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1 SUMMARY AND OUTLINE

1.1 Summary

3D-printing technology is a layer-by-layer process that is now used in personal and commercial
production where prototyping and customization are required. This technique exploits the
principle of additive manufacturing (AM) for making three-dimensional complex shape solid
objects from a digital file. 3D printing allows fabricating products with complex geometries
that would be impossible or very challenging to implement with conventional techniques.* The
most popular 3- D printing technique is the so called Fused Deposition Modelling (FDM): a
solid filament is drawn into a printer nozzle, heated to a temperature where the polymer flows
readily, then extruded layer-by-layer onto a build plate.

One of the negative characteristics of 3D printing products is that they are weaker than those
obtained using traditional techniques. In particular, it is observed that the overall strength is
much smaller when the load is applied in the printing direction with respect to the perpendicular
direction. This means that the weak point of the 3D printing products is the contact surface
between adjacent layers.? The inter-layer welding formation mechanism occurs by diffusion
between adjacent chains in different layer, with the eventual formation of entanglements
between them. In the case of amorphous polymers, the inter-chain diffusion process is opposed
by the rapid temperature decrease and ceases when the glass transition temperature is reached.
In the case of semi-crystalline polymers, the welding efficiency is instead linked to the quantity
of polymer that managed to diffuse before crystallization occurs.

Fused deposition modeling (FDM) offers many advantages over conventional manufacturing
methods, but it is limited by the low number of available materials.
The (3D)-printability of polymers has so far only been determined empirically. In order to
derive general principles that control polymer 3D printing and allow a good interlayer welding,
a set of data on polymer materials with widely different characteristics would be required. To
this purpose, this project aims to study how different molecular features, like molecular weight,
chain composition and crystallinity can affect the final quality of the weld, with particular

reference to the final mechanical properties.



1.2 Outline

Chapter 2 provides an introduction to 3D printing, with particular attention to filament
deposition technology. Subsequently, the phenomenon of interlayer bond formation and the
drawbacks associated with it are introduced. Finally, some examples in the literature of the in-

situ measurement of the crystallization process during 3D printing are reported.

In Chapter 3 all the materials studied in the various chapters are reported and all the used

characterization techniques are presented.

In the fourth chapter, we observe experimentally residual alignment trapped into a single-
filament wall. Furthermore, this residual alignment is found to be localized only at filament-
filament interfaces (welds). Residual alignment is quantified for varying nozzle temperature
and print speed using the molecularly-aware model of Mcllroy et al.># By combining these
model results, from a collaboration with the University of Lincoln, with experimental
measurements of the weld toughness (measured at the University of Genova), we confirm that
reduced weld strength is due to orientation of the polymer molecules that occurs during flow
through the nozzle and deposition onto the build plate, rather than poor inter-diffusion.
Furthermore, we propose that residual alignment pertains to a partially entangled polymer
network® and thus can be directly correlated to weld toughness?, in close agreement with the

experimental data.

In Chapter 5, we show that weld strength increases with decreasing average molecular weight,
contrary to common observations in specimens processed in more traditional ways, e.g., by
compression molding. Using a combination of synchrotron infra-red polarization modulation
microspectroscopy measurements and continuum modelling (always from a collaboration with
the University of Lincoln, UK), it is demonstrated how residual molecular anisotropy in the
weld region leads to poor strength and how it can be eradicated by decreasing the relaxation
time of the polymer. This is achieved more effectively by reducing the molar mass than by the
usual approach of attempting to govern the temperature in this hard to control non-isothermal

process.

In Chapter 6, we investigate how the change is chemistry may affect the inter-diffusive welding
process inherent to achieving structural integrity in Material Extrusion (MatEx) in the case of

two commercial co-polyesters. Although this change in chemistry modifies the temperature-



dependent rheological behaviour in ways that are expected to be detrimental to the weld
strength, by employing a molecularly-aware modelling approach we propose that the polymer
chain stiffness is fundamental to ensuring that residual molecular anisotropy in the weld region

is limited.

In Chapter 7, we propose to study the crystallization kinetics of two different polyamides used
for FDM 3D printing and to link it to the microstructure and properties obtained during FDM.
The kinetics are studied both in isothermal and fast cooling conditions, thanks to a home-built
device which allows mimicking the quenching experienced during filament deposition. The
temperature history of a single filament is then determined by mean of a micro-thermocouple
and the final crystallinity of the sample printed in a variety of conditions is assessed by
differential scanning calorimetry. It is found that the applied processing conditions always
allowed for the achievement of the maximum crystallinity, although in one condition the
polyamide mesomorphic phase possibly develops. Despite the degree of crystallinity is not a
strong function of printing variables, the weld strength of adjacent layers shows remarkable
variations. In particular, a decrease of its value with printing speed is observed, linked to the

probable development of molecular anisotropy under the more extreme printing conditions.

Chapter 8 focuses on the implementation of a simple optical setup to follow the crystallization
process in-situ. The new setup exploits light scattering generated during filament deposition
and cooling. To this purpose, the beam scattered by a growing 3D printed wall geometry is
collected on a semi-transparent screen during the deposition for both amorphous polylactide
and a semicrystalline polyamide copolymer. While the amorphous polymer scatters light
anisotropically and generates a vertical scattering pattern, the semicrystalline polyamide
produces isotropic scattering. Moreover, the Kinetics of scattering intensity increase follows
closely that of filament deposition in the case of polylactide. Instead, it strongly deviates from
that for the semicrystalline polyamide. These pieces of evidence suggest that simple light
scattering measurements, which are quickly and cost-effectively implemented on a lab-scale,
can be further developed to allow a better understanding of polymer structuring phenomena in

the highly non-equilibrium conditions of 3D printing.

Finally, in Chapter 9, the main achievements of the conducted experimental research are

summarized.



2 INTRODUCTION

2.1 Additive manufacturing

Additive manufacturing (AM), also referred to as three-dimensional (3D) printing, is a group
of emerging technologies that create objects based on computer-aided design (CAD) models
by adding materials in a layer-by-layer process.58 More specifically, AM is defined by the
ISO/ASTM 52900 terminology standard as ‘a process of joining materials to make parts from
3D model data, usually layer upon layer, as opposed to subtractive manufacturing and
formative manufacturing methodologies’®. First introduced in the 1980s to meet the highly
specialized needs of model making and rapid prototyping (RP), additive manufacturing (AM)
also known as 3D printing has over time established itself as a versatile methodology platform
for design computer aided (CAD) and rapid manufacturing.l® The greatest advantages of
additive manufacturing are the freedom of design and customization, allowing the creation of
complex geometries that would be impossible to obtain with the constraints imposed by
subtractive and formative manufacturing,!! together with minimum material wastage and
reasonable production speed.!?'® A comparison of subtractive, additive, and formative

manufacturing techniques is shown in Figure 2.1.1°

Figure 2.1. Comparison of (a) subtractive, (b) additive, and (c) formative manufacturing techniques.*®



Figure 2.2 shows an example, schematizing the concept of AM in the simple case of a specimen
in the shape of a coffee cup. At first, CAD software are used to create the virtual object of the
required shape. The file containing the object is subsequently imported into special programs
to be digitally sliced. Objects with overhanging portions (i.e., the coffee mug handle) are
designed with temporary support structures to prevent collapse during the build process.
Following slicing, the software consequently acquires the spatial coordinates of the object,
which will then be used for the correct coordination of the printer motors. Normally, the

thickness of the layer can be varied in a range from 500 up to 15 pm.
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Figure 2.2. Basic principles of additive manufacturing. (a) Design of a model and subsequent transformation into digital
format with the use of CAD software; (b) Slicing of virtual model into layered data, insertion of support structures and
preparation of instructions to be sent to the printing device; (c) Additive manufacturing of model or product, for example, by
melt extrusion, and eventual postprocessing to remove typical artifacts, including support structures and surface roughness
due to staircase effects.?

The scientific and technological impact of AM has steadily increased since the first commercial
instruments were introduced. Figure 2.3 clearly highlights, in fact, how the annual number of
scientific publications and patents from 1985 to 2016 using the terms “additive manufacturing”
and “rapid prototyping” has been, and continues to be, in great growth over the time. As
examples, some of the books and reviews published in this period are cited here.'* 8 With the
growing interest in additive manufacturing, at the same time bioprinting (based on AM) has

witnessed a comparatively impressive increase in patents and publications over the last 25



years, with a growth that is expected to continue and may in the near future reach the levels of
AM.

3000 - -+« - Rapid Prototyping
—— 3D Printing
- — Additive Manufacturing
2500 - -- = Bioprinting
2000 !
[2)
—
I 1500
1000
500 -
Ozt oo e poome

19'90 19195 20100 20105 20110 20'15
Publication Year

Figure 2.3. Research interest in rapid prototyping, 3D printing, additive manufacturing and bioprinting, as indicated by the

number of hits per annum for the respective terms (data from Web of Science, accessed July 27, 2017).10

In recent years, the overall market situation for AM was characterized by significant growth
rates with revenues from services as well as products which surpassed the value of 5 billion
USD in 2015*° (Figure 2.4). This significant growth spurred a lot of interest in AM-related
activities, and major players in the manufacturing industry (aerospace, energy, automotive,
consumer products, and medical/dental) have started activities in the field. AM is currently
able to fabricate parts made of metals, polymers, and ceramics. For example, as indicated in
Figure 2.5, the global additive manufacturing market size for North America was valued at
USD 13.84 hillion in 2021 and is expected to expand at a compound annual growth rate
(CAGR) of 20.8% from 2022 to 2030.%° Interestingly, the largest fraction of these material
sales still goes into photopolymers, powders for laser sintering?* and polymer filaments for
fused deposition modeling, while in 2016 AM metals were sold for a value of only 127 million

USD. Polymers are therefore clearly the most widely used material class for AM.
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Figure 2.4. Worldwide revenues from AM products and services between 1995 and 2016.
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Figure 2.5. Additive manufacturing market size for North America from 2020 to 2030.%°

Clearly, the cost effectiveness of using additive manufacturing is closely linked to the quantity
of parts and the speed with which they are produced. Although, in fact, the technology is not
suitable for use in series production, it far exceeds the more traditional subtractive techniques
for applications with a high level of individuality. For some clinical applications, such as

osteoplasty, dentistry and orthodontics, precise fit implants or supports are often produced by
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AM based directly on patients' tomographic data.??-% Further fields with commercial relevance
include architecture, urban development, and jewelry 2”2

With the increasingly widespread use of additive manufacturing, the need for increasingly
specific prototypes and the requests for better final performance also increase?. However, there
are still several shortcomings regarding this technology, and it is on the latter that much of the
current research is focusing. The first drawback concerns the production speed: in fact,
although AM allows to reduce the time necessary for the validations of the project and allows
the production of functional prototypes already in the early stages of development, it remains
a production technique that is still relatively slow compared to those mass production, such as
injection molding. This aspect makes additive manufacturing suitable for applications that take
advantage of its customization flexibility, but makes it currently inadequate for use on an
industrial scale. Research to broaden the scope in the future ranges from advanced path
planning procedures for SLAs in the 1990s to the development of continuous production of
liquid interfaces (CLIP)4%,

With the progress of AM technology, it would have been expected to be able to obtain products
with performances equal to or superior to those obtained with traditional subtractive and
formative techniques. However, in most cases the products obtained from AM exhibit worse
mechanical properties. Depending on the specific process employed, this weakness may be due
to a limited choice of materials suited for a process (e.g., photocurable vinyl- or epoxy-
functional oligomers for photo-polymerization in the case of SLA)3! or to an unavoidable
porosity of parts derived from powder bed fusion or material extrusion.3?33 Furthermore, given
the layer-by-layer deposition process, the artifacts often have anisotropic mechanical
properties, with a border region between adjacent layers in which all residual stresses
accumulate in applications where good mechanical strength is essential®*. For example, in the
case of FDM technology it has been shown that the anisotropy and therefore final mechanical
properties are strictly dependent on the material used and on the process conditions.®
Anisotropy also occurs in the case of AM lithography, where however it can be mitigated with
postcuring treatments.3 In any case, as shown by recent research, the use of composite
materials could represent a solution for improving the final mechanical properties of printing
products®’. Another aspect to consider and which depends on both the specific technique and
the material is that of spatial resolution. A low resolution can, in fact, lead to poor quality and
functionality of the final products.

Another limitation of AM is the ability to process different materials simultaneously.

Commercial multicolor 3D printers have become increasingly common, but are only able to
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print different colored filaments of the same type of material .3 Conversely, processing two or
more different materials at the same time is more complicated due to differences in reactivity,
thermal and rheological properties and possible incompatibility between the materials
themselves.*

Almost all additive manufacturing techniques have been modified to allow multimaterial AM
(MMAM), but only some of them have been commercialized. For example, MMAM is possible
for vat photopolymerization by using multiple vats and transferring the object between vats
during building*®#! and even in powder bed AM by changing powder material for another
during printing*?. However, MMAM techniques are limited due to contamination issues, slow
transfer from one material to another, and above all by the fact that material exchange is
possible only between layers (1D multimaterial) and not within layers (3D multimaterial).
Material jetting MMAM based on drop on demand (DOD) technology, however, allows for
rapid exchange between building materials at every 1D point within a 3D printing job.*? In
general, these MMAM techniques plays an important role in AM for bioprinting and

applications in medicine and life sciences.

One of the most promising applications of AM concerns the field of personalized medicine
where, using information from tomographic images (X-rays, MRI, etc.), it is possible to create
customized objects for each patient. AM is in fact already used in surgical planning, for the
production of prostheses, in dentistry and for tissue engineering.*+4

The use of AM for applications of this type requires particular attention both for the materials
and for the technique to be used. For example, acrylates, which are commonly used in all
lithographic AM methods (SLA, Polyjet), are cytotoxic but can be replaced by less reactive
methacrylates or thiol-ene systems?*®:0,

The same PLA, used extensively in FDM and in any case approved by the FDA for human
implantation, is not adequate due to its poor mechanical properties®'. Moreover, FDM is a melt
extrusion process and does not allow incorporation of living cells or growth factors. An
alternative solution is given by bioplotting, an AM method performing at room temperature
with which it is possible to manipulate hydrogels containing cells and growth factors.>23
Even in this case, however, especially using a multi-material approach, the precise control of

temperature and other process parameters is still not straightforward.
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According to the ASTM International Committee F42 on Additive Manufacturing Technology,
we can distinguish between seven types of AM techniques®*®, including material extrusion
(ME), material jetting (MJ), binder jetting (BJ), sheet lamination (SL), vat photo
polymerization (\VP), powder bed fusion (PBF) and directed energy deposition (DED)2. Each
AM method has its own characteristics in terms of speed, resolution and cost, thus offering
different choices for users®.

Material extrusion is a manufacturing process in which material is heated inside a high
temperature extruder and then distributed through a nozzle. Fused Deposition Modeling
(FDM), Fused Filament Fabrication (FFF), 3D Dispensing, and 3D Bioplotting fall into this
category.

Material jetting is an additive manufacturing process in which droplets of build material (such
as photopolymer or thermoplastic materials) are dropped in a selected area and cured using UV
light to produce a layer.5” Systems based on inkjet-printing fall into this category.

Binder jetting is a process in which a liquid bonding agent (binder) is selectively deposited a
powder bed to produce green parts with complex 3D structures.>®

Sheet lamination is an additive manufacturing process in which sheets of material are bonded
together to form an object.

Vat photopolymerization is an additive manufacturing process in which liquid photopolymer
in a vat is selectively cured by light-activated polymerization. Many of the lithography-based
AM approaches (e.g., multiphoton polymerization (2PP)°, digital light processing (DLP)&62,
and stereolithography (SLA)®263) can be grouped into this category.

Powder bed fusion is an additive manufacturing process in which thermal energy, provided
by a laser or an electron beam) selectively fuses regions of a powder bed. Selective laser
sintering (SLS)®* and electron beam machining (EBM) fall into this category. These processes
are used for metals as well as polymers.

Directed energy deposition (DED) is an additive manufacturing process in which focused
thermal energy is used to fuse materials by melting as they are being deposited. This process

is currently only used for metals.5566

2.2 Material extrusion: fused deposition modeling

Fused Filament Fabrication or Material Extrusion Additive Manufacturing (MEAM) was

patented under the registered trademark Fused Deposition Modeling (FDM) by Scott Crump
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and his company Stratasys, Inc. in 1989 and it is currently one of the most widely used and
fastest growing AM techniques. As with all other additive manufacturing techniques, the
manufacturing process begins with the production of a 3D model, obtained using CAD
software or from 3D scans®’. The 3D model, usually in the form of an .STL file, is converted
using a preprocessing software which slices the 3D model into separate cross-sectional layers
and defines the path that should be followed during printing. A file is then obtained containing
all the instructions necessary for printing which can be sent to the FDM device.5"68

This technique uses as a feedstock a filament of thermoplastic polymer material that is pushed
through a nozzle, heated to a temperature at which the polymer is able to flow, then extruded
layer by layer onto a build plate (printing bed). A tripod moves the print nozzle in the horizontal
plane (x-y direction) as the material is deposited. The gap between the nozzle and the bed
corresponds to the thickness of the produced layer. When one layer is completed, the build
plate is lowered in the vertical direction and the next layer is deposited on the one just finished.
The molten material exiting the nozzle solidifies during cooling.*-°

A schematic representation of the working principle of the FDM process is reported in Figure
2.6 , which also shows some of the key process parameters that can be chosen or adjusted when

using this technique.”

