Direct Ink Writing of Mineral Materials —A review
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Due to the intrinsically limited mechanical properties, functionalities and structures of mineral materials made through
traditional fabrication approaches, there is a critical need to develop new 3D forming techniques that can construct mineral
composite materials and their structures with high performance and functionalities. The Direct Ink Writing (DIW) approach
offers many advantages in the fabrication of mineral materials composites, including high precision, cost effectiveness,
customized geometry and environmental friendliness. This review gives a comprehensive overview on the state of the art of
DIW mineral materials, including materials classification, preparation and properties. It presents the critical steps for
processing mineral materials and their effects on the properties and performance of mineral materials. In addition, the
applications of DIW in the fields of architecture, tissue engineering, functional micro parts and geological engineering

modelling are presented.

NOMENCLATURE

DIW =direct ink writing

AM = additive manufacturing

3D = three—dimensional

2D = two—dimensional

MMC = Mineral Material Composites

1. Introduction

Direct ink writing (DIW) utilizes a flowable binder or colloidal
slurry highly loaded with powder particles to form 3D shapes via
additive manufacturing (AM). Direct ink writing (DIW) is an
extrusion-based printing technique. Viscous materials like solutions,
hydrogels and pastes are extruded through nozzles by the force of a
piston, a screwing system, or pneumatic pressure.l* Initially, it was
primarily used to fabricate ceramic parts as the ceramic slurry can be
loaded to ahigh density compared to a dry powder before sintering.
Due to its unique flexibility and capacity for a highvolume loading of
micro or nano particles which are hard to be handled by other powder-
based AM processes such as selective laser sintering or melting, DIW
has gradually extended its applications to metal and polymer
composites. Hence, this technique demonstrates feasibilities to process
different combinations of various material powder and binders, with a
wide variety of applications.

The DIW process also offers specific unique advantages for the
special personalized precision and complex parts. First, the
manufacture of high—precision parts meets the needs of many
industries, such as micro—scale cell printing in bio-printing.> Second,
complex shapes especially pore structures can be fabricated relatively
easily with DIW, whereas conventional methods are limited to the
fabrication of parts with two—dimensional (2D) and simple
Third, the combined

could achieve better

geometries.®
high—precision and complex structure
manipulation of physical or chemical properties that are difficult to
obtain using conventional processes.

The attractive features of the DIW process can be applied
advantageously to the fabrication of mineral materials (Fig. 1).
Although these mineral materials offer unique properties that cannot
be normally achieved in traditional synthetic composites, its broad
applications are often restricted by their flexible structural design. The
adoption of DIW of mineral material offers a potential of achieving the
special physical and chemical properties of mineral materials. In recent
years, a few pioneering researches have been conducted to investigate
the feasibility of DIW for the fabrication of mineral material
composites.” 8 The most widely studied mineral material composites
are used for structural reinforcement and functional device with a scope
of offering good mechanical and chemical properties.® 1° Theoretically
it might be possible to use a variety of mineral materials for different
performance enhancements, however, the synergistic control of
mineral material and structure could face a number of uncertainties. In
reality, mineral material composites are often used to achieve only one

three—dimensional  (3D)
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or two performance enhancements. At the same time, micro-nano
mineral printing and gradient printing have been used in many
applications with the development of DIW technology."%> In the end,
Fig. 1 The attractive features of the DIW process applied to the
fabrication of mineral material

there will be many advantages, especially in terms of precision si
mulation and environmental friendliness.6
18The main purpose of this review paper is to give a comprehensiv
e picture of the current state of the art on DIW of mineral material
composites. This paper provides a review of processing technologi
es related to composite fabrication through the DIW route. It also
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presents the main applications of deposition—based 3D printed mi
neral material composites. Furthermore, further research direction
on DIW of mineral material composites is also discussed.

2. Mineral materials

The many mineral materials are manufactured from naturally
occurring rock. Mineral materials are mainly divided into physically
enhanced (Structural materials) and chemically enhanced materials
(Functional materials). Structural mineral materials are mainly used in
manufacturing and construction industries. For instance, vermiculite,
pumice, volcanic slag, perlite, and expanded shale can be used to make
lightweight construction materials that contain a large number of pores,
and have thermal insulation properties.t® Functional mineral materials

are mainly used in the electronics, lasers and instrumentation industries.

For example, quartz is used as a resonator, as a frequency standard, in
an electronic watch.?

When DIW is applied to a mineral material, the refined mineral
powder is melted together with the additive to achieve high precision
forming. For uniform performance, mineral materials need to be evenly
dispersed and meet the millimeter/ nanometer level of printing. Slurry
can be obtained using additives to achieve suspension of the mineral
powder, the quality of the mineral dispersion in the matrix composites
slurry could significantly affects the final properties of the composite.

