracy DIN 862
Permeability test VDG P41

Density determination DIN 862, DIN 8128-1
Roughness measurement ISO 4288

Various sands are to be considered for the future study in order to investigate the effect
of particle size and shape on density, strength, roughness, penetrability and permeability.
Three different particle size distributions of natural silica sand will be investigated (GS14,
GS19 and GS25 by Strobel Quarzsand GmbH, Freihung, Germany 3D) as well as one
synthetic sand composed of aluminium silicate (Cerabeads ES650 by Hüttenes-Albertus
Chemische Werke GmbH, Düsseldorf, Germany). Printing will be carried out using two dif-
ferent binder systems: a furan resin (VX-2C by voxeljet AG, Friedberg, Germany) that is
the most frequently used for Binder Jetting of sand molds and an inorganic binder system
(IOB by voxeljet AG, Friedberg, Germany), which is gaining increased attention due to
its low emissions during casting. Further, a graded structure that allows for a controlled
permeability for subsequent impregnation and the final vacuum forming purposes may be
applicable in sand tools. Therefore, the binder content and the printing strategy will be
further investigated in accordance with the preliminary tests. In addition, the lower limit
regarding binder content will be identified. This is expected to result in lower densities,
which may enhance the penetrability of the 3D-printed sand structure by the infiltration
media. Figure 12 sums up the planned investigations with the various material systems
and 3D printing parameters.
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Figure 12. Planned variations regarding 3D printing of sand tools.

Further investigations target the enhancement of the penetration depth using alterna-
tive resins of higher penetrating capacity in addition to tailoring the permeability of the
3D-printed structure by locally altering the binder content. Figure 13 shows the suggested
specimen geometry designed for investigating the depth of penetration. The sample is
cylindrical with a central hole making an indentation of 5 ml volume. Accordingly, a
pre-metered amount of infiltration media is to be applied into the indentation, which will
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allow a comparability of the impregnation efficiency with varying infiltration media at
varying temperatures and printing material systems (involving powder and binder) and pa-
rameters. The penetration depth will be examined microscopically across the cross-section.
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Further investigations will include surface modifications, as smooth surfaces will not
only enhance the surface quality of the FRP part but also are expected to reduce forces
when demolding. Investigations will concern known application methods like grinding
and coating of the infiltrated tools as well as the modification of the impregnation media.

4.4. Thermoforming of Organosheets

The implementation of vacuum thermoforming for FRPs requires a step-by-step
approach to overcome the first obvious challenges. These mainly lie in the lack of ductility
of the fibers in contrast to the surrounding thermoplastic matrix. Heating the organosheet
above the melting point of the matrix allows the matrix to flow and thus to be formed.
During this stage, the matrix is stretched within the blank holder or the support frame. In
the case of endless fibers, these are tensed but remain unable to stretch. This leads to the
withdrawal of the organosheet from the support frame or excessive folds. Accordingly,
a flexible holder is necessary; this should allow the sheet to flow and feed new material
necessary to envelope the 3D mold geometry.

A further challenge lies in the load available for deformation. It can be expected that
the vacuum pressure alone is insufficient for deforming FRP sheets. Although the main
target of the study is to keep the process as simple as possible, it is kept in mind that
an application of a diaphragm might prove to be inevitable. Other than in the case of
conventional thermoforming with unreinforced polymer sheets, it is assumed that heat
must be applied to both surfaces of the sheet in order to achieve a homogeneous melt
of the matrix throughout the thickness. This implies that the setup of a thermoforming
unit must be adapted to allow heating both sheet surfaces in addition to the mold surface
in order to avoid rapid cooling of the sheet during deformation. Figure 14 shows the
envisaged machine setup. An IR-heating unit is moved into the thermoforming unit, to
simultaneously heat both sides of the sheet and the mold surface. The heating unit is then
wheeled out and the thermoforming process takes place.
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Figure 14. Preliminary concept of the heating and thermoforming unit.

In order to tackle these challenges, first, the focus was set on the development of the
sand mold for vacuum thermoforming applications in general. Hence, the first tools devel-
oped in the above-mentioned stage were tested for their feasibility for pure thermoplastic
sheets. In that stage, an ABS fender was vacuum thermoformed. The sand mold, illustrated
in Figure 15a, is binder-jetted as a hollow structure in order to save weight (final weight
30 kg) and equipped with vacuum channels. The mold was further impregnated using an
epoxy resin to increase the stability of the surface layer. For improved surface finish, the
mold was ground using sandpaper (grit size 120). The process proved to be feasible and
the surface quality, as presented in Figure 15b,c, was found acceptable.
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Figure 15. (a) Binder-jetted sand mold for thermoforming thermoplastic fenders, (b) thermoformed
fender made from ABS, (c) application of the ABS fender.