Filament spool
feedstock

2 Tenvironmenl
filament

Feed
pinch
rollers

/_'x «——— Liquefier (Tquefier)

| Print
nozzle

Build plate (Teuigpiae) ~ Vrint by

Figure 2.6. Example diagram of the operating principle of an FDM 3D printer and its main components.”

Compared to the other main polymer-based AM techniques, FFF is a rather cheap, simple and
flexible process'’. Moreover, it still provides the opportunity to process a much wider range

of materials than, for example, SLA, which is limited to photopolymers only. Furthermore, the
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energy consumption is also lower, in particular when compared to the SLS, whose operation
requires the use of a high-power laser.%¢

FDM uses both amorphous and semi-crystalline thermoplastic polymers. The two most widely
used and commercially widespread materials are acrylonitrile butadiene styrene (ABS) and
polylactic acid (PLA), which are respectively amorphous and semi-crystalline.10.68.72
However, the continuous progress of additive manufacturing, with the transition from a simple
prototyping technique to one for a real production of functional parts, has required the
introduction on the market of new high-performance thermoplastic materials.”® Specifically,
these are engineered and high-performance materials based on semi-crystalline polymers,
which however can have more complex processability windows than amorphous ones.°

In general, the crystallization process provides these materials with a typical lamellar
morphology consisting of polymer chains packed parallel to each other with amorphous regions
in between these lamellae. Generally, crystalline fraction provides increased toughness, wear
resistance, strength and stiffness, although amorphous thermoplastics results better in impact
resistance.”*’> Moreover, whereas amorphous thermoplastics gradually soften when heated
above the material’s glass transition temperature, that corresponds to the transition from a
glassy to a rubbery state, the crystals in semicrystalline polymers maintain their orderly
microstructure up until their melting point at which they pass to the liquid state.”®’’

For this reason, semicrystalline polymers can thus be employed at higher temperatures
compared to amorphous thermoplastics, which typically experience a radical decrease in
mechanical properties at glass transition temperature.”’® The presence of the crystalline
structure also confers better chemical resistance and biocompatibility.”®

The presence of these dense crystalline regions makes semicrystalline thermoplastics suffer far
more severely from shrinkage upon cooling compared to amorphous polymers, which can lead
to serious implications in the use of these polymers to produce functional parts that require a
specific dimensional accuracy.’6-’8

The applications of semicrystalline feedstocks are mainly situated within three fields, including
medicine, electronics, and aerospace and automotive. Polylactic acid (PLA), for example,
offering the advantage that its degradation products naturally occur in the human body and can
be resorbed again through the metabolic pathway, has already been used to produce scaffolds
for tissue engineering applications.”® 82

Polycaprolactone (PCL), another polyester with high biocompatibility and slow
biodegradability which, in addition to the production of scaffolds®-%, together with PLA is

used in the manufacture of medical devices for the controlled release of drugs.26-88
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Moreover, polyetheretherketone (PEEK) is a high-performance semicrystalline thermoplastic
which is biologically inert and is proposed as an alternative for invertebral lumbar cages®’,
customized dentistry parts®® and, together with polypropylene (PP) as a possible material for
cranial implants, 1.9

Another possible application concerns the field of electronics where, for example, PLA blended
with fillers such as carbon black, graphene or Cu micro-dust, produces filaments with
conductive properties.®39

Moreover, combining polyvinylidene fluoride (PVDF) with multi-walled carbon nanotubes
and BaTiO3 it has been possible to obtain enhanced dielectric properties for the fabrication of
energy storage devices such as capacitors,® while PP has been proposed as a possible material
to be used for high and medium voltage insulation systems.%

The main polymer that is currently used for FFF applications in aerospace is Ultem, which is
the trademarked name for polyetherimide (PEI), an amorphous specialty polymer certified by
the US Federal Aviation Administration. In aerospace and automotive the amorphous polymer
polyetherimide (PEI), certified by the US Federal Aviation Administration®’, is going to be
replaced by high-performance semicrystalline thermoplastics such as PEEK and

polyphenylene sulfide (PPS) which have proven their added value in this type of application.®®

2.3 Mechanical anisotropy

As previously mentioned, the evolution of FDM from a prototyping technique to a production
tool is hindered by several still unsolved problems, such as the poor surface quality determined
by the size of the nozzle and the viscoelasticity of the polymer®®2® the low construction
speed’?’ and the limited range of materials available compared to those for traditional
processing methods.® More specifically, the key limitation that makes FDM unsuitable for
practical applications derives from the weak and anisotropic mechanical properties originating
from the layer-wise building strategy.? The products obtained with FMD by using either
common commercial materials or high-temperature engineering polymers are worse in
mechanical proprieties as compared to their counterparts produced by conventional processing
like injection molding (1IM) ,200.101 with the bond interface between layers as the weakest link
in these parts. In particular, the strength along building direction (z direction) is only about 50
—60% of that in printing direction (x-y plane)!®?, thus making the parts obtained with FDM the

most anisotropic among all additive manufacturing products.1% Two printing parameters have
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the greatest effect on the anisotropy of 3D printed parts, i.e., the raster angle and the build
direction. Figure 2.7a reports a schematic illustration of three possible raster angles. Gao et al.
showed how with the increase of raster angle from 0° to 45°/- 45° and then to 90°, the tensile
strength of polylactide (PLA) parts decreased from 64.3 MPa to 54.2 MPa and then to 25.7
MPa (Figure 2.7b).1%° This behavior occurs for any type of sample printed with FDM,
regardless of the type of material used.!01194-106 The variation of tensile properties with raster
angle arises from the fact that raster angle affects the way that load is transferred within the
specimens. By soliciting the specimens in parallel to the printing direction (0°), thanks to inter-
filament voids that reduce the loading-bear area, tensile strength comparable to those of the
counterparts prepared with injection molding (IM) are obtained. With the increase of raster
angle, the role of the bond interface between adjacent filaments in carrying the load increases,
resulting in a worsening of tensile properties.'®” However, it is possible to eliminate the
anisotropic effect of the raster angle on tensile strength by alternating layers aligned
symmetrically with respect to the loading direction'®, for example printing with 45°/-45° raster
angle.1%®
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Figure 2.7. (a) Schematic illustration of raster angle; (b) Tensile strength of PLA-based specimens printed with various
raster angles.'

The anisotropy of the mechanical properties of the parts printed with FFF is also strongly
correlated to the orientation of the construction. As shown in Figure 2.8a, there are three
possible construction orientations: XYZ, YZX and ZXY. Generally, comparable strength is
achieved with the XYZ and Y XZ orientations, compared to the ZXY orientation which is the
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weakest configuration.'%1! In recent work by Chacon et al., the tensile strength of the PLA
parts in the XYZ (upright) orientation is approximately 30 MPa, clearly lower than the XYZ
(flat) and Y XZ (on-edge) orientations (53.0 MPa) (Figure 2.8b).%°
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Figure 2.8. (a) Representation of the three possible construction orientations for FDM parts; (b) Stress-strain curves of PLA
parts printed at various build orientations: XYZ (flat), YXZ (on-edge), and ZXY (upright) by using a layer thickness and print

speed of 0.06 mm and 20 mm/s, respectively.®

Anyway, the anisotropy of mechanical properties remains, even if the parts' strength varies
with process parameters like feed rate and layer thickness®>1? or testing temperature.'*3 This
is due to the fact that samples printed in ZXY exhibit failure at the interlayer bond interface
while other samples show raster failure.

Despite the attempt to incorporate fillers into the original materials to improve their mechanical
propertiest'4115 the composites obtained show a still poorer interlayer adhesion and greater

anisotropy than the starting materials.*16-118

2.4 Interlayer bond formation

The final mechanical properties of polymeric materials strongly depend on the processing
methods undergone, during which the polymer undergoes a thermal history and is subjected to
certain external forces. In the case of conventional injection molding, the molten material is

subjected to high pressures which cause a compact and almost homogeneous structure to be
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formed.!°120 During the FFF process, on the other hand, the molten polymer solidifies and
binds with neighboring materials without the intervention of external forces other than the
gravitational one.*?%122 The quality of the weld region between adjacent layers with respect to
the bulk properties of the print material is a determining factor for the final structural integrity
of the parts. The adhesion process between adjacent layers during printing is similar to the
welding of polymeric films via reptation. This process is characterized by three distinct phases:
1) surface contact, 2) neck growth guided by surface tension and 3) molecular diffusion and
entanglement across the filament interface.'?>1%4, Schematic of interlayer bond formation is

reported in Figure 2.9a.1%
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Figure 2.9. (a) Schematic of interlayer bond formation through (1) surface contact, (2) neck growth and (3) molecular diffusion

and entanglement formation; (b) Temperature profiles at the filament interface for ABS parts printed at different print speed.?

Under isothermal conditions, the weld strength increases with a power-law dependence of weld
time (t) above the glass transition temperature (Tg) of the polymer, where the power law
coefficient varies from 0.25 to 0.5 depending on the time scale and the initial configuration of
the chain ends at the interface.'?” However, periodic temperature fluctuations due to the
intrinsic nature of this type of technology make the process non-isothermal. As determined by
thermocouple!?126 or infrared thermography,'?8-130 the interfacial temperature periodically
increase to the peak values, and then decrease to the low limit around the buildplate temperature
or the environment temperature. As an example, in Figure 2.9b temperature profiles of certain
points at the filament interface obtained at different print speeds are shown for ABS parts from

a work by Yin et al.’?6 As visible, the variation of printing speed mainly shifts the peak of
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temperature profiles, but all the profiles still keep the same pattern. As a consequence of the
temperature fluctuation, the effective weld time for bonding between adjacent layers is very
short, on the order of 1 s.13 Furthermore, the behavior of polymers with temperature changes
in semi-crystalline and amorphous materials.?4132

Currently, the formation of the interlayer bond is mainly studied on the basis of a modeling
methodology.122133-136

In general, coalescence of neighboring filaments starts instantaneously after surface contact.*’
The process can be traced back to that of the coalescence between two particles, driven by the
surface tension, but hindered by inertial forces and the intrinsic viscosity of the fluid
involved.'® In the case of amorphous polymers, the viscous force is the dominant factor
because of the high viscosity. For this reason, viscous sintering is the main mechanism for the
coalescence of filaments. Bellehumeur et al. applied the Newtonian sintering model in
combination with a 1D heat transfer model to predict the evolution of the neck between

spherical ABS filaments during printing as follow:

dd I 275/3cosfsind(1-cosh)/3 -
dt  agn (1-cos6)(1+cos®)1/3 (2.1)

with
0 =sint (V/q) (2.2)

where y, ao, m, and I represents neck length, initial particle radius, viscosity, and surface
tension, respectively.'?®> The model reveals that the neck growth process occurs at interface
temperatures above 200 °C.*2® However, during the printing process, this condition can be
satisfied only for a few seconds until the next upper layer is deposited.’3® As consequence of
this, there is not enough time for complete coalescence of the filaments before solidification,
resulting in incomplete neck growth and a large amount of voids between filaments in the
parts.14%141 |n fact, by combining the results of theoretical models with experimental ones, a
clear dependence of the bond strength on the length of the neck is highlighted. In particular,
printing parts at higher temperatures or using a lower layer thickness, allows to obtain a lower
density of voids and, consequently, a higher quality of the bond.'?1:134142 Molecular weight also
plays an important role in relation to the final quality of the bond. According to Equation 2.1
higher coalescence rates are obtained for lower molecular weights, regardless of whether an

amorphous or semi-crystalline polymer is being processed.'#3-14° Srinivas et al., for example,
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demonstrated how the reduction in M,, of PLA from 245 to 148 kg/mol induced a reduction in
void fraction (from 0.48% to 0.16%), favoring the coalescence of adjacent filaments.46

Once the contact between the surfaces occurs, the diffusion of the macromolecules at the
interface continues until the glass transition temperature is reached, at which the polymer
chains freeze. From the molecular point of view, Wool et al.'*’ proposed a model in
combination with transient heat transfer analysis to study the molecular diffusion process
during FDM and evaluate the strength of the interlayer bond.'?* The weld strength was found
to increase proportionally with 7925, which is similar to the non-isothermal healing of polymer
films.12” However, as shown by Seppala et al., typical FDM process provides a very short time
for molecular diffusion in the range 0.1-100 ms®3°, inducing a binding interface with the
interdiffusion length less than the radius of gyration (Rg) of the polymeric material, thus
showing a weaker binding quality with respect to the bulk properties.

Notably, neck growth and molecular diffusion processes were studied separately in the
previous literature. Among them, Coogan et al. developed a model for predicting the interlayer
strength through combining intimate contact, wetting and diffusion models, finding a strong
dependence of the quality of the bond on the relaxation time of the material.1*®

On the other hand, Mcllroy et al. developed a non-isothermal model involving polymer
relaxation, entanglement recovery and diffusion processes to study the bond formation of
polycarbonate (PC) during FDM.3# The fracture toughness G¥ at the bond interface is given

by equation as follows:

1 2
GY~(1— 2.3

where g ~ 0.6, v, is for the entanglement fraction at the bond zone and Z,, is the
entanglement number of a melt related to M,,. Due to the high shear rate immediately in the
vicinity of the nozzle, an important stretch of the chains in the printing direction is obtained,
with the subsequent re-entanglement hindered by the progressive decrease in temperature. The
model therefore suggests that the final mechanical properties of the bond are more affected by
the re-entanglement density, rather than the interdiffusion length, that surpass Rq at typical

printing conditions.®
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The interlayer bonding process is more complicated in the case of semi-crystalline polymers,
since both the growth of the neck and the molecular diffusion are affected by crystallization,°?
especially if there are crystals having a different size than the interdiffusion length.59.151
Unlike amorphous materials, in the case of semicrystalline polymers, neck growth can only
occur above the crystallization temperature.’*® Below it, the consistent increase in viscosity
hinders further neck growth, but does not totally prevent interdiffusion, which still stops at the
glass transition temperature.

Mcllroy et al., introducing the crystallization kinetics of PCL in the model described above,
showed that the time to 10% crystallization at the bond region was larger than the reptation
time.152 Nogales et. al, moreover, by means of real-time x-ray measurements on printed PP,
found that the deposition of new layers induced a partial melting of the previous filament
surface, allowing a fine welding with interdiffusion length well above Rg.*%® Generally, this
means that the interfacial bond strength for semicrystalline polymer parts is typically not
limited by interdiffusion. For materials with slow crystallization kinetics, such as PLA, the
welding process is similar to what happens in the case of amorphous polymers, although flow-
induced crystallization can sometimes occur on the filament surfaces.*>

A good knowledge of the welding process is therefore essential to be able to control the final
mechanical properties of the parts and thus optimize the production process. The main methods
currently used to characterize the bond region concern the study of mechanical properties>>
157and meso- or microstructures, %819

The most used mechanical tests are tensile tests'6157  three point bending*?%1%° and impact
tests.6! Tensile test is the most direct method to measure the weld strength, since other methods
can induce load modes like compression and shear.'> One of the most used and representative
methods to characterize interlayer welding is the Double cantilever beam (DCB) Mode-I
fracture test.51-163 The test specimens with a pre-crack are printed by depositing the filaments
parallel to the specimens' longitudinal direction, in order to favor the development of the crack
along the interlayer bond interface.'64165 At this point, the Mode-I loading is applied at the end
of two arms to detect the critical load at crack initiation and the load-displacement curves of
DCB specimens. The fracture energy is then obtained by relating the maximum load with the
sample thickness and the initial crack length.16®

Other mechanical tests, such as Mode I11 fracture method*3°6” and T-Peel method!°:1¢8 are
also applied to characterize the interfacial bond quality. It also must be remembered that, since
there are no ASTM standards for additive manufactured parts, testing of FDM parts should

conform to the ASTM or ISO standards used for conventional processing methods,%
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correcting the nominal cross-sectional surface for the actual cross-sectional area or the void
fraction to obtain the normalized interlayer weld strength. 15

Information on the quality of the interlayer bond can also be obtained from mesostructures,
which can also be predicted using numerical simulations of computational fluid dynamics in
combination with a surface acquisition algorithm.6® Experimentally, it is possible to study the
mesostructures of FDM printed samples using optical microscope!?:158161 or scanning
electrical microscopy (SEM)1%164170 in order to evaluate the contact length (L) between
adjacent filaments and road height (h) (see Figure 2.10a). Indeed, Abbott et al. showed that the
interface strength between adjacent layers grows proportionally with the ratio L/h.1% The
improvement of the bond quality occurs only up to the limit value of L/h=0.6 (Figure 2.10b).
This occurs because L affects only the physical contact between the filaments but is not directly

responsible for the interdiffusion.1%
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Figure 2.10. (a) Mesostructures of PLA parts printed in XYZ direction; (b) Interfacial tensile strength as a function of

normalized contact length for PLA samples printed XYZ and ZXY directions.®

Finally, the microstructure, including chemical composition, chain configuration and crystal
structure, can also influence the final quality of the weld. Wang et al., for example, combining
optical microscopy and measurements with SEM, detected the presence of interfacial crystals
of PLA by printing using low layer heights, and highlighted how these samples have much
better impact properties than the counterparts obtained with IM.* Shmueli et al., in another
paper, detected in-real time the evolution of the crystalline structure of printed PP using X-ray
measurements.*®° It was verified that, despite the initial formation of kebab-structures, the

partial re-fusion of the filament due to the deposition of subsequent layers induces a less

23



crystalline bond interface, and allows for complete molecular diffusion between adjacent
filaments.