The published papers on mineral material composites reveal that
the main challenge has been to produce good quality mineral material
composites with required performance. Typically, certain mineral
materials are used only for one type of performance enhancement
because it is difficult to achieve when multiple performance

enhancements are required, which is particularly evident in mineral
material models.?! So the studies associated with material formulation
focus on the development of processing routes that could produce good
dispersion of mineral material composites.?? 2 In addition, a number
of research groups also investigated the performance optimization and
structural design of mineral materials, indicating that the mineral
powder and slurry preparation plays important roles on the
performance of mineral materials.?* % It is hoped that many kinds of
efficient design of composites can reduce experimental repeatability
and improve manufacturing efficiency.?® 2

2.1 Mineral powder

The choice and proportion of mineral powder has direct effects on
the forming of mineral material composites and the properties and
performance of the mixed mineral material composites. Acting as the
filler material, the mineral powder is normally deagglomerated using
various methods including conventional ball milling or high-energy
ball milling methods, and then mixed with additives to produce slurry
of well dispersed mineral material composites.

When varieties of mineral materials are combined, the particle size
and content of the mineral have a significant effect on the structure and
its properties. The selection of mineral materials should consider the
both characteristics of each mineral material as well as the mixtures.?
The mixing of many different types of mineral powder would give
better results, so the properties of the powder itself and the properties
after mixing need to be considered. Schulten et al. believed that the
precise description of mineral particles could help in quantifying its
impact on the properties.?® Halit et al. investigated microstructures of
different mineral powder mixtures under different curing conditions.®
Therefore, micro or nano-scale fine mineral powder will bring better
performance. Puget et al. also found that microaggregates of mineral
mate (<200 um) were more stable than large aggregates (>200 pm),
thus the design of particles and components plays a decisive role in the
performance of the slurry.3!

The particular characteristics of mineral material powder depend
on its microstructure. The research reported so far has proved that the
special structure of mineral materials plays a crucial role in nature and
facilitates the exertion of chemical effects.®? The common octahedral
and tetrahedral structures of many mineral material powders reveal the
causes of their particular characteristics. Because the physical
properties of tetrahedron and octahedron are more stable, and they
perform better in energy conversion and transmission such as light,
magnetism, electricity, heat and sound.

The combination of different mineral materials can produce a
variety of forms with the enhanced properties. Mineral fiber structure
is widely used for properties enhancement as summarized in Table 1.
The study on the structure of mineral materials shows that the mixed
combination of various mineral powder particles could lead to strong
bending and tensile properties.®® The inclusion of fiber mineral
materials can enhance performance in a variety of mineral shape tests
(angular, cubical and elongated shapes). In particular, the aligned
discontinuous mineral fiber can effectively enhance mechanical
properties, including compression, bending and toughness
performances of its mineral material composites.3* Besides, Tai et al.
investigated peak strains of mineral mixtures containing different fiber
strengths.®® Mineral composite materials have also demonstrated



superior performance and environmental protection as friction
materials.®® The functional enhancement of many kinds of natural
material is designed to effectively reduce environmental pollution,

Table 1 Mineral powder at different level and their improved properties

especially in the use of materials in situ which can reduce time and
transportation costs.%

Content Mineral powder
Mineral composites (25 wt. %) Silica fume
Limestone

Ultra-fine gypsum

Silica Fume (10 wt. %),
Fly ash (20 wt. %)
Sugarcane Bagasse Ash (10 wt. %)

Silica Fume (SF),
Fly ash (FA)

Basalt and ceramic composites with ~ Basalt
different fibers (5, 15, and 25 Ceramic
wt. %).

Si02 (>26.0 wt. %) Basalt fiber
Na20 (>8.2 wt. %)

Fine aggregate (55 wt. %) Silica fume
Coarse aggregate (40 wt. %) Fly ash
Fine sand (5 wt. %) Silica fume

- Class-C flyash (FA) Ground granulated

blast furnace slag (GGBFS)

- Mineral fibers on the basis of basalt and

ash and slag waste

Sugarcane Bagasse Ash (SCBA)

Enhancement in properties Ref.
Optimize the properties of slump, unit weight, air 38
entrancement, compressive strength, tensile
strength, flexural strength and modulus of
elasticity

Improve permeable voids, 39

water absorption, initial rate and abrasion

resistance

Strengthen tensile and flexural strength, stiffness %34
and fracture toughness

Improve both the yielding and the ultimate 404
strength of the beam specimen up to 27%

Increase fresh density, compressive, splitting and %
flexural strengths

Strengthen mechanical properties (compressive 0
strength, flexural strength, and toughness)

Increase corrosion resistance 3
. physical-mechanical and  performance
characteristics

2.2 Various binder additives

Additive processing is a technique for producing mineral
suspensions on the basis of colloidal chemistry. This technique is used
to prepare mineral material composites by combining a variety of
additive hinders and mineral powders. For the same mineral material,
the additive binders can be different depending on the post—processing
needs. Typically, the slurry suspensions are mixed slowly by magnetic
stirring ultrasonication in order to obtain uniform distribution of the
additive into the mineral powder.