In the next phase, the processing ability of FRPs is studied using metallic molds
equipped with conventional vacuum channels. Here, issues like vacuum pressure, heating
temperature, heating time and setup are examined. The difficulty level is increased by
first considering randomly oriented short fiber reinforced sheets. Then, the fiber length
and the orientation are altered step by step. When considering endless fibers, the behavior
of woven textiles will be observed in contrast to multi-axial fabrics. These experiments
are to be carried out on different levels of geometrical complexities. Figure 16 shows the
envisaged geometries of the mold.
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Figure 16. Targeted designs of mockup molds to tackle the challenges in various complexity levels.

As mentioned above, the support frame has to fulfill several functions and resembles
one of the key factors for successful thermoforming. First, the frame has to seal the forming
area to ensure vacuum build-up. Further, it should act as a blank holder that has to provide
enough degrees of freedom to allow for feeding sufficient sheet material to compensate the
desired 3D shape. Only if both features are provided by the clamping mechanism a good
molding process and part quality can be expected.

In order to be able to identify the necessary clamping force, preliminary evaluation
of the frictional forces between the above-mentioned materials and the anticipated frame
materials were conducted. The investigations were performed using a self-constructed test
rig, as depicted in Figure 17. The rig consists of a carriage for material A and a further
fixture for material B. Material A is cut to the dimensions 180 mm × 50 mm and is clamped
at both ends into the carriage. Material B is prepared to the dimensions 110 mm × 50 mm.
The test setup involves sandwiching two layers of material A between two single layers of
material B on each side (Figure 17 magnification). Hence, a contact area of 50 mm × 50 mm
is created. The normal (press) force is controlled by weights. For the measurements, the
test rig is mounted into a universal testing machine. The pulling rope is attached to the
crosshead and translates the vertical movement into a horizontal movement between
material A and B through the idler pulleys. When the carriage is moved back and forth, a
friction between A and B can be measured.
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Figure 17. Test rig for measurement of frictional forces between FRP sheet and clamp materials.

The candidate materials for the support frame in direct contact with the sheets were
selected to be polytetrafluoroethylene (PTFE) and aluminum. Regarding the anticipated
sheet materials, a unidirectional carbon fiber and another short-recycled carbon fiber
reinforced polyamide tape were investigated. The material combinations examined are
summarized in Table 2. For this test campaign, the universal test machine ZwickRoell
Z100 in combination with a KMD 5 KN load cell was used. For creating a specific press
force between materials A and B, a 1 kg mass was applied on the materials. The crosshead
was moved with a constant speed of 100 mm/min and stopped after a displacement of
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80 mm. All tests were performed at room temperature. The load-displacement data were
recorded for three replicates, where only material A was replaced by a new one after each
examination. To calculate the friction coefficients, two forces were evaluated from the
load-displacement curves. The static and dynamic coefficients of friction were calculated
according to Equation (1), where µPT is the coefficient of friction, F is the recorded force,
FN is the applied normal force, m is the mass and g the gravitational acceleration.

Table 2. Overview of the material combinations, the measured forces and calculated friction values.

Material Combination Average
Max.

Force [N]

Average
Sliding

Force [N]

µPTs
(Static

Friction)

µPTd
(Dynamic
Friction)Material A Material B

UD CF-PA Teflon 4.78 3.06 0.243 0.156
UD CF-PA Aluminium 6.91 5.08 0.352 0.259
UD CF-PA UD CF-PA 4.68 3.7 0.238 0.189

Teflon Aluminium 8.71 6.3 0.444 0.321
rCF_PA Teflon 5.89 4.35 0.300 0.222
rCF_PA Aluminium 12.37 7.02 0.624 0.358

In the case of the static friction coefficient µPTs, the force F is identified at the beginning
of motion as the maximum force value between 0 and 10 mm displacement, whereas for
the dynamic friction coefficient µPTd F is given by the average force value, between 10 and
60 mm displacement. The calculated values are presented in Table 2.