To overcome the problem of the weakness of the interlayer region it is therefore necessary to
carefully control the process conditions and an adequate choice of feedstocks. In a recent work,
Bhandari et al. propose a series of methods used to improve the bond interface for FDM-printed
parts. These include microwave heating, infrared re-heating, optimization of printing
parameters, and annealing.’?

The process conditions are fundamental as they determine the temperature history undergone
by the material and consequently, actively influence the quality of the bond between the
adjacent layers. In particular, the increase in the nozzle temperature, allowing the material to
remain above the glass transition temperature for longer, gives the polymer a longer time
interval to form the weld.'® As seen in the literature, by combining the time-temperature
superposition principle with the rheological properties of the materials, it is possible to
calculate the effective weld time.”?13 Seppala et al. showed that the weld time for ABS parts
increased from 0.01 s at Tn=210 °C to 0.1 at Tn=270 °C, while it remained substantially
constant as the deposition rate varied (Figure 2.11a).1% Particularly, the nozzle temperature is
the parameter most able to optimize the quality of the bond compared to the others. Gao et. al
showed how for parts printed in PA1012 there is an increase of tensile strength over 50% by
increasing Tn from 200 °C to 220 °C (Figure 2.11b).1"? More generally, it must be considered
that at high temperature the viscosity of polymeric materials decreases considerably, thus
facilitating, in the case of our interest, the formation of the neck and the subsequent molecular
interdiffusion.’®>1%7 On the other hand, bed and environment temperature determines the
minimum temperature (Tmin) polymers are maintained following the deposition. Consequently,
a Tmin above Tg means that there is a longer period for molecular diffusion between adjacent
filaments.1”® Yin et al. showed how the increase of Th significantly improved the interfacial
weld strength between TPU and ABS from 0.86 MPa at 30 °C to 1.66 MPa at 68 °C.1?
Moreover, for semicrystalline polymers, a higher minimum temperature is useful both to
improve the interfacial bond strength and in helping for the stress relaxation which often causes
warpage phenomena.l’#1"> However, when working at high temperatures, the possible
degradation of the materials must not be neglected, which would lead to a net deterioration of

the final mechanical properties and loss of dimensional accuracy.%
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Figure 2.11. (a) Equivalent isothermal weld time at different nozzle temperature as a function of print speed. Weld time has
been calculated by numerical integration of 1/a; profiles determined from WLF fit to a; values and temporal weld
temperature profiles for all printing conditions studied;*3 (b) Intralayer bond strength of PA1012 parts with 90° raster angle

as function of nozzle temperature.2

Deposition rate can influence the quality of the bond interlayer, too. By reducing the print
speed, the heat flow provided by the print head and polymer melt induces local annealing at
relatively high temperatures and long time-scales, allowing the melt to remain above the
minimum temperature for a longer time, thus favoring interdiffusion.146:16” The same effect can
be achieved by decreasing the layer height. Small layer heights, in fact, contribute significantly
to increasing the exit contact pressure, which is responsible for forcing the new layer into
intimate contact with the previous layer.135176.177 Actually, it was found that the effect of layer
height on the binding interface is highly dependent on the orientation of the print.3>1%® By
comparing ABS-printed parts, it was found that the increased layer height provides greater
tensile strength for the XYZ orientation as this increases the contact length between
neighboring filaments. Conversely, a smaller layer height is preferred for the ZXY orientation
due to the greater compaction between layers which promotes longer contact lengths.'>
However, in the case of PLA samples printed in ZXY direction, better tensile and flexural
strengths were obtained by using higher layer height.®®> Nevertheless, these contradictory results
could be related to the different methods of characterization of the mechanical properties of the
interfacial bond, in which the specimens had different geometries and therefore were subject
to different thermal histories during printing, but also by the different melt viscosity and

crystallization behavior of the starting feedstock.’® It is however necessary to remember that
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the formation of the bond interlayer is in competition with the achievement of dimensional
accuracy for FDM-printed parts. Conditions that favor a good welding can lead, in fact, to a
loss of the surface quality of the products. As the average product temperature increases,
preservation of print resolution as the number of layers in the z direction increases is
progressively challenged by excessive flow and insufficiently fast solidification. Parts with
lower layer thickness or low print speed,'”® sometimes as a result of cold-crystallization
process, t00.146 A possible in-process solution could be the use light sources as an energy
source to re-heat the deposited strands during printing in order to increase the temperature at
the filament interface. Desphande et al, for example, proposed an in-process laser local pre-
deposition heating (LLPH) method to increase the inter-layer interface temperature during
printing to nearly twice as high as that without assisted heating.*®° As a result, interpenetrating
inter-layer diffusion is achieved to a larger extent, allowing to increase interlayer bond
toughness up to 77%. In a similar work, Striemann et al., integrated an infrared preheating
system (IPS) into the FDM set-up for printing a carbon fiber-reinforced polyamide.'®? In
addition to the improvement of the bonding quality obtained with the quasi-static standard tests,
the mechanical tests under cyclic loading highlighted the opportunities to improve the lifetime
performance of AM polymer with the IPS. Generally, an increase in the power of the laser or
IR lamp allows for better welding quality. However, the use of excessive power and too long
treatment times can cause problems in dimensional control, leading to polymer degradation
and viscous flow.166.180.181 The solution to these drawbacks is given by the use of ultrasound as
shown by Tofangchi et al., who achieved an increase of up to 10% in the bond strength of ABS
parts thanks to ultrasonic vibrations-induced decrease in polymer viscosity.*%® Another post-
processing method to promote inter-strand molecular diffusion and thus improve the quality of
the interlayer bond is given by annealing. As shown by Bhandari et al., post-processing via
annealing was found to be effective in increasing the interlayer tensile strength of 3D printed
PETG-CF and PLA-CF composites increased three-fold and two-fold, respectively, reaching
values typical of their neat polymer counterparts.t’* Similarly, in the case of semi-crystalline
polymers, annealing can lead to an increase in the degree of crystallinity.'82-18 For example,
ina Papon et al.’s study on PAN-based milled carbon fibers, the annealing process post printing
doubled the degree of crystallinity enhancing the mechanical properties significantly.'8 For
amorphous polymers, an effective annealing temperature should be above glass transition
temperature, while for semicrystalline ones, annealing temperature should be carefully chosen
based on printing materials. For the latter, improvement in the interlayer bond is usually

obtained when annealing is carried out between the T4 and the cold crystallization temperature
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(Tec) of the polymer since annealing above Tcc has no contribution to the interfacial strength,
as the increase in crystallinity hinder molecular diffusion across the interface.’’* However,
there are some cases in which it is possible to increase strength and modulus by annealing at
Tec, as found by Fitzharris et al. studying the mechanical properties of FDM-printed parts with
polypropylene sulfide.’® Finally, an innovative and promising post-processing method is
microwave-induced local heating. In a recent work, Sweeney et al. prepared PLA parts with
carbon nanotubes (CNTs) localized at the interlayer interface.’®® Upon exposure to radio
frequency (RF), CNTs were selectively and locally heated to promote molecular diffusion and
entanglements between adjacent layers, increasing the interfacial fracture strength by 275%

over the untreated FDM-printed parts.

Chemical and physical modifications are other possible solutions to improve bond strength.
Davidson et al. synthesized a partially cross-linked terpolymer consisting of furan-maleimide
Diels— Alder (fmDA) adduct as the mending agent and then blended it with a commercial PLA
material.’®” Following the heating in the nozzle, the mending agent thermally depolymerized
and repolymerized upon cooling after deposition, generating chemical bonds even between
neighboring layers. A net increase in the interfacial bond strength of 88% and 130% were
observed for PLA parts containing 10% and 25% mending agent, respectively. In comparison,
the physical modification, i.e., blending organic or inorganic additives with the polymer matrix
is a highly efficient and low-cost way to strengthen the bonding interface and functionality of
FFF molded parts. Usually, the composites obtained have a lower viscosity than the starting
materials and therefore allow to obtain resistant parts with a low anisotropy. Previous work
showed how it was possible to enhance the intra-layer bond strength from 25.7 MPa for neat
PLA to 52.6 MPa for PLA/talc'’? or improve the interlayer bond strength of ABS specimens
by 18-60% with the addition of calcium carbonate (CaCO3) nanofillers.'® To sum up, it is
evident that in order to obtain printed products of good overall quality, a profound knowledge
of the molecular dynamics of the materials used, in the needed processability window, is

required.
2.5 In-situ crystallization measurements

As mentioned above, for the interlayer bonding of semicrystalline materials, the knowledge of
the crystallization temperature at printing conditions would be highly required. Researchers

have developed a good knowledge of the structuring of semicrystalline polymers in classic
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manufacturing techniques during the last decades. To this end, several methods to measure the
crystallization of polymers during actual processing or under processing-like conditions (e.g.,
rapid cooling, shear flows) have been fundamental. Most results were retrieved applying
synchrotron X-rays measurements to various processing technologies, ®including pilot-scale
processing units such as film blowing, extrusion casting, or fiber spinning.1%%-1%3 Besides,
experiments exploiting light-matter interaction have been coupled to lab-scale setups
mimicking processing conditions to detect the phase transition more simply. For instance,
Lamberti et al. correlated transmitted laser intensity and its depolarized component to thin
polymer film's thermal history during a rapid cooling process.'®* Their set-up was able to
quickly cool thin polymeric films and simultaneously record: i) the thermal history of the
sample and ii) the total laser light intensity and its depolarized component passing through the
sample of isotactic PP, allowing to monitor the evolution in time of the degree of crystallinity
(Figure 2.12a). The interactions between the light beam and the crystallizing material were
modeled taking into account the phenomena of absorption and scattering. The proposed model
was able to reproduce the experimentally observed trend of light intensities (Figure 2.12b) and
was validated by comparing it with a conventional DSC analysis. The evolution of crystallinity
from DSC measurements was very similar to that calculated from the light intensity

measurements, thereby confirming the internal consistency of the model.

25 30 35 40 45 50 55 60 65 70 75 25 30 35 40 45 50 55 60 65 7O 75
a) 1 L 1 1 1 1 1 1 1 b) % 14 L L i 1 1 L i 1 1 14
1,04 +1,0 2
_5 124 = I, experimental L 12
0 0 — I, from model
@ 084 0.8
8 104 10
E 0.6+ 0.6 = 8 8
= 2
e L
= 0.4 0.4 T 6 6
= =
£ 2 4 L4
£ 0,24 0,2 E ;
g N2 L2
[}
0,04 0,0 °
e 2 0———————————————t0
25 30 35 40 45 50 55 60 65 70O 75 8 25 30 35 40 45 50 55 60 65 70O 75

Time, s Time, s

Figure 2.12. (a) Evolution of the degree of crystallinity over time obtained from the measurement of the overall intensity of

light transmitted; (b) Trend of depolarized light over time according to the model and experimental data.!%*

Also, De Santis et al. followed a similar approach to monitor the evolution of crystallinity for

an isotactic polypropylene resin by measuring transmitted light intensity during temperature
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quenching.'® The rapid cooling cycles were carried out by means of an innovative apparatus
combined with an optical set-up constructed as follows: a Helium-Neon laser beam placed
before a polarizer crossed the polymer film while this was subjected to the cooling treatment
(Figure 2.13a). The apparatus was able to perform simultaneous measurements of the
temperature and intensity of the depolarized beam, downstream of the film being analyzed.
Furthermore, in order to monitor both the depolarized and the overall light intensity, beyond
the sample, the beam was split into two beams: the first beam hit the first light sensor (the
AlGaAs LED array in Figure 2.13a after passing through a crossed polarizer), the other beam
struck directly the second light sensor (detector “O” in Figure 2.13a, a conventional silicon pin
photodiode, in order to measure the intensity of the overall transmitted light.). The intensities
of the depolarized light of the photoreceiver initially show almost constant values. At 120 °C,
when crystallization begins, the intensity of the depolarized light decreases reaching a
minimum and then rises to a maximum, reaching a new constant level with small oscillations,
reasonably correlated to the end of crystallization. The out-of-center photodiode signal, on the
other hand, is zero before crystallization and immediately increases with its onset, until it
reaches an almost constant value (Figure 2.13b). The latter signal therefore reflects the
broadening of the transmitted beam due to the increase in the scattering of light when the
polymeric film becomes crystalline. The graph also shows the thermal history monitored by
the thermocouple. Obviously, the temperature drops dramatically at the start of the cooling

process due to the large temperature difference between the cooling medium and the sample.
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On the other hand, shear or elongational flows applied to the semicrystalline polymers can
significantly alter the crystallization kinetics and the morphology of the crystallites, affecting
the properties of the material. Indeed, when the flow conditions are strong enough, the
formation of fibrillar nucleation precursors increases the crystallization Kinetics by orders of
magnitude, generating highly oriented crystallites and drastically changing the final
morphology.t%1% The effects of shear flow were investigated systematically in different works
on isotactic polypropylene. Fernandez-Ballester et all., for example, in a study based on
isotactic polypropylene blends, used a pressure-driven shear cell coupled to an optical setup to
measure birefringence and synchrotron X-rays.'®” The apparatus was able to access a high
stress regime, such as to induce highly oriented crystallization under well-defined flow
conditions, and also allowed independent control of the temperature history imposed on the
polymer. After being heated to eliminate the previous thermal history, the melt was cooled to
a shear temperature reached where a strong shear impulse lasting a few seconds was applied.
The sample was kept at this temperature for about 20 minutes to be finally cooled to the final
crystallization temperature. At the time of temperature reduction (Figure 2.14a), there was an
increase in the growth rate of the oriented crystallites. Crystallite growth manifested as changes

in the optical retardance, transmitted light, WAXD, and SAXS measurements (Figure 2.14).
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small angles in the southern region recorded for an experiment with cut at 0.093 MPa for 2 seconds at 433 K.197

In the case of birefringence, there is an increase due to the orientation of the melt flow, a
decrease at the end of the shear application and a subsequent rise when the crystallization
temperature is reached (Figure 2.14a-b). This is due to the fact that the oriented nucleation
precursors generated at high temperature, and surviving in the melt at the crystallization
temperature, serve as “templates” for the growth of oriented crystallites in which the polymer
chains are preferentially aligned along the flow direction. Furthermore, during the
crystallization of the sample there was a scattering of light due to the formation and growth of
spherulite crystals. Therefore, the degree of turbidity, calculated as the ratio between the total

intensity at a certain time and the initial one, was used to qualitatively monitor the progress of
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crystallization (Figure 2.14c). Further information was obtained from X-ray diffraction
analyzes at high angle (WAXD), regarding the crystalline unit cell, and low angle (SAXS),
regarding the order of the inter-lamellar periodicity, or “long period” (Figure 2.14d-e).