The slurry can be in the form of a solution, a suspension, a colloid,
or the like and the same kind of mineral material applies a variety of
additive types. The most common additive binder systems for Metal
Injection Molding (MIM) and Ceramic Injection Molding (CIM) are
thermoplastic system and water—soluble system.*>* In order to meet
the requirements, the mixture of multi—component additives is
normally used.*® The choice of additives for mineral materials is more

extensive based on the application. Table 2 summarizes the binder used
by mineral material and made a simple classification. It is divided into
two types based on whether additives need to be removed. In some
cases, additive binders do not require post—treatment removal, such as
geological engineering model and biological tissue applications.*” 4
On the other hand, the additives that are required of post-treatment
removal are mostly wax—based additives and water—based additives.

Table 2 The binder used by mineral material and its classification

Type Binder Content Ref.
polymer Resin binder; Formaldehyde to
binder Phenol-Urea-Formaldehyde (PUF) binder; Phenol (3.5-3.9 mol. %); 49,50

Alkanol amine- acid anhydride binder

Wax-based
binder

Oxidized paraffin wax

Urea to phenol (1.5-2.5 mol. %)

Gradient change test 51,52




Solvent An ether solvent-based binder (ExOne PM - B - SR1 -
binder 04)
Agueous Asugar syrup;
binder A polycarboxylic acid;
An amine;

Avreaction product of a
polycarboxylic acid component
and an amine

Gradient change test 53

The sugar syrup 54
(at least 55 and less than 80)

The selection of the various additives depends on the application
requirements, of which wax—based additives are the most common
type of additive shown in Fig. 2.8 This kind of formulation is very
similar to the suspensions used for ceramic injection moulding which
are primarily composed of ceramic powders and wax-based organic
matrix, and then sintering produced multi-structural and multi-
functional ceramics.>%7 Kafara et al. investigated the influence of
binder quantity on dimensional accuracy and resilience in 3D
Printing.%® It could be seen in Fig. 3 that binder quantity had great effect
on the three-point bending curling results and geometric deviation of
the 3D Printed specimens made of wax—based materials. As the
amount of additive increased, the bending strength increases almost
linearly, and the same applies to compressive strengths up to 70% of
the amount of additive. It appeared that the maximum curling as well
at 70 wt. % binder saturation. Adjusting the drying process of the
printed part could help to counter the curling. Meanwhile, additive
saturation also has an effect on deviations. The more binder is, the more
deviation is. Furthermore, wax—based additives also have a crucial
impact on the performance of the 3D printing forming process,
indicating that the more comprehensive study is required to illustrate
the effect of additive quality and content on the 3D printing forming
process as well as the performance of 3D printed final product.

Thermoplastic system +«—— Binder system

Matrix Polymer Surfactant —— Component 3

Paraffin,
Beeswax,
Peanut oil,

Fatty acid, +— Composition
Stearic acid,
Phthalic acid ester

Vinyl aniline
Vegetable oil,
Micro crystalline wax,|

PE-A, EVA

Fig. 2 Three kinds of additive components in the thermoplastic system
Ref. 8

Fig. 3 Deviation of the cubic specimens in comparison to the CAD fil
e for the binder quantity (a) 40 %, (b) 75 % and (c) 100 %. (d) The de
viations of the four cubic specimens’ sides, which are arranged in par
allels to the building direction (Zdirection), (e) Curling of the specime
ns for the three-point bending test Ref. 58

The stability and fluidity of additives are the determining factors
for successful DIW. In general, researchers have to estimate the
physical, thermal ad rheological properties of the additives and it mixed
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metal and ceramic powders.>® 0 It is also a challenge to ensure that
they do not exhibit delamination because many mineral material
slurries are non—Newtonian fluids. Peltolaet al. extruded the mixed
mineral slurry in a screw way rather than the usual injection
extrusion.5! This could lead to the increased viscosity and consistency
of mineral materials and their colloids and plastic additives. This would
require the specific mineral material to maintain high viscosity and
stability in the condition of greater extrusion force. Colloids and plastic
additives can increase viscosity to achieve consistency of mineral
materials.

3. Processing routes for dispersion slurry

Another important aspect associated with the preparation of
mineral powder and slurry paste is to ensure the processing routes that
could lead to the good dispersion of mineral powder within the paste,
and the whole printing process is as shown in Fig. 4. The quality of the
mineral powder dispersion in the paste could significantly affect the
final properties of the composite. In the past decade, there has been a



considerable amount of work to produce well-dispersed mineral
composites for AM application. Due to its capability of using
diversified mineral materials and slurry binders, DIW represents as a
very flexible AM technique with relatively shortened material and
process development cycle. The recent papers published in the field of
DIW of mineral material composites show that many researchers work
on the process improvement and optimization of DIW. The processing
parameter setting and adjustment are the key research areas.