µPT =
F

2 ∗ FN
; FN = m ∗ g = 1 kg ∗ 9.81 m/sˆ2 = 9.81 N (1)

A simple model for the calculation of the clamping force was developed based on
the coefficients of friction µPT, the achievable vacuum pressure and the required forming
geometry. The model is presented in more detail in the Appendix A. Through the known
pressure difference ∆p (between vacuum and ambient pressure) and the surface area A of
the sheet, the resulting force Fvac can be calculated. With this force and the assumption that
the tape behaves like a rope (inelastic material, unable to transfer moments), the clamping
force Fs can be estimated. Accordingly, Figure 18 gives a simplified estimation of the
forming process at its initial state, where the pliable sheet is not yet in contact with any of
the mold surfaces except the top surface (indicated by the plate in Figure 18).
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Figure 18. Side view of the test stand and acting forces and top view of the test stand.

The test rig is further illustrated in Figure 19. Knowing the inclination angles and
dimensions of the test rig, the surface area of a clamped foil can be calculated. Further,
the vacuum force Fvac applied to the foil can be determined and can be decomposed in
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its horizontal and vertical force components, for each area segments (A1–A4 in Figure 18).
Based on the assumption that the tape behaves like a rope and that the tape does not
transport any momentum in addition to the boundary condition, that Fs × µPTs < FFoil
(where FFoil is the tangential tensile force in the foil), the parameters for all area segments
can be calculated.
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Figure 19. Test setup for the validation of the developed model.

To validate the model and calculations, a test (Figure 19) was performed, using the
aforementioned setup, while integrating a load cell in an exact copy of the described model
(Figure 18). A PA6 foil (commonly used in vacuum infusion processes) was used. A vacuum
cleaner (Wieland IS-46h) was used to create the desired pressure difference of 270 mbar.
After assembling the test stand and clamping the foil in the frame the load cell is tared, and
the vacuum was applied. A nominal force of 0.91 kN was generated and was further used
to validate the model. The first trials indicated that with the vacuum cleaner and the test
stand the expected pressure difference of 270 mbar could not be achieved. However, the
pressure difference was not measured, and it remains unclear what the absolute achieved
vacuum pressure would lead to, regarding the pressure difference between ambient and
vacuum. This difference is vital for the calculations. Hence, in the next step, a pressure
sensor is integrated into the test stand to raise the necessary data for validation.

Once the theoretical model is validated, it can be applied to construct the support
frame and to define the necessary clamping forces. These aspects will further be considered
for a prototype vacuum thermoforming stand. The products, produced with the prototype
machine, are to be evaluated regarding their dimensional accuracy, the fiber distribution
and local fiber volume content.

First experimental trials have proved the above-mentioned challenges. Trials with
endless fiber reinforced thermoplastic sheets (Figure 20a) confirmed the demand for a new
clamping concept and a two-sided heating system with short transportation routes from
the heating unit to the forming unit. Further, the trials have shown, that the short fiber
material can be challenging, as it tends to loft (Figure 20b) and thus generate voids in the
process, which in turn negatively affect the generation of the required vacuum pressure.
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4.5. Summary of Technical Challenges

Preliminary investigations showed that 3D-printed sand specimens meet the require-
ments for the application of FRP vacuum forming tools regarding strength and surface
quality on laboratory scale. It was shown that it is possible to customize density and
strength by adapting the 3D printing parameters and through post-processing by infiltra-
tion, while varying impregnation parameters and media.

Technical challenges in developing 3D-printed sand tools for vacuum forming of FRP
derive in particular from increased mechanical and thermal loads when forming FRP sheets.
Process related mechanical peak loads are expected to occur during forming and ejecting of
the formed part resulting in multi-axial stresses on the tool. Thus, a geometry-dependent
stability of the tool material is needed. However, a residual permeability is expected to be
advantageous for the vacuum-forming process. Especially the homogeneity of the material
properties within the tool, strongly influenced by the infiltration process, are expected to
play an important role for the long-term stability of the tools.

Moreover, temperature increases in the tool arise along with an increased number
of production cycles as the sheets solidify in direct contact with the tool surface. How-
ever, using 3D printing offers extensive possibilities to overcome constraints by including
enhanced functionalities, such as undercut cooling and vacuum channels.

Regarding the vacuum forming of FRPs, the main challenges lie in the construction
of a suitable sheet holder that allows material feed to compensate its draping over the
mold and that provides enough tension to prohibit wrinkles in the sheet. In addition,
rapid cooling against the mold has to be prevented up to the point, where the geometry
is accurately mapped. Further, the forming process itself, the dynamic process and the
reproducibility of the material feeding behavior will be the key challenges for successful
vacuum forming.
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In view of the transfer to an industrial application, the central key challenge is defining
an economically, sustainable and preferably automatable process for the production of
tools of consistent quality.
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