Similarly, in FFF technology, understanding the effects of the processing conditions on the
crystallization kinetics is necessary to develop better models for the process control. Recently,
useful information has been obtained thanks to the use of synchrotron radiation. Indeed,
Nogales et al. demonstrated that simultaneous small-angle and wide-angle X-ray scattering
(SAXS and WAXS) measurements could be used to characterize in-situ crystal structure,
crystallinity, and orientation effects for polypropylene printed using FFF technology.'®
Nogales also showed that the degree of crystallinity is larger in the bulk than on the surfaces
of a single printed filament (Figure 2.15). The formation of this profile is caused by the effect

of the top free surface and the welding zone on the time evolution of crystallinity.
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Figure 2.15. Final crystallinity values as a function of Z position below the free surface in a five-layer sample.153

Later on, Shmueli et al. coupled infrared thermography for temperature monitoring and the
combination of SAXS and WAXS measurements to map crystallinity in polylactic acid FDM-
printed parts.’*° The results highlighted the importance of the temperature profiles during
printing on the structure/property relationships of the samples. Printing along the short axis of
the product resulted in increased thermal retention and higher degrees of crystallinity and

mechanical strength relative to samples printed along the long axis (see Figure 2.16).
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Figure 2.16. (a) The two modes that were used for printing the structures relative to the X-ray beam direction. Insitu WAXS
measurements were performed irradiating the structure at the position marked with a plus sign (+); (b) 2D WAXS patterns
obtained as a function of time from the location marked with the (+) in (a) above, at the positions (top) parallel to beam and
(bottom) perpendicular to beam; (c) Evolution of the crystalline structure in 1D sections corresponding to the 2D images from
Figure b parallel to beam (left) and perpendicular to beam (right); (d) Percentage of crystallinity in the samples, as a function

of time, calculated from the WAXS curves in Figure b in the parallel (A) and perpendicular (m) orientations.13

Mcllroy et al. combined material characterization and on-line crystallization measurements
with a flow-accelerated crystallization model in non-isothermal conditions, showing that the
flow applied to the material during the printing process can influence the morphology of the
crystals in the case of polylactic acid.'>* Although X-ray measurements using synchrotron light
are successful in characterizing crystallinity, it is essential to extend the possibilities of study
in this field to simpler laboratory techniques that do not require high energy radiation sources.
In this context, Northcutt et al. combined infrared thermography and Raman spectroscopy to
demonstrate the effects of different processing parameters (nozzle temperature and feed rate)
on polycaprolactone crystallization kinetics.!3? In particular, they found how an high wall shear
rate (calculated by modeling the printing process as extrusion through a capillary die) enhance
the crystallization kinetics at lower nozzle temperatures, and how the effect of shear is much
less pronounced when extruding at higher nozzle temperatures (Figure 2.17a). Complementary
IR thermography measurements indicate rapid cooling of the extrudate outside the nozzle with

a cooling rate that is independent of the filament feed rate (Figure 2.17b).
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Figure 2.17. (a) Crystallization time as a function of the estimated wall shear rate for three nozzle set temperatures; (b)
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3 MATERIALS AND METHODS

3.1 Filament materials

Different materials were used in the various chapter of the present work. In particular:

In Chapter 4 the material used for the study is a poly(L-lactide) (PLA), indicated with
the commercial name 4043D,%%1% and with a content of D-isomer of about 4% in the
form of pellets and as a spool of 1.75 mm filament for MatEx. The material was
characterized by DSC has and presents a glass transition temperature, Tg, of about 60
°C and a melting temperature of about 151 °C. We note that upon standard cooling at a
rate of 10 °C/min, the material can barely crystallize and is almost totally amorphous,
with a crystallinity index less than 1%. The molar mass distribution was measured by
means of Size Exclusion Chromatography (SEC), using a Waters 717 autosampler with
a differential refractometer (Waters 2410), a pump (LC-20A Shimadzu) and three
Waters Styragel columns (HR2, HR4 and HR6). Tetrahydrofuran (THF) was used as a
solvent at a flow rate of 1 mL/min and a temperature of 35 °C. The values obtained are

Mn=79 kg/mol and Mw=173 kg/mol for the number and weight average, respectively.

The Chapter 5 compares the behavior of six different polylactide filaments having
different molar mass and D-lactide comonomer content. In general, the considered
materials contain either low, intermediate, or high content of D-lactide comonomer.
The approximate percentages are indicated, for the sake of simplicity, as 0, 4, and 12
mol%. Table 1 shows the list of materials used with the indication of their molecular
characteristics, including the average number of entanglements per chain (the molar

mass of a chain section between entanglements is M,= 9 kg mol ™).

Table 1. Materials
Adopted name Molar mass (g/mol)  Approx. D-Lactide Zog = M,/M,

M, content (mol %)

PLA_0 94k 94.000 0 10
PLA_0_190k 190.000 0 21
PLA_4 160k 160.000 4 17
PLA_4 200k 200.00 4 20

PLA 12 117k 117.000 12 13
PLA 12 180k 180.000 12 20
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- The work reported in the Chapter 6 compares the behavior of two co-polyesters
feedstock materials, named commercially as NGEN and HT, respectively. As for
NGEN is a copolyester which include typical monomers such as dimethyl terephthalate
(DMT) and dimethyl isophthalate (DMI), while the dialcohol unit can include ethylene
glycol (EG) and 1,4-cyclohexanedimethanol (CHDM), in agreement with the measured
glass transition temperature value (85 °C). Its weight average molar mass is around
19000 g/mol. HT, on the other hand, possesses a Mw of about 18000 g/mol and the
constituent comonomers are CHDM and 2,2,4,4-Tetra-methyl-1,3-cyclobutanediol
(TMCD), while the diester unit is constituted by DMT. The structures of the monomers

composing the different repeat units are shown in Figure 3.1.
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Figure 3.1. Structures of the comonomers constituting the NGEN and HT copolyesters. Top row diesters, bottom row
dialcohols.

- The materials used in Chapter 7 are marketed by DSM under the names Novamid ID
1070 and ID 1030, which are a polyamide-6 homopolymer and a polyamide6-6,6
copolymer respectively.?%201 As reported in the corresponding technical data sheets,
when heated at 10°C/min they have melting temperatures of 220 and 200 °C

respectively.

- The study reported in Chapter 8 compared Novamid 1030 (DSM), a crystallizable
copolymer consisting of Nylon-6 and Nylon-6,6 co-units??®20 with PLA 4043D as an
amorphous reference. Both the polymer filaments did not contain any dye that would

interfere with the optical measurement. PLA is indeed transparent, while Novamid 1030
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IS opaque owing to light scattering from the crystallites. To remove from the feedstocks
any trace of humidity, before printing the samples the spools were dried in an oven

overnight at 80 or 40 °C for polyamide and polylactic acid, respectively.

3.2 3D printers and sample geometries

The printer used to prepare the specimens in Chapter 4, 5, 6 and 7 is a Intamsys Funmat HT
(Shanghai, China), equipped with a nozzle of 0.4 mm for Chapter 4 or 0.2 mm for the rest of
the work (Figure 3.3a). To simplify as much as possible the preparation of the samples in view
of the subsequent measurements, the chosen printed geometry is that of a free-standing square
tube (4 cm x 4 cm x 4 cm in size) consisting of a single-filament stack with layer height of 0.4
or 0.2 mm (Figure 3.2a-b). This means that, within each layer, the nozzle moves along a square
path and extrudes a single polymer filament. In this way problems of inter-layer voids are

eliminated, and the mechanical test probes a single weld surface only.

Figure 3.2. (a-b) Sample geometry consisting in a free-standing square tube (4 cm x 4 cm x 4 ¢cm in size) constituted by single
layers superimposed with layer height of 0.4 mm. In particular, (a) shows the model inside the software Cura before slicing,
while (b) shows a test part printed with PLA 4043D. (c-d) Sample geometry used for light scattering measurements. In
particular, (a) shows the model inside the software Cura before slicing, while (b) shows a test part printed with PLA 4043D.
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Sample with the described geometry was designed with the software Tinkercad and
subsequently converted into an STL format file for printing. The software (Ultimaker, Utrecht,
The Netherlands) Cura was used to generate G-code and to set up the processing conditions

through a slicing process on the original file.2%?

In Chapter 8, the necessity to fit the optical setup in the experiment did not allow to use of a
printer with an adjustable temperature chamber. Therefore, we used an open frame FFF 3D
printer, Creality® Ender 3, with a nozzle temperature up to 260 °C and a deposition plate
temperature up to 100 °C (Figure 3.3b). The print head is able to move along the x direction
and translate upwards on the z axis. The bed plate moves along the y-axis. This printer model
allowed us to set the feed rate on a relative scale between 0 and 100% (where 100% stands for
the maximum deposition rate of the 3D printer). Moreover, we had to choose to print a small
object designed with simple and practical geometry to perform the optical measurements. The
design consists of three vertical walls made with a single filament thickness (Figure 3.2c): the
central wall is flat and about 2 cm wide, allowing an easy alignment of the laser beam, with
two smaller supports at the sides. The print direction of the nozzle was alternating between

each layer. Figure 3.2d shows an example of this geometry printed with PLA 4043D.

Figure 3.3. (a) Intamsys Funmat HT 3D printer (Shanghai, China); (b) Creality® Ender 3 3D printer.
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3.3 Differential scanning calorimetry (DSC)

All the materials were initially subjected to heating-cooling-heating cycles to highlight their
intrinsic characteristics. The power compensated differential scanning calorimeter used is the
model DSC 250 from TA Instruments (New Castle, DE, USA) (Figure 3.4), calibrated with
indium and operating under a flow of 50 mL/min of nitrogen. For all materials, samples with
mass between 3-5 mg were prepared in aluminum pans and subjected to the respective thermal

ramps.

In Chapter 4, the PLA 4043D feedstock was first molten at 210 °C and the subjected to a
cooling cycle at 10 °C/min down to 20 °C, followed by a subsequent heating, in order to

evaluate its intrinsic crystallinity.

In Chapter 5, all the six different PLAs were submitted to the same thermal history as that of
PLA 4043D in Chapter 4.

In Chapter 6, the two co-polyesters were first molten at 250 °C and then subjected to a cooling
until 20°C and subsequently to a second heating to confirm their amorphous microstructure.
To verify the sole existence of the amorphous structure even after the 3D printing process,
printed samples of both co-polyesters were subjected to heating ramps at 10°C/min from 20 up
to 250°C.

In Chapter 7, both polyamides Novamid 1030 (DSM) and Novamid 1070 were first molten at
250 °C and subsequently subjected to cooling until 20°C and subsequently to a second heating
to study their different degree of crystallinity. Furthermore, to study how the different process
conditions can influence the crystallinity of the materials, samples of both polyamides were

subjected to heating ramps at 10°C/min from room temperature to 250 °C after printing.

In Chapter 8, PLA 4043D and Novamid ID 1030 (DSM) were molten at 210 °C and 250 °C
respectively, to eliminate the previous thermal history and then subjected to a cooling until

20°C and subsequently to a second heating.
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Figure 3.4. Differential scanning calorimeter DSC 250 from TA Instruments (New Castle, DE, USA).

3.4 Birefringence measurements

In Chapter 4, the polymer chains orientation in the printed samples was determined by
measuring the birefringence. The measurements were made using a polarized light optical
microscope Reichert 350241, coupled with an Ehringaus compensator (Figure 3.5). Single
printed walls were positioned on the rotating object plate, under crossed polarizers condition.
The sample was rotated until the printing direction (which coincides with the optical axis of
the birefringent printed walls) reached an orientation of 45° with respect to the polarizer

transmission directions.

Figure 3.5. (a) Polarized light optical microscope Reichert 350241 used for birefringence measurements and (b) Ehringaus

compensator used in conjunction with the microscope.
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In order to measure the birefringence of the sample, the Ehringaus compensator was inserted
in the optical path, and rotated around its optical axis until the extinction of the light transmitted
by the printed object was achieved. Thanks to the known relation between the compensator
crystal's rotation angle and its optical retardation (¢), the unknown birefringence of the sample
(An) with a thickness d, can be determined according to An = ¢/d. We note that in the case of
the printed walls, the total thickness, measured with digital micrometer, has been used. Since
this value does not generally correspond to the actual thickness of the oriented (and
birefringent) region, it is more correct to indicate the reported values as ‘apparent

birefringence’.
3.5 Rheological tests

Rheological analyses were performed using a HR 10 rheometer from TA Instruments (New
Castle, DE, USA)(Figure 3.6). At first, materials were prepared in the form of films with a
compression molding press. Then, after amplitude sweep tests to identify the linear
viscoelasticity regime, were subsequently subjected to frequency sweep tests at different

temperatures, consistently with the respective recommended processing ranges.

- In the fourth chapter, measurements on PLA 4043D were carried out in a range of
angular frequencies frequency range from 0.5 to 3*10° rad/s, in an amplitude strain
range of 1-4%, repeating the measurement at different temperatures in the range 110-
200 °C.

- Inthe fifth chapter, measurements on the PLAs were carried out in a range of angular
frequencies from 0.1 to 100 rad/s, with an amplitude strain of 2% in the linear
viscoelastic regime, repeating the measurement at six different temperatures for each
material, in the range 150-200 °C. The rheological measurements for the PLA_0 94k
material were performed at a higher temperature range with respect to the others due to
its incipient crystallization at lower temperatures.

- For the copolyesters described in the sixth chapter, the rheological measurements were
carried out in a range of angular frequencies from 0.1 to 50 rad/s, with an amplitude
strain of 3% in the linear viscoelastic regime, repeating the measurement at six different
temperatures for each material (from 190 °C to 240 °C for NGEN and from 230 °C to
280 °C for HT).
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Figure 3.6. HR 10 rheometer from TA Instruments used for the rheological characterization of the materials.

3.6 In-situ temperature history measurements

To measure the temperature history during filament deposition, we used a micro-thermocouple
(type K) placed directly on the plate of the printer, in correspondence with the material
deposition area. The thermocouple was linked directly to a Hi-Speed USB acquisition unit (NI
USB-9162) (National Instruments) and the related software allowed to monitor the thermal

profile in real time.

3.7 Polarization modulated infrared spectroscopy

In the fifth chapter, to measure the molecular orientation in the printed specimens, we made
use of modulated polarization spectroscopy. The experiments were conducted at the IRIS
Infrared beamline of the Helmholtz-Zentrum Berlin synchrotron facility BESSY I1. The setup
is composed of a Nicolet Nexus 870 FTIR spectrometer coupled to a Nicolet Continuum
infrared microscope and a Hinds PEM-90 Il photoelastic modulator (PEM) unit to generate the
orthogonally polarized light. The PEM consists of a ZnSe crystal which, when stretched and

compressed, creates birefringence of infrared light in the material, inducing a periodic rotation
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of the polarization plane from 45° to 0° and 90° at a high frequency. In this way, the doubly
modulated IR beam containing alternating polarization is focused on the sample and collected
at the dual channel detector of the microscope. The signals of the two orthogonal polarization
states are split from the modulated interferogram by a demodulator generating the difference
(11 - L) and sum (11 + 1) interferograms. With the Fourier transform of this two interferograms
one gets the normalized differential absorbance spectrum, or so-called polarization modulated
dichroic difference (PMDD), defined by:

111 - IJ_

— 3.1
I+ 1, G-

Ipmpp =
where [I;; is the intensity at the detector when the incident light is polarized parallel to the
reference axis of the sample, and I, the intensity at the detector when the light is polarized
perpendicular with respect to the sample. For more details about this set-up, readers can refer
t0.203’204
By changing the two orthogonal polarization states and obtaining the differential absorbance
spectra, it is possible to determine the local orientation of dipoles, and therefore the local chain
orientation. All measurements were performed in transmission mode using two IR reflective
objectives (Schwarzschild, 0.65 N.A.) and a MIR liquid nitrogen cooled HgCdTe detector.
Spectra were taken in the range from 650 cm-* to 4000 cm with an aperture size of 50 x 50
um and 6 cm* spectral resolution. Each point was accumulation of 256 scans. The intrinsic
sample reference axis was chosen to be the printing direction.

The specimens on which polarization modulation spectroscopy measurements were carried out
were printed with a rectangular shape and dimensions 1.5 cm x 1 cm x 0.5 cm, maintaining the
same deposition direction for each layer. Part of these samples were cut to a size which could
fit the sample holder of a manual microtome (Leica RM2235), and then cut at room temperature
in the direction parallel to that of printing. The final thickness of the obtained slices was 5 um,
an optimal size for avoiding saturation of the polylactic acid absorption bands.

Using the Omnic software, a rectangular map of 80 points was selected on each sample. The
map consisted of 4 lines containing 20 points each with 20 um step size between the points.
The analyzed sample slices were large enough to allow the observation of at least one interface
between different printed layers and thus have information on the possible distribution of the

orientation.
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3.8 Mechanical tensile tests

In Chapter 4, 5, 6 and 7 the samples were subjected to a tensile test (ASTMD1938) to determine
the strength of the weld as a function of the printing conditions. The printed shapes (square
tubes) were first cut along the four side walls using scissors. Then, three rectangular shaped
tensile specimens for each printing condition were punched from each side wall with a
pneumatic press, with the direction of deposition of the layer oriented at a 90° angle to the
cutting direction. The tested samples have the following dimensions: 40 mm in height, 13 mm
in width and approximately 0.45 mm in thickness. Tensile tests were carried out using an
Instron 5565 S/NO H1505 (Figure 3.7), with an initial distance between the clamps of 12 mm

and a separation speed of 6 mm/min.

Figure 3.7. Instron 5565 S/NO H1505 used for mechanical tensile tests.