Fig. 4 The whole process of printing mineral materials

3.1 Advantages of mineral DIW process

In the past, the processing of mineral materials was mostly manual,
especially in the construction and other industries.5? Gradually, the
artificial processing of mineral materials adopts machinery. Slow
pouring and two—dimensional automated processing began to replace
labor. The semi—automatic processing is also used to make some
relatively small mineral products. Therefore, the three-dimensional
structure processing of mineral materials began to use DIW process.

DIW is capable of depositing a fine line of highly loaded powder
particle with its binder slurry. It posts less strict requirement of powder

Table 3 3D printing technology classification

particles in term of specific form, shape or sizes. Broad selection of
various mineral materials could be formed into different specifications
for the intended use. Especially, it can use powder particles in micro or
nano size, offering better functionality or densities after post sintering
process. Therefore, it has better versatility and adaptability in term of
material range in comparison with other AM processes such as powder
based selective laser sintering or melting process. This offers its broad
application in the field of tissue engineering scaffolds, functionally
graded materials, functional electronic devices, and functional ceramic
devices.

Hence, DIW offers specific advantages for both scientific research
and commercial over other 3D printing methods. Currently, 3D
printing processes are generally classified according to the type of
materials and the layer consolidation approaches. As can be seen in
Table 3, these 3D printing technologies advocated by different
companies demonstrates different level of material range. Among them,
DIW technology has the greatest compatibility with almost all powder
materials. This would offer great potential of fabricating mineral
materials.

Types Technology categories Printable materials Energy consumption Ref.
Extrusion forming Fused Deposition Modeling (FDM)  Thermoplastic, Fused metal, Edible Middle 63-65
material
Direct ink writing (DIW) Almost all powder materials Low {Sun,
2015
#1643}
Granular  material Direct Metal Laser Sintering Almost any metal alloy High 66
forming (DMLS)
Electron Beam Melting (EBM) Titanium alloy High 67
Selective heat sintering (SHS) Thermoplastic powder High 68
Selective Laser Sintering (SLS) Thermoplastics, metal Powders, ceramic ~ High 69-71
Powders
3D printing based on powder bed, plaster Middle 2
nozzles and plaster (PP)
Photopolymerization ~ Stereolithography Apparatus (SLA)  Photopolymer Low &
forming
Digital Light Processing (DLP) Liquid resin Low "
Lamination forming  Laminated Object Manufacturing Paper, metal foil, ceramic Middle 62,75,76

(LOM)

The artificial processing of mineral materials has beengradually
replaced by machinery. In the past, the processing of mineral materials
was mostly manual, especially in the construction and other
industries.”” Slow pouring and two-dimensional automated processing

began to replace labor. The processing of some relatively small
products also belongs to semi-automatic processing. However, the
performance of three-dimensional structure has given rise to the need
for three-dimensional processing of mineral materials. This has caused



a lot of changes in the industry, and has achieved remarkable results in
the fields of construction and medical care.”8-8!

3.2 Process parameters control in DIW

There are many parameters in mineral material slurry control, the
adjustment of parameters is directly related to the status of the slurry.
The parameter control of DIW of is less controllable than other forming
methods due to the flexibility of its manufacturing method. However,
whether or not warming determines the main control parameters of
DIW due to the difference in mineral material slurry morphology.

Heating controlled mineral materials are used in more sophisticated
applications, so micropore print nozzle related parameters are the focus
of research. First, the control of extrusion flow is a universal issue in
the DIW of various materials. Woodfield et al. achieved gaps of 1 mm
and 71% porosity of mineral bone scaffold through microfluidic
control.82 In the course of this experiment, the parameters of the
mineral material were experimentally adjusted, including parameters
such as fiber deposition temperature and crosshead speed, resulting in
alternating stent structures as shown in Fig. 5. Prior to this, experiments
have also proved that this type of material had superior mechanical
properties compared to other materials in the case of the same
geometry.8 Similarly, control of precursor flow helps the mineral
battery achieve high crystallinity and electrochemical performances.?*
85 Secondly, the temperature control of nozzle and heating bed are the
key parameters. The material sticks when the temperature is too high,
and the material is blocked when the temperature is too low.%
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Fig. 5 (a) The 3D deposition device consisted of five main components:
(1) a thermostatically controlled heating jacket; (2) a molten co-
polymer dispensing unit consisting of a syringe and nozzle; (3) a force-
controlled plunger to regulate flow of molten co-polymer (4); a stepper
motor driven x-y-z table; and (5) a positional control unit consisting of
X-y-z stepper—motor drivers linked to a computing software that
generates material deposition paths. (b) 3D deposition process where
+250 mm PEGT/PBT fibers are successively laid down in a computer-
controlled pattern (0—90°orientation shown). Scaffolds are
subsequently cored from the deposited bulk material Ref. 82