Rectangular shaped (single-stranded wall) samples are chosen, rather than a traditional dog
bone shape, due to the geometric constraints imposed by the print size and the blade available
to cut the sample. To derive the tensile strength the actual cross-section of the specimen must
be known; for our test geometry derived from 3D-printed walls, this is the weld-area, i.e., the
interface between two adjacent printed filaments. While one of the weld widths is considered
equal to sample's width (13 mm), the weld-length of such cross-section has been measured
using a stereoscope. For each printing condition, three specimens were observed with a Leica

stereomicroscope, using a OptikalB5 Digital Camera to capture images of the weld-line. The
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exact weld-length was obtained via image analysis with the ImageJ software, after calibration
with standard microscope ruler. An average of at least 5 measurements was computed for each

sample.
3.9 Light scattering set-up

Figure 3.8a shows two examples of the geometry printed for the work of Chapter 8 with the
two materials. The print direction of the nozzle was alternating between each layer. The
different optical appearance of amorphous and semicrystalline polymers is evident. The setup
for light scattering measurements (Figure 3.8b) consists of a 633 nm continuous wave laser
source (He-Ne, 10 mW) impinging perpendicularly on the printing object. The laser source and
the printing part were aligned with two adjustable laboratory jacks, and a variable iris and a
linear polarizer were placed in the optical path between them. The polarizer was set at 45° off
the 3D printer's x-axis. The laser beam impinging on the 3D printing object had a diameter of
about 3 mm, which corresponds to the thickness of slightly less than 10 printed layers (layer
thickness 0.4 mm). Therefore, the collected signal represents the average of several layers. A
second polarizer set at -45° off the x-axis was placed after the build platform to observe
possible oriented morphologies arising from the flow deposition process. Last, a semi-
transparent screen sheet was placed at 20 cm from the printed wall to collect the scattered light.
The scattered intensity was then captured using a Hamamatsu C5405-51 CCD camera with 752
x 582-pixel resolution, placed a few centimeters from the screen, and equipped with an
objective lens. The camera was connected to a computer with a data acquisition unit controlled
by a LabVIEW® application (National Instruments, Austin, TX, USA) for frame acquisitions.
Frames at set time intervals of 40 ms were then extracted with the software VideoMach. All
the frames were then analyzed with the software ImageJ to integrate both transmitted and
scattered light intensities. The measurements were carried out in a dark room to increase the

signal to noise ratio.
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Figure 3.8. (a) Printed samples: PLA 4043D (left), and Novamid ID (right). Note the difference in opacity; (b) Schematic of

the light scattering measurement set-up.
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4 EFFECT OF RESIDUAL ORIENTATION ON WELD
STRENGTH

4.1 Introduction

In this chapter, we measure molecular alignment in a simple FDM-printed object using
birefringence. In particular, residual orientation of the polymer chains due to the printing flow
is found to be localized to the weld regions between printed filaments, while the bulk of each
filament is isotropic. By comparing experimental results with the ones obtained with a
molecularly aware modeling, we find a net reduction in weld strength for strong printing
conditions that is due to orientation of the polymer molecules that occurs during flow through

the nozzle and deposition onto the build plate, rather than to poor inter-diffusion.

4.2 Thermal characterization

Using differential scanning calorimetry (DSC), we found that upon standard cooling at a rate
of 10 °C/min, the material can barely crystallize (Figure 4.1) and is almost totally amorphous,
with a crystallinity index lower than 1%. Since the cooling rate in MatEx in generally much

faster, it follows that the 3D-printed wall is amorphous.

Cooling 10 °C/min
Heating 10 °C/min

Heat flow (endo up)

02 W/g
1
1

50 100 150 200
Temperature (°C)

Figure 4.1. DSC cooling and second heating curves for PLA 4043D, measured at the rate of 10 ° C/min.
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4.3 Numerical model

The numerical model has been previously developed and employed elsewhere.34152205 Thys,
here we provide only a brief overview of the model and the governing equations.. In this work,
the temperature model has been adapted to account for the dependence of the cooling rate on
the print speed, as detailed in Chapter 4.2.3.

4.3.1 Overview

In summary, the model assumes isothermal steady-state flow through an axisymmetric nozzle
of radius Rn at some extrusion speed Un and uniform nozzle temperature Tn. Flow through the
nozzle is followed by fast deposition onto a build plate, moving at transverse speed Up, into an
elliptically shaped filament of thickness H, and width W. The extrusion and transverse print

speeds are related to the filament geometry through conservation of mass via
Vs
TR?*Uy = ZHWUP (4.1)

The temperature is assumed to remain uniform during deposition and is therefore independent
of print speed during flow. The model is molecularly-aware in the sense that polymer stresses
are suitably accounted for via a constitutive model (single-mode Rolie—Poly?%) that considers
both the stretching and orientation of the polymer molecules within an entangled network.
Entanglements due to neighboring polymer molecules are represented by a hypothetical tube
region®®’, which restricts the diffusive motion of a polymer chain to along the tube's contour

length (Figure 4.2). Thus, there are two characteristic time:

e the reptation time 7,4, which is the time taken for the polymer to diffuse along the tube
contour length and governs the time taken for chain orientation/alignment to relax,
e the Rouse time 7z, which is the time taken for the polymer chain to relax within the

tube region and governs stretch relaxation.
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diffusion along
a "tube”

Figure 4.2. A hypothetical tube region represents constraints due to entanglements. The polymer chain must diffuse (reptate)
along the tube to relax.

Explicit formulae are given for and 7 in the next section. For typical nozzle geometries, print
conditions and print materials, the residence time in the nozzle is found to be similar to the
polymer reptation time*; hence the assumption of steady flow in the nozzle.

The melt is typically characterized by a dimensionless entanglement number

M
7= FV: (4.2)
where Mw is the mass-averaged molecular weight of the melt and the entanglement molecular
weight, Me, is determined from linear rheology as shown later. It has been suggested that flow
can disentangle a melt, thus reducing Z.>2% This effect is discussed in section 4.4.2.
After deposition, any flow-induced deformation of the polymer begins to relax in the absence
of flow gradients. Now the deposited filament is exposed to the surrounding air and begins to
cool. The model assumes axisymmetric cooling of the filament to some ambient temperature
Ta according to a prescribed boundary condition at the filament surface. The boundary
condition is defined by some prescribed cooling rate . The temperature decay couples to the
constitutive model via the polymer relaxation times; since diffusion is arrested at solidification,
7d and zr both diverge at the glass transition temperature Ty.
For amorphous materials, if the glass transition occurs before the polymer has time to fully
relax to equilibrium, then the model predicts a degree of residual alignment. The polymer

configuration is characterized by tensor
<RR >

A= —=  (43)

2R,
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where R is the end-to-end vector of the polymer chain and Rg is the polymer radius of gyration.
The trace of A defines the stretch of the polymer chain and the off-diagonal elements of A
define the polymer's orientation. At equilibrium A=I. In a polar coordinate system, A,; denotes
alignment of the polymer in the flow direction. (Note that # is directed out from the centre of
the filament, and $ is directed in the direction of the flow.) Since A, evolves over time, we
denote the time to reach the glass transition tg and the residual alignment that locked in at the

glass transition is denoted
As(t=t)=4 (44

Determining the temperature dependence of the polymer relaxation times, as discussed in the
next section, is key to calculating residual alignment. It is also clear that the molecular weight,

or Z (Equation 4.2) plays a crucial role in the presence of residual stresses.
4.3.2 Rheology characterization

The model relies on only three parameters to predict the non-linear flow behavior of the melt.
That is,

e the elastic plateau modulus, G,,
e the entanglement molecular weight, M., and

e the relaxation time of a polymer chain segment between entanglements, ..

These three parameters can be determined from linear viscoelasticity measurements as

follows. The values of the parameters are given in Table 4.1.

Table 4.1
Model parameters for polylactic acid (TTS=Time-Temperature-Superposition;

LVE=Linear Visco-Elastic; GPC= Gel-Permeation Chromatography)

Parameters Notation Value Method
WLF parameters C, 2.88 °C! TTS
C, 133.10 °C TTS
T, 200 °C TTS
Plateau modulus G, 4.44 x 10° Pa LVE model

Entanglement

molecular weight Me 9.0 kg/mol LVE model
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Entanglement time

0 -6
(at To) Te 20x10°s LVE model
E I
ntangiement z 19 GPC + LVE model
number
Polydispersity p 2.2 GPC
Thermal diffusivity a 5.8 x 108 mm?/s Ref?%

Shift factors obtained from time—temperature superposition of the storage and loss moduli, G’
and G", respectively, are assumed to take the form of the Williams—Landel-Ferry (WLF)

equation

€ (T =To)

a(T) = exp <—m

) (4.5)

where To is the reference temperature, and Ci1, C2 are constants.?'? This shift factor governs
how t,; and 7 diverge near to the glass transition; thus it is not necessary to explicitly define
Tg in the model. Then, the linear rheology master curve (G’, G" at To) is fit to the Likhtman—
McLeish theory?!! using RepTate software?!? to obtain G,, M., and the entanglement time at
the reference temperature, denoted 72 . Note that the predicted M, is in line with that reported
in the literature.?® The entanglement molecular weight is then used to determine the
entanglement number, Z, via Eq. (2). Once the entanglement time scale is established, the

temperature-dependence of the reptation and Rouse times is given by

1 = Z%10a(T) (4.6)

_ 37240 (1 3.38+4.17 1.55) D 47
Ty = Te N Z N a (4.7)

where a(T) is given by Equation 4.5.

4.3.3 Temperature modeling

Axisymmetric cooling of the deposited filament is determined by solving heat equation:

aT
ra) (4.8)
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for thermal diffusivity «. The initial condition is T = Ty (i.e., we assume the temperature
remains uniform during the nozzle and deposition flow). We prescribe the boundary condition

at the filament surface to be
TN - Ta
T,(t) = — exp(—pt) + T, (49)

for some cooling rate B. This approach has been applied in previous works®*52205 and shows
quantitative agreement with infra-red imaging measurements. Note that when the filament first
touches the build plate, the temperature at the filament surface is assumed to be the average of

the nozzle and bed temperature i.e. T;(t = 0) = (T, + T, ) /2.

We find empirically (Figure 4.3) that the cooling rate is related to the transverse velocity

ﬁ = bl ’szp + b3 (4‘.10)

for some constants b1, bz, bs. This is the expected functional form for convection-driven

according to

cooling;?' faster print speeds increase convection and therefore have a faster cooling rate.
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Figure 4.3. Experimentally measured (using infra-red imaging®®) cooling rate of a deposited PLA filament of similar
dimensions as a function of transverse print speed Up. The data is fit to the functional form given in Eq. (4.10), used to

represent convective cooling. We find that by =0.39 s7%, b, =5.28 s"*and b3 = 0.06 s7%.
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4.4 Results

Here we demonstrate how increased print speed reduces the weld strength at filament-filament

interfaces, as measured via the uniaxial tensile test described in Chapter 3.8. We attribute this

reduced strength to residual alignment, denoted A (Equation 4.4). We present our observations
of residual alignment within a printed wall of PLA, as measured using the birefringence
technique discussed in Chapter 3.4, alongside the predictions from our MatEx model (Chapter
4.1). Further details of the correlation between weld strength and residual alignment are
deferred to Chapter 4.4.

4.4.1 Reduced weld strength

Figure 4.4 demonstrates that the weld strength is less than the bulk strength of the material for
all printing conditions. Moreover, there is a clear reduction in the weld strength as a function
of print speed, and weld strength can be improved by increasing the nozzle temperature. Not
only does increasing the temperature give more time above the glass transition temperature, it
enables the polymers to relax faster. Thus, it is expected that filaments printed at higher
temperatures are more isotropic and consequently have stronger welds. Birefringence

measurements enable us to explore this hypothesis experimentally.
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Figure 4.4. Weld strength measured using uniaxial tensile test (ASTMD1938) as a function of print speed for a range of nozzle

temperatures, Weld strength decreases with increased print speed and reduced nozzle temperatures.
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4.4.2 Observation of residual alignment

Figure 4.5 shows a polarized optical microscopy image of a single filament printed wall; the
image focuses on 5 filaments. Bright regions correspond to filament—filament interfaces and
indicate that the polymer is oriented near to the welds. On the other hand, dark regions in the
centre of each filament indicate that the polymer is isotropic. There is a small difference in the
width of the oriented region, with the lower-temperature case showing a wider birefringent

area.

500 pm

Figure 4.5. POM micrograph, under crossed polarizers of several printed filaments for (a) Tn = 240 °C, Un = 120 mm/s and
(b) Tn =190 °C, Un = 120 mm/s. Bright regions indicate polymer orientation, and correspond to filament-filament interfaces,

whereas dark regions indicate isotropy at the centre of the printed filaments.

Figure 4.6 shows the degree of apparent birefringence for a range of printing conditions. At
low nozzle temperatures (Tn = 190-210 °C), the apparent birefringence increases linearly with
print speed. For higher nozzle temperatures, lower apparent birefringence values are obtained

and there is little dependence on print speed.
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Figure 4.6. Apparent degree of birefringence in the weld as a function of print speed for a range of different nozzle
temperatures. Increased birefringence corresponds to an increase in residual alignment at fast print speeds and low nozzle

temperatures.

Since birefringence traces molecular orientation, it is evident that anisotropy persists in the
weld region. To verify that the observed birefringence is related to the presence of amorphous
oriented chains, rather than crystal fractions, calorimetric analysis was carried out on the
printed samples to determine the sample crystallinity. These tests showed the presence of
approximately 2—-3% crystal phase by weight, over the total quantity of material, which may
possibly be induced by the flow.52205 However, by comparing the thickness of the birefringent
region with respect to the filament, we find that the oriented region typically represents more
than 12% of the total thickness (unlike the 2—-3% of the crystallinity identified at the DSC).

4.4.3 Model predictions

Figure 4.7 shows the predicted residual alignment locked in the glass transition within a
filament cross-section, as predicted by our numerical model. We show results for two print
speeds, Un = 20 and 120 mm/s, at nozzle temperature Tn = 190 °C. Although the polymers at
the centre of the filament are isotropic at solidification, there is insufficient time for polymers
near to the filament surface to relax to equilibrium before the onset of the glass transition. Thus,
we observe a thin boundary layer of residual alignment, which is more prevalent at the bottom
of the filament (due to the 90 degree turn during deposition4). Moreover, a larger degree of
alignment can be seen for the faster print speed. This is in agreement with the birefringence
results shown in Figure 4.6. Since we are interested in how this anisotropy affects welding,
next we present how this alignment evolves during cooling within the weld region, defined to

be at z = 0. Figure 4.9 shows the evolution of the temperature, the polymer stretch
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A=\trd/3  (4.11)

and the alignment A,.,. First, we note how filaments printed at faster speeds cool faster due to
the imposed boundary condition (Equation 4.10) which represents increased convection for
faster print speed. Next, we note how faster printing imposes a greater initial polymer stretch
and degree of alignment. Stretch relaxes on the order of the Rouse time (Equation 4.7) and has
sufficient time to equilibrate before the glass transition. However, reptation is much slower and
reorientation of the polymers is arrested by the glass transition, even for the slowest print speed,
leading to residual alignment in the weld region. It is clear that the increased residual alignment

with print speed is due to two factors:

1. agreater initial degree of alignment during flow through the nozzle and deposition,
and
2. faster cooling leading to less time above the glass transition temperature.

a) Un=20 mm/s b)  Uyn=120 mm/s ;
' []
H =] e H — L‘ -
; . Z . 01 _
/ / -0.2
z \ ) z )
/ \ / -0.3
N
0 — 0 -
-R X R -R X R

Figure 4.7. Degree of residual alignment, Ars locked in at the glass transition over the cross-section of a deposited filament
printed Tn = 200 °C for print speed (a) Un = 20 mm/s and (b) Un = 120 mm/s. The model predicts that the residual stress is

localized in a thin boundary region near to the filament surface and increases with print speed.

Figure 4.8 shows the final degree of alignment A at the weld as function of print speed for three
nozzle temperatures Tn = 190, 200 and 210 °C. The trends we observe with respect to the print
conditions are evidently similar to those we report in terms of weld strength (Figure 4.4) and
birefringence (Figure 4.6). That is, there is an increase in |Z| and the degree of birefringence
with increased print speed suggesting that increased residual anisotropy reduces weld strength;

this effect can be reduced by increasing the nozzle temperature.
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Figure 4.8. Final degree of alignment in the weld region (at z = 0) locked in the glass transition as a function of print speed

for various nozzle temperatures.

4.5 Discussion

Here we discuss the correlation between A and the experimentally measured apparent
birefringence and weld strength. We also discuss additional factors, namely the inter-diffusion

depth and entanglement fraction, which may also contribute to a reduced weld strength.

4.5.1 Alignment vs strength

Figure 4.10a clearly shows a linear relationship between A and the degree of apparent

birefringence, An, in general agreement with the stress optical rule; we find that the shear stress

o = G,A is related to the degree of apparent birefringence via

An a Cyla| (4.12)

where Cy ~ 0.3 GPa . This is lower than the stress optical coefficient reported in the literature
for PLA films.?15216 However, discrepancies may be expected due to relating the measured
apparent birefringence for this 3D-printed wall geometry to the actual birefringence value at
the weld.
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Figure 4.9. Evolution of (a) temperature, (b) the polymer stretch and A4 = ,/trA/3 and (c) the orientation component, Ars at

the weld (z=0) predicted by the numerical model for increasing print speed at fixed nozzle temperature Tn= 200 °C.

Furthermore, the degree of birefringence is shown to reduce weld strength linearly (Figure

4.10b). This suggests that even a small degree of residual alignment will reduce the strength at

the weld, which we can predict via this empirical relation. These correlations between A, the
degree of birefringence and the weld strength form a basis for developing more advanced
theories to relate residual alignment to mechanical properties. It is clear from our results that
slower print speed and higher nozzle temperatures are favorable for preventing the entrapment
of orientation at the glass transition. However, practically higher nozzle temperatures can lead
to degradation, and slower print speeds reduce productivity. Thus, there is precedent for
employing a post-printing thermal annealing process?%>2'’ to remove these residual stresses.
The appropriate annealing time and temperature can be chosen by inspection of the tube model

parameters (Table 4.1), in particular the reptation time.

On the other hand, in some instances polymer alignment may be a desirable property for an

FFF-printed part to tune electrical and mechanical properties. Furthermore, since PLA is a
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semi-crystalline polymer, thermal annealing under the correct conditions can also be employed
to enhance crystallinity?®®; alignment from the printing flow leads to ‘templated’ flow-

enhanced nuclei, which grow into smaller spherulite structures that exhibit more ductile
fracture.
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Figure 4.10. (a) The degree of apparent birefringence measured experimentally, 4n, plotted against the final degree of
alignment, A, in the weld region predicted by the model (as in Figure 4.8). The line of best fit is linear. (b) Experimentally

measured weld strength, G (as in Figure 4.4), as a function of the degree of apparent birefringence (as in Figure 4.6). Line
shows best fit. Bulk strength is approximately 52 MPa.

4.5.2 Interdiffusion and entanglements

Successful welding in MatEXx is first and foremost reliant on diffusion of the polymer molecules
across the filament-filament interfaces. This interdiffusion process creates interfacial
entanglements, which increase the strength across the weld line.?*® Here we denote the final

interpenetration depth defined at the glass transition by ¥ . It is expected that if the polymer
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diffuses its radius of gyration during cooling, i.e., /R, > 1 then bulk strength will be
achieved in the weld region. It has previously been shown that the interpenetration depth can

be approximated by?

1
7 1 '
R, = 36[0 m@ — (4 () — 1)) (4.13)
The term containing A,,- accounts for anisotropic diffusion due to alignment in the flow
direction in the weld region (z = 0). Figure 4.11a shows the model predictions for y as a
function of print speed and temperature). We see that for this material, and the range of print
conditions considered here, there is always sufficient time prior to the glass transition to
achieve adequate diffusion. Similar behavior has also been predicted for polycarbonate.® Thus,
we propose that reduced weld strength is not due to insufficient diffusion depths, but to the
configuration of the entanglement network itself. Indeed, as described in the introduction,
generally fracture of glassy polymers is governed by the number of ‘interfacial’ entanglements
that act to anchor chains across the tear.?*® Here we consider the recently proposed mechanism
of flow-induced disentanglement of the network due to convective constraint release (CCR).
In the tube model, CCR is the mechanism of neighboring chains reptating away due to thermal
motion and thereby “releasing a constraint”. At equilibrium, chains that reptate away are
readily replaced by new chains, thus the number of entanglements remains constant. On the
other hand, under flow there is an argument for CCR leading to a reduction in the number of

entanglements.
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Figure 4.11. (a) Final interpenetration depth, ¥/R, as estimated by Equation 4.13 at solidification as a function of print
speed for various nozzle temperatures. Bulk strength is expected for /R, > 1. (b) Final degree of entanglement,v, predicted

by the model in the weld region (at z = 0) at solidification.

A previous work® employed the model of lanniruberto® to account for changes in the
entanglement fraction, denoted v, due to the flow field. MatEx printing flow is found to
significantly disentangle the polymer network, i.e., v << 1. Moreover, there is an insufficient
time for entanglements to recover to equilibrium (v = 1) during typical cooling. This leads to
a partially-entangled melt at solidification, which is expected to be weaker than the bulk
material. Figure 4-11b shows the predicted results when flow-induced disentanglement
followed by recovery during cooling is incorporated for the PLA material and printing
conditions considered here. In particular, we find that the entanglement fraction locked in at
the glass transition™ within the weld region (z = 0) decreases with increasing print speed and
reduced nozzle temperature. Having a prediction of the reduced entanglement fraction within
a MatEx-printed weld, we refer to the molecular interpretation of the toughness of glassy
polymers.220221 Typically glassy polymers fail in the crazing regime, where the toughness is
shown to vary with the density of entangled chains per unit of craze area. Since the failure we
observe in this work is brittle (showing no large plastic deformation), we propose a similar
mechanism for PLA. Future work will focus on confirming this via a morphological
investigation into the failure mechanism of printed PLA. Thus, we modify this classic
result??2221 to account for a partially entangled network prior to fracture; the final degree of
entanglement~at the weld can be related to the weld fracture toughness via Equation 2.3. This
approach has been applied in previous work?, but a comparison to experimental data is not
made. Figure 4.12 shows the predicted weld fracture toughness for the conditions considered
in this work (lines). These results are quantitatively similar to that measured experimentally

(points).
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Figure 4.12. Weld fracture toughness, G as predicted by the model (Eg. (13) with g = 0.35) (lines) and measured
experimentally (points) as in Fig. 3. Results are shown as a function of print speed for various nozzle temperatures. Bulk

toughness is approximately 52 MPa.

4.6 Conclusions

For the first time, we have measured molecular orientation in a simple MatEx-printed object
using birefringence. In particular, residual orientation of the polymer chains due to the printing
flow is found to be localized to the weld regions between printed filaments. In contrast, the
bulk of each filament is isotropic. There is a distinct decrease in weld strength with the increase
of birefringence measured at the weld, which can be improved by increasing the nozzle
temperature or reducing the print speed.

Our birefringence measurements can be directly linked to an alignment factor predicted by a
molecularly-aware non-isothermal model of the MatEx process.®> The model confirms that
polymer chains become oriented in the flow direction due to shear in the nozzle combined with
the subsequent deposition process. Since the filament center experiences less severe velocity
and temperature gradients, flow- induced deformation can fully relax prior to solidification. On
the other hand, the filament surface is subject to greater shear and cooling rates and there is
insufficient time for any flow-induced orientation to relax before the onset of the glass
transition. We find that the predicted residual alignment factor at the weld, 4, is linearly
proportional to the measured degree of apparent birefringence, An, in agreement with the

stress-optical rule.
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Furthermore, contrary to what is commonly expected, our model shows that weld strength is
not limited by inter-diffusion of the polymer molecules across filament-filament interfaces;
instead weld strength is affected by the (non-equilibrium) configuration of the entanglement
network itself. By relating the degree of residual alignment to partial entanglement of the
polymer chains at solidificationi®, we can predict the measured weld toughness via a
modification to classic fracture theory of glassy polymers.?2%22! Thus, this model may be used
as a tool for choosing appropriate printing conditions based on a toughness threshold.

Interestingly, the trend of decreasing weld strength with increasing print speed is not apparent
for ABS.**° Unlike PLA, which can be characterized as a linear polymer and obeys classic Doi-
Edwards tube theory, ABS has a more complex microstructure that includes cross links and
contains rubber nano-particles. Indeed, the rheology shown®® is consistent with some very
slow relaxing material in this sample. We’d expect this element of the material to behave
affinely (or very close to this) under flow, leading to no dependence on the flow rate. The PLA
material investigated here behaves very differently because its relaxation rates are comparable
to the flow rates during printing. In future work, we will extend our analysis to other

thermoplastic materials and consider the effect of molecular weight.

4.7 Appendix
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Figure 4.13. (a) representative stress- strain curves for PLA 4043 for different printing conditions demonstrating that the
maximum stress and stress at break are equivalent in this case; (b) An example of a micrograph of the contact thickness
obtained at the stereoscope for a PLA 4043D samples printed at 210 °C and 20 mm/s.
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Figure 4.14. Linear rheology master curve for PLA 4043D measured at reference temperature To = 200 °C (points) is fit to
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5 EFFECT OF MOLECULAR WEIGHT ON WELD STRENGTH

5.1 Introduction

In this chapter, we investigate the interlayer strength achieved for a range of poly-lactic
feedstock with varying average molar mass, confirming that molar mass has a strong effect,
with strength decreasing significantly with increasing entanglement number. By using a
combination of infrared-microspectroscopy and a continuum modeling, we find that this
difference is due to the presence of molecular anisotropy at the weld region for the high

molecular weight material, while the low molecular mass materials show isotropy.

5.2 Thermal and rheological characterization

DSC cooling and heating ramps at 10 °C/min for all the investigated materials (see Chapter
3.3) are reported in Figure 5.1. As demonstrated by the DSC calorimetric analysis, these
materials exhibited a different behavior as the percentage of D-lactide comonomer varied. A
higher percentage of monomer, in fact, strongly limited the possibility of the materials to

crystallize, making their structure totally amorphous upon standard cooling condition.
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Figure 5.1. Cooling ramp (a) and heating ramp (b) obtained by DSC calorimetric analysis for the six materials.
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Conversely, the absence of D-lactide monomer units in the polylactic acid chains allowed
obtaining a semi-crystalline structure. The final degree of crystallinity thus decreased with
increasing comonomer amount. On the other hand, at the same comonomer level, a variation

of the molar mass did not meaningfully affect the thermal behavior of the material.

Complex viscosity curves obtained with temperature—time superposition analysis at the

reference temperature of 190 °C for all materials are reported in Figure 5.2a.
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Figure 5.2. (a) Complex viscosity obtained with temperature-time superposition analysis at the reference temperature of 190
°C as a function of the angular frequency for all materials, (b) Logarithm of the Newtonian viscosity as a function of the
logarithm of molar mass.

It can be observed that for all materials the complex viscosity initially remains constant as the
angular frequency varies (Newtonian plateau), up to a certain value after which the viscosity
begins to decrease. As expected, viscosity increases with molecular mass, while the D-lactide
content does not seem to influence its behavior. This can be verified when the logarithm of the
Newtonian viscosity is plotted as function of the logarithm of molar mass. As can be seen in
Figure 5.2b, the data approximately follow one straight line with a slope close to 3.4,
confirming that molar mass is the relevant variable which governs the viscosity, in agreement
with previous literature.??2-224

5.3 Mechanical testing

Figure 5.3a shows an example of stress/strain curves for PLA_4_200k samples printed with a
nozzle temperature of 200 °C and different print speeds. The stress to which the samples are
subjected is calculated by dividing the for the area of the weld region previously measured for

each sample by using a stereoscope. It is evident that, under the chosen nozzle temperature
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conditions, the elongation at break and the stress at break decrease with increasing printing
speeds. Figure 5.3b shows two examples of broken samples after mechanical testing, related to
PLA 4 200k and PLA_0 94k both printed at 210 °C and at similar rates (20 mm/s and 60
mm/s, respectively). In the case of the high molar mass polylactide, the breaking occurs
completely along the weld line, so the tensile test can be considered as representative of the
weld strength. In the second case, for low molar mass polylactide, the fracture line seems to
resemble a bulk-type breaking, spanning more than one weld line, and beginning in the area of
the clamps. These pictures are representative of the prevailing failure mechanism of high and
low molar mass samples, respectively.
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Figure 5.3. (a) Examples of stress/strain curves for PLA_4 200k samples printed at 200 °C at different print speeds and for
the sample obtained by compression molding; (b) Examples of fractured samples following mechanical tensile testing for
PLA_4_200k and PLA_0_94k.

Figure 5.4 summarizes, as examples, the weld strengths, i.e., the maximum stress in the stress-
strain curves, for PLA_0_94k, PLA 12 117k and PLA_4 200k measured at different printing
conditions. The shaded yellow areas in each graph corresponds to the range of bulk strength

values measured using dog-bone shaped specimens obtained by compression molding.
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Figure 5.4. Weld strengths as a function of printing conditions for (a) PLA_0_94k, (b) PLA_12_ 117k and (c) PLA_4 200k.
The shaded yellow areas in each graph corresponds to the range of bulk strength values measured using dog-bone shaped
specimens obtained by compression molding.

Observing the plots (comparing Figure 5.4a and 5.4b), it is easy to see that the percentage of
D-lactide monomer has little influence on the final mechanical properties. The weld strength
is instead closely related to the molecular mass of the material. In fact, the weld strength of the
low molecular weight materials does not seem to be influenced by the processing conditions:
in the case of PLA_0_94k, the weld strength values are approximately constant with extrusion
temperature and print speed. This contrasts to the sample of highest molecular weight,
PLA 4 200k, for which there is a distinct decrease in mechanical properties with stronger
printing parameters (lower nozzle temperatures and higher deposition rates); it can be seen that
increasing the nozzle temperature improves the adhesion strength.

Since the bulk strength of a polymer is known to typically increase with molar mass2?%226 and
in general we observe that low molecular weight samples achieve a greater tensile strength,
this suggests that the printing process is affecting the underlying microstructure within the weld

region. We propose that the decrease in weld strength we observe is caused by residual chain
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orientation at the interface, as discussed in Chapter 3. Indeed, residual orientation at the glass
transition is expected to increase with molar mass and print speed, and to decrease with
increasing nozzle temperature. To test our hypothesis, in the next section we measure the
anisotropy in the weld region using polarization modulated infrared microspectroscopy. These
results are further supported by model predictions of residual alignment in the weld, which we

then compare directly to our weld strength measurements.

5.4 Measuring weld anisotropy

To confirm that the decay of the tensile stress as a function of print speed for high molar mass
sample is due to a residual orientation of polymer chains at the interface between the layers,
polarization modulated infrared microspectroscopy was used. These measurements were
carried out on two materials possessing the highest and the lowest molar mass, namely
PLA 4 200k and PLA 0 94k, respectively.

Figure 5.5a shows a representation of the microtoming cut made on the two printed samples.
The samples were microtomized in a direction parallel to that of printing, thus obtaining slices
of filaments with a thickness of 5 um. It should be underlined that the manual microtoming
procedure, with the difficulties of handling the small samples, did not allow to cut the printed
objects exactly through the center of each layer. As such some uncertainty in the vertical
position of the slice within the layer exist, which forces us to take measurements from three
slices per sample to obtain representative results. Figure 5.5b shows an example of visible light
image of a microtomed section from PLA_4 200k printed at 20 mm/s and 210 °C seen under

the confocal IR microscope before the PM-IR scan.

SCAN

a) DIRE(;TION b) A

Print direction

500 um

Figure 5.5. (a) Sketch of the microtoming operation that has been adopted for preparing the samples for the PM-IR
measurements; (b) an example of a PLA_4 200k sample printed at 20 mm/s and 210 °C to be scanned with PM-IR.
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Figure 5.6 shows an example of two polarization modulation dichroic difference spectra
measured for a sample of PLA_4 200k and one of PLA_0_94k printed at 210 °C using a speed
of 20 mm/s and 60 mm/s, respectively. It is evident that the PMDD differential absorption
spectra are very different for the two materials. For the low molecular weight material, the
PMDD intensity remains close to zero for all the measured range of wavenumbers. In contrast,
the spectrum of PLA_4 200k shows more anisotropic absorbance as evident by stronger
intensity positive and negative bands at precise wavenumbers, which indicate the presence of
molecular anisotropy. The peak appearing at approximately 1383 cm, which corresponds to
the symmetric deformation of the CHs group,??’ is chosen as a reference band to evaluate the

PMDD intensity in different regions, due to its sensitivity to molecular orientation.
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Figure 5.6. Comparison of the PMDD spectra acquired for PLA 4 200k and PLA_0_94k.

Figure 5.7 reports the PMDD intensities calculated for the two materials as a function of the
position in the sample. In both cases the acquisition of the spectra started from outside the
sample, thus presenting a clear separation surface between the air and the material itself. For
the case of PLA_4 200k (Figure 5.7a) it can be noted that, moving towards the central region
of the sample, there is a net increase in intensity, which remains at high levels for a length of
about 200 um, and then falls again. This behavior, on the other hand, does not occur in the case
of low molar mass PLA, for which, throughout the thickness analyzed, there is no meaningful

variation in intensity (Figure 5.7b).
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Figure 5.7. PMMD intensity for (a) PLA_4_ 200k and (b) PLA_0_94k as a function of position in the sample. Dark areas
highlighted on the plots correspond to the air-sample interface.