Extrusion of mineral paste needs to balance extrusion force and
fluid stability, requiring a better match between nozzle and extrusion
rate, especially when the driving force is greater.” Mineral slurry
stability system meets the DLVO theory, so mineral particles have
hydration repulsion energy and are closely related to distance
(Equation 1). The force between the particles increased when the
distance reduced so that particle agglomeration can easily occur, which
should try to be avoided. When pressure is applied, the liquid is forced
to flow from the inter-particles to the pressure direction, so that large
particles form an aggregate on the upper part of the syringe to form a
deposit when the attraction of the particles is not enough. When
pressure is applied, the aggregation rate due to diffusion in this force-

field can be calculated by the Fuchs formula (Equation 2).8891
Particles will aggregate approximately with the diffusion controlled
rate at high viscosity, since the van der Waals forces and hydrodynamic
interactions have only minor effects. In addition, such printing is often
faced with special circumstances such as Lossless weight and high
pressure conditions which post higher demands on mineral materials
and printing machinery.®? Nair et al. proposed a series of strategic,
technological and ethical aspects of establishing colonies on Moon and
Mars.®® Moon and Mars face a different situation from the earth like
the surface features, in situ resources, and the dynamics of the planets
like quakes, dust storms etc. In this respect the printing device has to
be designed for specific planetary features.

VHR =27

RiRs p 170 H
EXP(— —)rerreerecceecettcitcittiitiitiitnanne 1
R+R, "0 VHR p( ho)

Where R; and R, are the neighboring powder particle radius re
spectively, V3 is the energy constant, h, is the attenuation leng
th, H is the Interaction distance.

h -
exp (%) d h] Lieeeeneeenenncencencancnns 2

— 2kT foo B(h)

3NResr 0 (Ry+R_+h)?
Where k is the aggregation rate coefficient, T is the absolute
temperature, 7 is the viscosity of paste, R is half the radius of R,
B(h) is the hydrodynamic resistance function, R, and R_ are the
radius of the two particles involved, h isthe surface separation, U(h)
is the interaction free energy of the two particles, Kz isthe Boltzmann
constant.

3. 3 Micro/nano powder forming
Over the past few years, DIW of ultrafine particles has been a
major research hot spot and development trend. Micron and

e)

nanoparticle mineral powders exhibit unique superior properties,
especially in the formation of microstructures and micropores.
Therefore, there is a greater challenge for the process control of ultra-
micro mineral particles. Fine print also imposes more requirements on
the jet head.

In work done by Castilho et al., they showed micron-sized powders
provide superior performance in micron-sized pores in the field of bone

support manufacturing in Fig. 6.% Firstly, the designed powder system
had the production of specimens with an accuracy of 500 pm and a
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minimal pore size of approximately 300 um. The sintered cake was
crushed with pestle and mortar and milled in a planetary ball mill and
sieved <100 pm. This micron powder resulted in scaffolds with a
dimensional accuracy of >96.5% and a minimal macro pore size of 300



um, enhancing the ultimate compressive strength by a factor of 8 and
the modulus of toughness by a factor of 4. Also, it showed a good
cytocompatibility of BCP comparing with HA. The HA/TCP ratios of
BCP scaffolds with a Ca/P ratio of 1.65 and 1.71 were almost inverse
(Ca/P ratio = 1.65 with HA/TCP = 30/70). High-precision mineral
powder composition for DIW offers an excellent method to produce
individual bioactive bone implants.

Fig. 6 (a) Design of macroporous plate to prove the printing accuracy.
(b) The 3D printed plate shows an accuracy of 500 pm and a minimal
pore size of 300 um. SEM of a PLGA loaded printed and sintered BCP
specimen. (a) The external surface of the specimen is covered with a
homogeneous polymer coating, (b) without complete sealing of the
pores. (c) The peripheral zone of the specimen shows a depth of
impression of approximately 200 pm. (a) Cell viability and (b) cell
proliferation of osteoblastic cells MG63 cultivated on printed pure TCP,
pure HA, different BCP scaffolds and PS over a period of ten days. The
phase composition affected the analyzed parameters cell viability and
cell proliferation as evaluated by ANOVA test: ** = no significant
difference (p-value > 0.05). The cells on BCP specimens showed an
enhanced proliferation and viability virtually independent from the
TCP/HA content compared to pure TCP Ref. 94

Fig. 7 showed that Luo et al. used a similar method with a nano-

scale apatite matrix.®> This experiment controlled the thickness of the
nano apatite scaffold by the amount of phosphate ions in the DIW. The
stent with a uniform nano apatite scaffold had 2-fold higher Young's
modulus compared to the scaffold without apatite. Furthermore, nano
apatite scaffold significantly increased the protein adsorption on the
surface of scaffolds. Accordingly, the bionic nano composite stent is a
more superior choice for bone tissue engineering.
Fig. 7 Photographs of 3D printed scaffolds soaking in CaClz solution
(a) without (0.1 M NaCl) (left) and with (0.1 M NazHPOQa) (right)
mineralization; (b) Microscopic images of 3D printed alginate/ gelatin
scaffolds with 0.1 M NaCl and with (c) 0.1 M NazHPO4 and (d) 0.5 M
NazHPO4. Compressive strength (e), Young’s modulus (f) and stress-
strain curves (g) of 3D printed scaffolds with and without
mineralization, and pictures of scaffolds before and after compression
(h).0.1 M NaCl (control), 0.1 M NazHPOs (0.1 M), and 0.5 M
NazHPO4 (0.5 M). (*p<0.05, n=5) Ref. 95

Although the printing of micro/nano mineral materials has brought
more superior physical and chemical properties, the real three-
dimensional complex structure design still needs to be further
improved for DIW technology. Recently, in Kokkinis's work, it is clear
that hydrogel materials can achieve biological printing of complex
structures of multiple materials, but the mineral materials of the bone
scaffold are not yet to be printed in this way.%¢ Though 2-component
dispenser “preeflow eco-duo450” (ViscoTec GmbH) allows for
printing of compositional gradients using two components mixed at
predetermined ratios, the instrument is only used in biological printing
and larger printing is still lacking.’” Therefore, this kind of equipment
is expected to be expanded in the printing of micro/nano mineral
materials, laying a foundation for the further manufacture of complex
and high performance mineral materials products.

4. Applications of DIW mineral material composites

The mineral materials will develop in the direction of energy
saving, material saving and high performance. The DIW of mineral
functional materials will occupy a more important position. Through
the study of mineral physics, the directional design of mineral materials
made with additives is an important part of the study of mineral
materials in the future.

4.1 Architecture and out-space
application

With the need for mechanical strength and complex shape of the
architecture, deposition-based 3D printed mineral material composites
technology has become more mature with higher environmentally.
Using the designed structure, printers can automatically print complex
structures in various complex environments, especially the innovative
realization of material self-circulation green manufacturing. Mineral
material composites used for printing in the field of architecture
applications are based on treated soil and rocks as well as binder. The
desired traits of printable materials for architecture applications are
printability, environmental-friendly, good mechanical properties and
structural properties.

In order to meet the living requirements of the mechanical
properties of the building structure, high-strength materials and
structures have been deeply explored. For the study of mineral
materials, it is necessary to prevent plastic deformation and have low
yield strength of the material. Perrot et al. experimentally demonstrated
that the strength of the mineral material composites must be sufficient
to maintain the weight of the deposited layer.”® Rangel et al. also
proposed that the mineral materials viscosity needs to be sufficient to
avoid dead ends.”® Simultaneously, the clever design of the building
structure results in greater mechanical strength and improved design.
For example, the lightweight honeycomb structure composed of nano-
clay plates achieved less material usage and greater pressure
strength.2® As a result, architectural printing can achieve higher height
and environmental resistance.1%!

With more printing requirements for special environments,

in habitation building

architecture printing is subject to harsh environmental examinations
(such as high temperature, high pressure, weightlessness, etc.). In
recent years, mars, moon and other outer space printing are explored
and practiced more.1%% 193 Cesaretti et al. gave a complete introduction
to the lunar soil printing process through a special binding liquid.** In
order to resist the effects of radiation and temperature, a particular
patented 3D-printing technology - D-shape- has assessed physical and
chemical characteristics of lunar regolith and terrestrial regolith
simulants. Meanwhile, Kading et al. had the same idea of utilizing in-
situ resource sand 3D printing structures for a manned Mars mission.%
This technical process used the printing of basalt and additives, and the
printing process is divided into two stages: the construction of the



frame structure and the filling of the structure. In general, these are all
environmentally friendly, which is very important for architecture
construction.

4.2 Geological engineering model application

Precise simulation of topography and geomorphology models can
reproduce, judge and simulate geological hazards. It’s an inevitable
trend in the long run because 3D printing of mineral materials can
provide more accurate scaled-down models. Mineral material
composites used for printing in the field of geological engineering
applications are based on various types of mineral powder as well as
binder to satisfy the mechanical properties of rock and soil.

To understand geomorphological activity and morphology such as
mudslides and landslides, scientists commonly use simulations of
physical models. Although the simulation of landform has not yet been
able to achieve performance simulations, the structures is also crucial
for understanding the topography. Hasiuk et al. thought that the
model from image to reality is important for answering questions about
Earth's history and making predictions about its future the evolution of
the landscape in Fig. 8.1%6

Model

Fig. 8 The journey from data to a tangible model through a touchable,
3D printed, touchable model Ref. 106