The results of these measurements allow us to highlight the different degree of molecular
anisotropy that develops in the two materials during the printing process and is frozen in at
solidification. For the lower molar mass PLA_0 94k sample, no residual orientation is
measured after the printing process, while for PLA_4 200k a measurable and spatially
dependent degree of anisotropy is observed. We expect that this highly oriented region
corresponds to the interface between the different layers (as predicted by the model), however

due to the imprecision in the microtoming process, this is difficult to be confirmed.

5.5 Modelling weld anisotropy

To support our hypothesis, molecularly aware modelling of the FFF processing of our selected
materials subject to the chosen printing conditions was carried out; here we show results for
fixed print speed 120 mm/s and the temperature range 190-210 "C. We refer the reader to

previous works for full details of the model, which has been applied to various materials.3#

In summary, we model flow through the heated nozzle followed by deposition of a single
cylindrical filament with an appropriate constitutive equation (Rolie-Poly) that captures the
dynamics of a linear monodisperse polymer melt. This flow deforms the microstructure so that
the polymers become stretched and aligned in the direction of deposition; we assume that this

alignment reduces the entanglement of the polymer network. As the flow is dominated by shear
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in the nozzle, the model predicts higher degrees of deposition near the surface of the deposited
filament.
Upon deposition, the filament is cooled by employing the heat equation with an axisymmetric
boundary condition. This boundary condition is determined from experimental measurements
of a typical cooling profile according to the material and printing conditions. Here the velocity
gradients cease, the flow-induced deformation begins to relax and entanglements reform
according to the constitutive model. We infer that the polymers will begin to diffuse at a layer-
layer interface via reptation. Once the glass transition temperature is reached, this
diffusion/relaxation/re-entanglement process is arrested. This is captured in the model via a
simple WLF dependence of the polymer relaxation times with the equation 4.3.
At this point we probe the state of the weld region (i.e., the surface of the deposited filament)
via three molecular features: the degree of alignment, the degree of entanglement and the
degree of interdiffusion (not reported). We find that the degree of interdiffusion always exceeds
the polymers’ radius of gyration for all the values of Z,, (corresponding to the different molar
masses). The degree of alignment and the degree of entanglement are plotted in Figure 5.8 for
our samples of varying molecular weight for print speed 120 mm/s and a range of nozzle
temperatures. The molecular weight of the material corresponds to an equilibrium
entanglement number of the melt Z,, = M, /M., where M, is the molecular weight of a single
section between entanglements, which is obtained from fitting the rheological master curve to
the Likhtman-McLeish theory via RepTate software.?'> We find that the degree of alignment
and therefore the degree of disentanglement increases strongly with increasing molecular
weight. This is a direct consequence of polymer reptation time scaling with the entanglement
number via

Ty X Z3, (5.1)

That is, higher molecular weight samples (e.g., Z., = 22) have a significantly longer reptation
time, meaning that not only do they deform more during the deposition flow, but the time to
relax back to an isotropic state is much longer. Consequently, a greater degree of molecular
anisotropy is trapped in at solidification. This is in contrast to low molecular samples (e.g.,
Zeq = 10), which have sufficient time to fully relax before the onset of the glass transition, so
that the weld region is isotropic on solidification. The print temperature has the biggest

influence on this behavior. As shown in Figure 5.8, the degree of molecular anisotropy in the
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weld region can be significantly reduced by increasing the print temperature. This is due to the

temperature dependence of the reptation time:
T4 < a(T) (5.2)

which diverges exponentially near to the glass transition temperature according to the WLF

equation. As the reptation time is not affected by shear, print speed has only a small effect on

these results. By comparing Equations 5.1 and 5.2, clearly it is more effective to control the

polymer reptation time, and therefore anisotropy in the weld, by adjusting the entanglement

number of the melt via the molecular weight opposed to managing the temperature profile

during this hard to control non-isothermal process.
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Figure 5.8. (a) Degree of alignment and (b) degree of entanglement calculated for different nozzle temperature as a function
of Zog = My /M.

5.6 Modelling vs experiments

Figure 5.9a reports the weld strength for samples measured at 200 °C and 120 mm/s as a
function of the entanglement number Z,., = M,, /M, for all the investigated materials. The
observed trend confirms that high molar mass PLASs are characterized by a lower weld strength
than lower masses. Moreover, the trend is in line with the degree of entanglement calculated
by the model and displayed in Figure 5.9b. It is therefore possible to attribute the decrease of
weld strength for higher molar mass to the presence of residual chain alignment at the weld

region.
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predicted with the model as a function of measured weld strength for all the explored nozzle temperatures and print speed.

The PM-IR molecular orientation measurements in the two materials shown in Figure 5.7
corroborate the modeling results reported in Figure 5.8a. In fact, the material with the highest
molar mass and Z,, number show the larger degree of chain alignment in the printing direction,
while the residual alignment is negligible for the low molar mass sample, due to the
intrinsically faster dynamic which allows the relaxation of any orientation before cooling below
the glass transition temperature. Therefore, the counter-intuitive molar mass dependence on
molecular weight shown in Figure 5.9a is captured by the molecularly aware-model, and is
attributed to residual molecular alignment, as confirmed by PM-IR measurement on selected

samples.

A comparison between the measured and predicted values of weld strengths is shown in Figure
5.9b. By assuming a fracture mechanism based on crazing,??® the values of weld strength G4
are calculated according to the Equation 4.3.

Figure 5.9b shows that there is good agreement between the model predictions and the
experiments for the middle range of weld strength corresponding to the middle range of

entanglement numbers. However, there is some discrepancy at the extremes.

There could be several reasons for this deviation.

1. The High Strength Regime. The model clearly underestimates the high strength regime,

corresponding to the lowest molecular weight samples. This can be attributed to the
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experimental temperature profiles employed by the model. Temperature measurements
were carried out on the first deposited layer, which serve as an axisymmetric boundary
condition in the model and provide the most extreme cooling profile experienced during
the build. However, breaking occurs always at layers deposited at intermediate heights in
the sample, where the cooling rate is less affected by the buildplate.

2. The Low Strength Regime. On the other hand, the model overestimates the weld strength

in the low strength regime corresponding to the high molecular weight samples. This may
be indicative of the unsuitability of the crazing model to properly describe the failure of
PLA welds with frozen-in orientation. Another possible reason is the existence of a low
degree of crystallinity at the weld, which could effectively decrease the strength of the

inter-layer bonding.20222°

Despite this, the qualitative and semiquantitative agreement between Figure 5.8a and 5.9b

suggests that the physics behind the phenomenon is correctly captured.

5.7 Conclusions

We investigated the interlayer strength achieved from a range of poly-lactic feedstock ranging
in D-lactide content and average molar mass. Mechanical testing confirmed that molar mass
has a strong effect, with strength decreasing significantly with entanglement number, whereas
the effect of the D-lactide content is small. These measurements contrast expectations that
increasing the number of entanglements increases the strength of a polymer, as evident in
samples processed by more traditional methods, e.g., compression molding. Since,
geometrically, all samples were similar, we conclude that the printing process alters the
microstructure of the weld.

We used a combination of experimental polarization modulated infrared microspectroscopy
measurements and continuum modelling to show that a significant degree of molecular
anisotropy is frozen into the sample upon solidification for high-molar-mass samples (Figure
5.7a), whereas low-molar-mass samples exhibited isotropy. The model suggests that this
residual anisotropy is localized near to the surface of a deposited filament, as seen in the
previous work, resulting in a partially entangled weld region that reduces interlayer strength.
This prediction is in qualitative agreement with the experimental measurements of the weld

strength.
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Achieving molecular isotropy in the weld is clearly an interplay between molecular weight and
temperature. However, whilst print temperature is commonly implemented as a control
parameter, varying the molecular weight of the feedstock is often overlooked and may be more
effective, as demonstrated in this work. Thus, we propose that molecular weight should be

considered as a key control parameter in the MatEx process; provided that Z,, > 6, lowering

the molecular weight of the feedstock will achieve stronger builds due to isotropy in the weld.

5.8 Appendix

Figure 5.10 shows the weld strength as a function of different printing conditions for (a)
PLA_4 160k, (b) PLA_12 180k and (c) PLA_0_190k.
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Figure 5.10. Weld strength as a function of different printing conditions for (a) PLA_4 160k, (b) PLA 12 180k and (c)
PLA_0_190k.
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6 EFFECT OF CHAIN RIGIDITY ON WELD STRENGTH

6.1 Introduction

Since chain stiffness guarantees a high glass transition temperature and consequently a greater
mechanical performance at high temperature, this chapter aims to study the effect of chain
stiffness on the interlayer weld quality. In particular, we investigate for the first time how the
change in the chain chemistry for two commercial co-polyesters may affect the molecular inter-
diffusive welding process inherent to Fused Deposition Modeling technique. Although this
change in chemistry modifies the temperature-dependent rheological behavior in ways that are
expected to be detrimental to the weld strength, by employing an established continuum
polymer modeling approach we propose that increasing the polymer chain stiffness is
fundamental to ensuring that residual molecular anisotropy in the weld region is limited, and

thus weld strength is maintained.

6.2 Calorimetric analysis
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Figure 6.1. (a) Second heating ramps at 10 °C/min for the two materials obtained by DSC calorimetric analysis; (b) Heating

ramp at 10 °C/min at DSC for two materials samples after printing.

77



Since both copolyesters (see Chapter 3.1) are hygroscopic, both filaments were kept drying at
55 °C for 4 h before proceeding with the printing of the samples. Thermal characterizations
obtained by differential scanning calorimetry (DSC) analysis is reported in Figure 6.1 and

reveals that both samples are completely amorphous both before and after printing.

6.3 Rheological characterization

Figure 6.2 shows the G’, G’ master curves for the two materials at reference temperature 230
°C (a) and the corresponding shift factors (b) used to obtain the master curve via time-
temperature superposition. The shift factors are fitted according to the Williams-Landel-Ferry
(WLF) equation (Equation 4.5).
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Figure 6.2. (a) Master curves for NGEN and HT obtained at the reference temperatures of 230 °C and (b) rheological shift
factors as a function of temperature. The vertical dashed lines in graph b correspond to the glass transition temperatures of

the two materials as measured by DSC.

Figure 6.2a demonstrates distinct differences in the rheology of the two materials, with the HT
master curve shifted to higher frequencies compared to the NGEN. Since the molecular weights
of the two materials are similar, this indicates that HT polymers have longer rheological time
scales than NGEN; specifically, a longer polymer reptation time, which governs the inter-
diffusive welding process that we are interested in here. For both materials a variation in the
slope of the G 'curves is evident as the frequency decreases. This is probably an indication of
a degradation of the two polymers.23® Furthermore, for both co-polyesters, we were not able to
observe the crossover frequency between the two moduli, which is therefore located at higher

angular frequencies.
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To interpret the rheology master curve and extract the material parameters required for our
molecularly-aware model, we employ the Likhtman-McLeish model for entangled polymer
melts?!! using RepTate software.?*2 Although this analysis should be used with caution for
short molecules, the method yields an entanglement molecular weight of M, = 8 000 g/mol
for both materials, in line with other model predictions for polyesters.?31:232 |n terms of classical
tube theory, this gives Z = 2 for the number of entanglements in the melt and corresponding
entanglement time scales t,(T =T,) =12 =1Xx 1073s and 5 x 1073s, for NGEN and HT,

respectively. The polymer reptation time is related to this entanglement time via
1(T=T) =13 ~ 31923 (6.1)

and the temperature-dependence of the reptation time is obtained by applying the WLF

equation:

T4(T) = tqa(T) (6.2)
Thus, for both materials, the reptation time diverges at the respective glass transition
temperature, as determined by the WLF equation (Figure 6.2b). Physically, this means that
interdiffusion is arrested at Tg and the material can be considered solid. Compared to NGEN,
the HT WLF equation diverges more rapidly near the glass transition and the reptation time of

the HT polymer is increased by a factor of 5. These factors will have a considerable effect on

the weld time available during 3D printing, as well as the amount of interdiffusion x that occurs.

6.4 Weld time characterization

Only the time-temperature superposition behavior of the polymer is required to calculate the

available weld time. The weld time is given by

t —fw;dt 6.3
weld — o a(T(t)) ( ' )

where a(T) is given by the WLF equation, as in previous literature.2®
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Since temperature is time-dependent in the material extrusion process, it is essential to measure
the temperature evolution to calculate the weld time.

Figure 6.3 shows two thermal profiles for NGEN at the same nozzle temperature (230 °C) and
different printing speeds (20 and 80 mm/s). Each temperature peak corresponds to a passage
of the nozzle at the region of the plate where the thermocouple is fixed. It can be seen how, as
the printing speed increases, the number of peaks in the same time interval increases
proportionally. It can also be noted that the temperature recorded at the end of each decay never
goes below the one set for the build plate (85 °C). The successive maxima in the profile are
found at decreasing temperature, due to the insulating effect of the deposited layers. The
acquisition of the thermal profiles proceeds until the complete deposition of three layers for
each analyzed condition.
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Figure 6.3. Thermal profiles of the first layer of NGEN deposited on the build plate at the nozzle temperature of 230 °C and
indicated printing speeds.

Since welding occurs predominantly during the first pass of the nozzle, we assume that
subsequent heating/cooling cycles have a negligible effect on welding; thus, we restrict our
thermal measurement to the first decay in temperature following the first peak. As required by
our molecularly-aware model, we convert the discrete temperature measurements to a

continuous function, by fitting the data to the following exponential decay:

(6.4)

T(t) = Teny + (To = Teny) * €XP <_(t—_t0)>

c
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where Tenv is the environment temperature, To is the average between nozzle temperature and
bed temperature, to is the time corresponding to the start of cooling while t.. is the cooling time
scale. Equation 6.4 is then substituted into Equation 6.3 for the weld time, which is solved
numerically using Wolfram Mathematica to determine the time interval from the beginning of
the temperature decay until the glass transition temperature is reached — or equivalently the
available “weld time” during the first cooling cycle. Figure 6.4 shows an example of this weld
time calculation in the case of a HT co-polyester sample printed at a nozzle temperature 250
°C and 20 mm/s of printing speed. The calculation was performed for all the printing conditions

explored for the two materials.
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Figure 6.4. Weld time function and temperature as a function of time for the first cooling segment for a HT sample printed at
250 °C and at 20 mm/s. The weld time is calculated as the integral with respect to the time, corresponding to the highlighted

area under the 1/a: red curve.

Figure 6.5 shows the weld time values obtained for all the considered printing conditions.
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Figure 6.5. Calculated weld time as a function of print speed at different nozzle temperatures for (a) NGEN and (b) HT.
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For both materials, the weld time increases using a higher nozzle temperature, in agreement
with previous literature results.’®® By printing at higher temperatures, in fact, the polymer
remains above the glass transition temperature, where the rheological relaxation times are
faster, for a longer time interval, thus increasing the degree of interdiffusion. The increase in
speed leads to a slight decrease in the weld time. Moreover, the range of weld times for the
respective processing conditions are significantly lower for the HT co-polyester than for
NGEN. This reduced weld time, together with a much slower reptation time, suggests more
efficient welding for NGEN. Thus, we would expect to observe dramatic differences in the

weld strength achieved for each of the materials.

6.5 Weld strength measurements

Figure 6.6a illustrates the failure of a printed specimen. We see that the fracture occurs
completely along the weld line in a brittle manner, thus this mechanical test is considered a
representative measurement of weld strength. For conditions where the weld strength becomes
comparable to the bulk strength, failure along the weld lines is seldomly observed.
Furthermore, it is necessary to measure the thickness of the adhesion surface between the
adjacent layers, to correctly evaluate the stress experienced by the sample. Figure 6.6b shows
an example of a micrograph for a sample of NGEN obtained using a stereoscope. To compare
the weld strength to the bulk strength of the material, compression molded samples were also
prepared and tested. Compression molding has been carried out at 235 and 250 °C for NGEN
and HT, respectively. The high temperature has been kept for 5 min under an applied pressure
of ca. 3.5 tons; the applied temperatures are suitable to obtain a good flowability of the
amorphous polymer particles. We find that the molding conditions result in homogeneous
samples, which do not show any apparent defects or weld lines. A representative example of
the stress strain curves obtained for compression molded specimen are shown in Figure 6.7a.
The behavior is that typical of thermoplastic polymers, with a linear elastic region, a yield
point, strain softening, cold drawing and very low strain hardening. Since the stress at break is
typically lower than the stress at yield, we choose the maximum stress to represent the bulk
strength of the material, as indicated in Figure 6.7a. Figure 6.7b shows some examples of
stress/strain curves for different HT 3D-printed samples compared to the compression molded
sample (black line). For 3D printed samples, which fail in a brittle manner, the maximum stress

(stress at break) is taken as a measure of weld strength and compared to the maximum stress
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(stress at yield) of the compression molded sample, which corresponds to the bulk strength of
the material. This example shows how the process conditions can affect the tensile strength and

the elongation break, and ultimately how the weld strength is reduced compared to the bulk

strength.