Recently, the simulation and printing of some landslide materials

were developed.® The coordination of stress field and permeability in
landslide models has been a problem that has not been well solved.
During the development of the landslide model, new materials (liquid
paraffin 3 wt. %, solid paraffin 12 wt. %, stearic acid 1.8 wt. %, palm
wax 4.8 wt. % and barite powder 78.4%) were constantly developed to
meet the requirements, while neglecting the effect of pores on the stress
field and permeability during material formation. The group used a
DIW technique to shape a small landslide model in Fig. 9 that can
achieve micron-scale models and a wider range of mechanical
properties.
Fig. 9 Manufacturing process of small model: (a) modeling process, (b)
3D printing, (c) forming of model. SEM images of model affected by
process: process trace from (d) Z —axis, (€) Y-axis and (f) X-axis. (g)
The rupture process of the sliding belt, (h) porous slip belt, (i) ruptured
slip belt Ref. 8

4.3 Multi-functional micro components application

The performance improvement of micro- and nano-components
has always been a concern, and the complex three-dimensional
structure brought by DIW enhances the electrochemical performance.
The micro-pore structure of mineral materials brings about better
electrochemical performance and promotes the application of micro-
functional components.1%” In particular, the printing of fossil fuel cells

is the most studied. DIW significantly improves feature performance
through holes design. In addition, the micro/nano-scale material
forming is the main advantage of 3D printing, effectively improving
the chemical properties.1%®

One of the important factors in the performance of functional micro
parts is particle size effects. In the electrochemical cell, empty spaces
and pores of the battery are filled with the electrolyte. Thus, whatever
the size of these pores and spaces be lager, the ion transfer is easier and
ion mass transfer resistance is smaller. Where the physical meaning of
the three-dimensional structure of the electrode, fractal dimension of
surfaces can be used as a factor for their porosity.

Recently, high-performance materials printing such as graphene
battery printing is a frontier research. Dong et al. got a well-dispersed
nanostructured battery through a solution immersion method.*® Huang
et al. reported the synthesis of MoO2 nanoparticles grown on three
dimensional graphene (3DG) through a facile chemical vapor
deposition (CVD) approach.!® The latest research by Lacey et al.
illustrated the importance of both porous nanomaterial and structurally
conscious electrode designs (Fig. 10).12° Compared to a 2D vacuum
filtrated film, macroscale and porosity of the 3D printed mesh
enhanced active-site utilization as well as mass/ionic transport to
dramatically improve overall Li-O2 battery performance (42-fold and
63-fold improvement in full discharge capacity by mass and area,
respectively). Thus, this work demonstrates that conscious design and
implementation of nanoporous carbon-based materials into

hierarchically porous electrode architectures can enhance the
performance of next-generation energy storage systems. Future
research will inevitably expand the scope of integration of mineral
materials with other new materials and give full play to the role of
innovative materials and three-dimensional structures.
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5 b mortar & pestle and load into syringe
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Fig. 10 Extrusion-based 3D printed ink properties and hierarchically
porous hGO mesh architecture. (a) Scheme showing the components

(hGO, H20) used to create the aqueous and additive-free 3D printable
ink. (b) Digital image of the aqueous hGO ink loaded into a printing
syringe. (c—e) Rheological properties of the hGO ink showing that the

ink is solid-like at rest (i.e., has a yield stress) and exhibits shear-




thinning behavior with increasing shear. An estimate of the yield stress
is obtained from the data in (d): oy = 500 Pa. (f) Digital image showing
the process of printing complex 3D architectures line-by-line. (g)
Isometric view of the printed hGO mesh (0.8 mm line spacing) after
lyophilization. (h) Optical image showing a top-down view of the
freeze-dried hGO mesh structure. Scale bar is 500 pum. (i) Cross-
sectional SEM images of the hierarchically porous 3D printed hGO
mesh structure: hGO sheets are nanoporous (4-25 nm holes),
lyophilization creates tens of micrometer-sized pores on the printed
filaments and the printed mesh structure possesses <500 pm square
pores. Note that the hGO sheets are layered along the extruding
direction due to the printing procedure, as shown in (I). Scale bars in (j)
and (k) are 50 um while (i) and (1) are 250 um and 10 pm, respectively
Ref. 110

4.4 Bio-mimic and Tissue scaffolds application

With the needs of the application of human tissue scaffolds,
biomimetic stents for deposition-based 3D printed mineral material
composites have emerged. On the one hand, mineral materials provide
the requirements for mechanical properties and human
compatibility.''* On the other hand, 3D printing enables compatible
design for many materials and complex structures. Mineral material
composites used for printing in the field of architecture applications are
based on muti-mineral as well as binder.'? The design of minerals for
biological applications is more quantitative than other applications.

The parameters of mineral fiber material have a decisive influence
on the mechanical bearing capacity. Pores are varied in size and shape
in the bracket, and they can be changed by changing fiber diameter,
spacing and orientation, and layer thickness. Elastic properties such as
dynamic stiffness and equilibrium modulus, and the viscous
parameters like damping factor and creep unrecovered strain have
regularity with pore structure design.

Tissue holder system control and deposition information are
closely related. Pneumatic nozzles are more economical and precise
control mechanisms in the printing of tissue supports. Because of the
different concentrations of printed mineral materials, the stability of the
flow rate requires the cooperation of various parameters.!'® Lobat et al
printed the selected solution at material container temperature of 30—
32 °C, platform temperature of 11 °C, printing pressure of 0.6-1.2 bar,
speed of 20 mm/s using 250 pm-diameter needle.** As a result, six-
layer membrane had good bhiocompatibility, desirable thickness (150
um), static tensile modules (1.95 + 0.55 M Pa) and dynamic tensile
storage modulus (314 + 50 K Pa) to enable easy surgical handling (Fig.
11). The ideal inlet pressure in most tissue bracket application is around
1 bar, and the dosing pressure on the market can reach 16-20 bar, such
as the nozzle from ViscoTec LTD (vipro-HEAD3) which provides
precise deposition positioning.

Fig. 11 (a—c): Schematic of our design. Each membrane is composed
of 6 layers. The strand angels from the first layer to the last layer are:
45, 135, 0, 90, 0, 90°. Distances between strands (from the middle of
one strand to the middle of the adjacent one) are set to 0.6 pm for the
layers 1-4 and 0.9 pm for layers 5-6. (d—€): The macroscopic view of
the 3D-printed gradient membranes of gelatin/elastin/sodium
hyaluronate. The membranes are completely flexible and bendable.
The surgical handling of the membrane is easy. The thickness is
approximately 150 um. (f) The 3D laser imaging of the membranes to

confirm the thickness of the membranes measured by the Electronic
Digital Micrometer. (g) The height profile of the edge of the membrane.
(h) Static mechanical testing revealed elastic modulus of 1.95 + 0.55
M Pa (black); dynamic storage modulus vs. Frequency for printed
membranes (red). The measured dynamic storage modulus was 314 +
50 K Pa and had not been significantly altered by increasing the
frequency. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.) Ref.
113

Compared with other forming methods, the multi-nozzle forming
method can controlled amount of cells, growth factors, or other
bioactive compounds with precise spatial position. Especially in the
application of biological tissue, the new material can be used quickly
and be easy to control the process. Yan et al designed a four-nozzle
system to realize the bone support manufacturing process.*® In the
experiments, bone tissue engineering scaffolds with different
properties were prepared using a single nozzle deposition process, a
dual nozzle deposition process, and a three-nozzle deposition process,
respectively. The bone scaffolds made in the deposition system had
good biocompatibility and bone conductive property as a molecular
scaffold, and it was used for bone morphogenic protein (BMP) in the
implantation experiment of repairing segment defect of rabbit radius.
The stability of injection extrusion is a major process challenge in the
selection process of multi nozzle control. In the future development,
although the demand for biological experiments is very inclusive, the
accuracy requirement will gradually unify the technical standards for
the design of the nozzles.

5. Conclusions

Although deposition-based 3D printed mineral material
composites has undergone significant development in recent years, it
is still not excavated and used by many industries. The technology still
needs to break through several aspects and be more scientifically
focused.

5.1 Material

Currently, deposition-based 3D printed materials are highly
dependent on adhesives. Due to the high degree of freedom of the
forming method, the compatibility of various mineral materials is
strong. However, this also leads to the mutual influence of materials,
making it difficult to achieve the required performance accuracy. The
demand function achieved by one or more mineral materials is also
affected by the performance of the additive without sintering.
Therefore, it is necessary to avoid multiple mineral powders to achieve
different functions. The development of composite mineral materials
can effectively achieve precise positioning of performance and reduce
material cost.

5.2 Process and Equipment

Multi-nozzle printing of mineral materials and other materials in
3D printing is a current research hot spot. When the mineral material is
used as a functional material, it forms a complicated structure with
other materials such as a polymer material, a biological material, etc.
Double print heads or multi-head print systems coordinate the diversity
of print components. Once it comes to printing with multiple print



heads, it becomes more difficult to control the movement of the parts
and the material, resulting in a large gap in the viscosity characteristics
of different mineral materials. As a result, the optimized design of the
drive device and the spray head has become the focus of mechanical
design.

5.3 Applications

Because there is no systematic study of the potential for deposition-
based 3D printed mineral material composites, there are, as yet, few
applications for the printing of mineral materials in many fields, and
the application of this technology can achieve a breakthrough in
traditional research. The awakening of future research may be in two
directions. On the one hand, the application of biomimetic simulation
may be achieved by combining the synchronous design of mineral
materials and structures, which combines the simulation of shape and
function. Another prospect lies in the use of mineral raw materials in
situ because of the general trend of green manufacturing and will not
be limited to construction.

As evidenced by the above-mentioned publications, researchers are
exploring new materials and new application of deposition-based 3D
printed mineral material composites. This paper gives a platform based
on which further researchers will progress more. In terms of materials,
processing control, product performance and applications, there are
new avenues of research with 3D printing of polymer composites.
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