Figure 6.6. NGEN copolyester specimens after failure for samples printed at 210 ~C and 80 mm/s (a.1) and 240 °C and 20
mm/s (a.2) respectively. (b) An example of micrograph of the deposited layers for a sample printed at 260 C and at a speed

of 20 mm/s.
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Figure 6.7. (a) Stress-strain curves for NGEN and HT copolyester samples obtained by compression molding. The cross
indicates representative value of bulk strength for each material. (b) Examples of stress/strain curves obtained from tensile
tests on both compression molded and 3D-printed HT samples, with cross indicating the bulk strength and weld strength,

respectively.
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Figure 6.8 shows the weld strength values for different nozzle temperatures for NGEN (a) and
HT (b), as the printing speed varies. The shaded yellow areas correspond to the bulk strength
values measured using dog-bone shaped specimens obtained by compression molding. As it
can be seen, for most of the printing conditions the strength perpendicular to the print direction
remain lower than the reference values, which are about 50 and 52 MPa for NGEN and HT,

respectively.
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Figure 6.8. Trend of the weld strength as a function of the different printing conditions for NGEN (a) and HT (b). The shaded

yellow area correspond to the bulk strength measured on compression molded samples.

For both materials, the weld strength decreases as the printing speed increases, with a less
marked decrease at higher nozzle temperatures. Despite the difference in weld time and
reptation time between the two materials, the weld strength values are very similar to each
other. In this respect, Figure 6.9 shows the weld strength normalized with respect to the value
of compression molded specimen as a function of weld time for all the considered printed
conditions for the two materials. For both co-polyesters, the bond strength between the layers
increases as the weld time increases, with a slightly steeper slope for the HT co-polyester. It
can also be noted that, despite the lower weld times for HT, the reduction of weld strength is

comparable to that of NGEN, which has weld times almost three times larger.

Although for both materials the behavior of the weld strength as a function of the weld time is
clearly linear in the semi-logarithmic plot, there is some scatter in the data particularly for the
strongest printing conditions, i.e., at high deposition speed and low extrusion temperature. The
reason for this discrepancy could be attributable to the presence of molecular orientation at the

interfaces between the layers, generated due to the characteristics of the deposition process.

84



¢}
= .
=1V e -~
= 1.0F e . |
o g ®g.
@ ~’ .,’/ ..
— @ -’ e.’
3 ® ) ®°
L ) s
= oo & ®e¢ -
:_D . . 1/ ’».
5 e e
E @, L’
7] P
=06 e HT 1
® NGEN
1x10" 2x10”! 3x10™

(Weld time)*"(s)
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serve to guide the eyes.

6.6 Molecularly-aware modelling

Compared to NGEN, we have shown that the HT polymer reptation time is increased (by a
factor of 5). Furthermore, the temperature-dependence of the reptation time diverges more
rapidly in the vicinity of the glass transition, as determined by the WLF equation, which leads
to a decrease in the weld time. Due to these factors, we expect to observe a decrease in weld
strength because of reduced interdiffusion and more residual alignment trapped in the vicinity
of the weld (see Chapters 4 and 5). However, we have shown that the weld strength of HT is
in fact comparable to NGEN (Figure 6.8).

To investigate this counter-intuitive behaviour, we employ the established molecularly-aware
modelling approach of Mcllroy et al.>452 We refer the reader to references 34 for full details
of the model and comment here only on the constitutive model. This model relies on the Rolie-
Poly constitutive model?® for which the polymer behaviour is described using a configuration

tensor, A, satisfying the Rolie-Poly equation:

A _ . . Lo f(,_1 Boa_
T KA ART 4 (4 1)+TR(T)(2 A><A+A(A 1)) (6.5)
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The velocity gradient tensor is denoted K, which captures the printing flow. Importantly, in
cylindrical polar coordinates the A,.. component of the configuration tensor describes how the
polymer is aligned with respect to the flow direction, s, and A (defined in Equation 4.11)
describes the degree of polymer stretch; A = I indicates a polymer at equilibrium. The polymer
reptation time, 74, governs interdiffusion and polymer orientation, whereas the polymer Rouse
time, tg, governs polymer stretch. Both relaxation times depend on the temperature profile.
The convective constraint release parameter is set to § = 0.5 and f denotes a finite-

extensibility parameter to be discussed.

This constitutive model is employed to predict how the polymer molecules deform when
subjected to steady-state flow through a heated axisymmetric printing nozzle, followed by
deposition into an elliptically shaped filament onto a build plate. This flow-induced
deformation then provides an initial condition to calculate how the polymers diffuse and relax
as the deposited filament cools in the surrounding air. In the model, cooling is dictated by the
measured thermal profile, which is employed as an axisymmetric boundary condition to solve
the heat equation. Once the glass transition temperature is reached, diffusion and relaxation of
the polymer is arrested, and we obtain the molecular properties of the filament at solidification.
We infer that the properties at the filament surface correspond to properties within the weld
region of an assembled single-filament wall. Here we probe the following weld properties:

- the degree of interdiffusion, in relation to the polymer’s radius of gyration,

- the degree of residual alignment,

- the degree of residual stretch.
Notably, these weld properties are dominated by the polymer relaxation time, t2, the
entanglement number, Z, and the cooling time scale, t.. Recall that whilst we model NGEN
and HT having the same Z, the relaxation and cooling time scales of the two materials are very
different.

Owing to a larger weld time and shorter reptation time, NGEN demonstrates a greater degree
of interdiffusion than HT across all print conditions, as shown in Figure . Moreover, despite
the more severe WLF curve as discussed in Chapter 6.2 there remains sufficient weld time for
the HT polymers to diffuse a distance that is greater than or equal to their size. As is a recurring

theme across different printing materials, we must probe the polymer configuration in the weld
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region rather than the degree of interdiffusion (which suggests full healing), to better

understand molecular contributions that may be responsible for reduced weld strength.

T T T T T T T
a),l 1b).| ]
= v =
= ¢ b ¢ b4 R~
] n ] ° 2
= u o #* =
S 2 u 122 A
b |5}
g 2 M 4
R [ | | [ ]
e = n "
o v
W [
- R] SRR ——— Spifr s mmmmommomoooooooooos
&n m 210°C A B 250°C
2 ® 220°C ® 260°C
A 230°C A 270°C
¥ 240°C ¥ 280°C
0 , , , , , , 0 . , ) ) ,
20 40 60 80 100 120 20 40 60 80 100 120
Print speed (mm/s) Print speed (mm/s)

Figure 6.10. Degree of interdiffusion calculated at different temperatures as a function of the print speed for (a) NGEN and
(b) HT.

Since we wish to quantitatively compare the molecular stretch and orientation of two co-
polymer materials comprised of several monomers, we must account for the effect of finite
extension of the polymer chain (previous studies of simpler homopolymers assumed infinite
extensibility). Here we incorporate a finite-extensibility factor into our Rolie-poly equation

defined by a typical Langevin function®®3

_ (3 - AZ/Agnax)(l - 1/A$nax)
B (1 - AZ/A%nax)(3 - 1/A$nax)

f (6.6)

The finite extensibility limit, A, is defined by Bartolai et al.?%*

e

A%nax = CoM,

(6.7)
for characteristic ratio C,, and M, the average molecular weight of a repeat polymer unit; C., =
1 corresponds to a freely jointed chain. Thus, to proceed we must consider the chemistry of our

two co-polyester materials.
Recall that Figure 3.1 illustrates the structure of the monomers present in a repeat unit of NGEN

and HT. Table 6.1 indicates the average molecular weight of a repeat unit in each co-polyester

(considering for the sake of simplicity an equimolar composition of all comonomers). Since
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NGEN contains monomers that all have rotational freedom, we assume that the characteristic
ratio is similar to that of the most commonly occurring polyester PET (C., = 4) .23 On the
other hand, the TMCD monomer present in HT is much stiffer due to a non-planar carbon ring
(see Figure 3.1). In fact, the increased heat resistance and toughness demonstrated by HT
(compared to NGEN) is attributed to this monomer. Since M, is very similar for the two
materials, a change in stiffness comes from the characteristic ratio; here, we assume that the
characteristic ratio of HT is larger by a factor of two. By Equation 6.7 this gives slightly

different finite extensibility limits of A,,,,,, = 3 for NGEN and A,,,,, = 2 for HT.

Table 6.1. Model parameters to predict extensibility of copolyester chains

Material NGEN HT
M, 8 000 g/mol 8 000 g/mol
Average M, 233.24 g/mol 274.31 g/mol
Coo 4 8
Apmax ~3 ~2

Figures 6.11 and 6.12 show the predicted degree of residual molecular alignment and stretch
in the weld region upon solidification for NGEN and HT, respectively. As observed for other
polymer melts used in MatEXx, residual alignment increases with increasing print speed and
reduced print temperature. This is due to a greater initial flow-induced polymer orientation,
which relaxes more slowly due to an increased polymer reptation time resulting from the
thermal profile. Note that faster printing speeds yield faster cooling rates. The residual stretch
shows similar trends since the two control parameters - print speed and print temperature - have

similar effects on the initial stretch and the Rouse relaxation time.

0.00

0.00 : : r v
* T T T T T T T
a) | & v b)
A v v
o - 4 A @
5 -0.25 n o A = -0.25
S S °®
= ] = v
= =)
S u ) § x
%= -0.50 | ®O50F m A
o = . o
e o
oy 2 [ ] [ ]
2 s H 210°C gb - -
0I5 o 22000 AT m 250°C
A 230°C @ 260°C
v 240°C A 270°C
v 280°C
-1.00 L L . L . -1.00 L L L . L 1
20 40 60 80 100 120 20 40 60 80 100 120
Print speed (mm/s) Print speed (mm/s)

Figure 6.11. Degree of alignment calculated at different temperatures as a function of the print speed for (a) NGEN and (b)
HT.
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Figure 6.12. Degree of stretch calculated at different temperatures as a function of the print speed for (a) NGEN and (b) HT.

Nonetheless, both materials exhibit quantitatively similar molecular properties in the weld
region. Thus, we expect a comparable mechanical response for NGEN and HT as we have seen
in our weld strength investigation. Importantly, we have shown that despite having an increased
reptation time and reduced weld time, which should exacerbate molecular features known to
reduce weld strength, it is the increased stiffness of the HT monomer TCMD that reduces the
extensibility of the polymer chains, and therefore limits the ultimate degree of stretch and
alignment found in the weld. For model predictions neglecting the effect of chain extensibility,
we refer the reader to Figures 6.15 and 6.16 in the Appendix. Here we compare NGEN and HT
for f = 1 i.e., assuming that the chains of both materials are infinitely extensible. Importantly,
the rheology of the chains differs, with HT demonstrating a longer reptation time. Without the
limit of finite extension, this ultimately leads to a greater degree of deformation (stretch and
alignment) of the HT polymers compared to the NGEN polymers under similar printing
conditions. Introducing a finite extensibility limit to represent stiffness of the chain has little
effect on the NGEN polymer dynamics, but significantly restricts the deformation in HT
polymers. Hence, the degree of deformation that persists at solidification becomes comparable,
as shown in Figures 6.11 and 6.12. Whilst the benefits of the TCMD monomer are known in
terms of the bulk properties of the co-polyester, for the first time we confirm that this chemistry
does not negatively affect the welding behaviour during MatEx (in comparison to the NGEN
feedstock).

89



T T T 1.2
a) :
1
1
1 1.1
- 1
1.6 1 | ]
1
1 =
5 I 0 5
5 ! 5
= I )
o l4r 1 =]
e ! 090
2 : S
g ! 2
O 12 ' 0.80 30
1 )
a \ a
1
u
0.70
1.0 H S .
1
1
1 | 1 1 0.60
0.00 0.25 0.50 0.75 1.00
Degree of alignment
1.8 T T T
b) . 1.2
1
I
1
' 1.1
L6 ; "
o ]
] -=
9 I 1.0 T
D 1 | D:D
B I 5]
RN 1 B
5} ' 090
8 ] <
1 0]
;En ] w
22t ! 080 5B
[ ! ’ 5]
' ]
I
i 0.70
l0fp=-=-=-==% R e L R
I
I
L 1 1 0.60

0.00 0.25 0.50 0.75 1.00

Degree of alignment

Figure 6.13. Degree of residual alignment and degree of strength as a function of degree of alignment for NGEN (a) and HT

(b).

In Figure 6.13 we plot the degree of residual alignment versus the degree of residual stretch.
Whilst the relationship between these model parameters is inherent to the Rolie-Poly model,
colour-coding the points correspond to the reduction in the experimentally measured weld
strength and reveals subtle correlations between the molecular and mechanical properties in
the weld. As discussed earlier, the quantitative reduction in weld strength is similar for the two

materials across all printing conditions.

However, by applying our molecular perspective, we reveal two qualitative regimes that may

be overlooked in the experimental data:
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l. Weld strength is moderately affected (G, e14/Gpui~ 90%, green-blue points) due
to the persistence of polymer alignment in the weld

1. Weld strength is affected more severely (G, e1a/Gpui~ 60%, orange-red points)
due polymers being both aligned and stretched in the weld region.

The polymer configuration for regimes | and 1l is shown schematically in Figure 6.14:

(a) Polymer melt at equilibrium (b)Regime I: Aligned polymers (c) Regime ll: Aligned and stretched polymers
|4s] =0, A=1 |A.5] >0, A=1 |Aps| >0, A>1

Rouse time, T
A —

Reptationtime, 74

Figure 6.14. Schematization of the polymer configuration for regimes | and Il purposed in the model.

Figure 6.13 shows that NGEN spans both regime | and II: at high print temperatures and slow
printing speeds, there is sufficient time for polymer stretch to fully relax prior to solidification,
while polymer alignment persists (since t; > tz). As can be seen in Figure 6.10a, this regime
results in a moderate decrease in weld strength, which appears to plateau with increasing print
speed. Under more severe conditions — at low print temperatures and fast printing speeds —
stretch relaxation is also prohibited by the glass transition. We propose that this second regime
leads to a more dramatic reduction in the weld strength (as seen in Figure 6.10b). On the other
hand, HT appears to be predominantly affected by regime Il. This is due to a combination of
increased relaxation time, reduced weld time and stiffer chains.

Thus, using our molecularly-aware modelling approach we have shown that whilst the
reduction in weld strength may be quantitatively similar for different materials, there lies subtle
and intricate differences in the molecular features within the weld region that are reflected in
the weld strength measurements. These observations allude to some of the difficulties in

deriving a theoretical model to predict mechanical properties based on the molecular features.
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6.7 Conclusions

In this chapter, we investigated the behaviour of two grades of polyester, namely NGEN and
HT, with 3D printing capability. Due to a new comonomer which increases the glass transition
of the material by ~20 °C, HT demonstrates superior temperature-resistance properties.
Whilst improvement in the bulk properties is known, here we investigate for the first time how
this change in chemistry may affect the molecular inter-diffusive welding process inherent to
the layer-by-layer MatEx technique. Through rheological characterization and in-situ
temperature measurements, we show that HT exhibits longer polymer relaxation times and
decreased weld times, compared to NGEN. Although these properties are expected to
significantly reduce the weld strength, our mechanical analysis finds that this is not the case;
NGEN and HT demonstrate comparable mechanical properties.

To understand this counter-intuitive behaviour, we employ an established molecularly-aware
modelling approach to predict the degree of interdiffusion achieved at solidification, as well as
any residual anisotropy that may be trapped in the weld region. Due to the nature of these co-
polyester materials, for the first time we incorporate finite-extensibility into our modelling
approach. We show that all printing conditions permit interdiffusion of the order of the polymer
size in both materials, despite the increased reptation time and reduced weld time of HT
compared to NGEN. Furthermore, we show that both materials demonstrate similar molecular
properties (residual polymer stretch and alignment) within the weld region. We propose that it
is the increased stiffness (and therefore reduced extensibility) of the HT polymers that
mitigatees residual anisotropy and therefore any effect increased anisotropy may have on weld

strength, in agreement with our weld strength properties.
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6.8 Appendix
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Figure 6.15. Degree of alignment calculated at different temperatures as a function of the print speed for (a) NGEN and (b)
HT in the case of infinite extensibility (f=1).
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Figure 6.16. Degree of stretch calculated at different temperatures as a function of the print speed for (a) NGEN and (b) HT
in the case of infinite extensibility (f=1).

In Figure 6.15 is shown the model predictions for the degree of residual alignment and stretch
in the weld region for NGEN and HT in the case of infinite extensibility. This corresponds to
Amax — o and thus taking f = 1 in the Rolie-Poly constitutive equation (Equation 6.5). With
unlimited extension we find that the molecular properties in the weld region predicted for
NGEN and HT are quantitatively different; the longer relaxation times and faster cooling rates
in HT lead to greater molecular anisotropy (stretch and alignment) being trapped in the weld
region at solidification. In this case, and in line with the results presented in Chapter 4, we
would expect HT to exhibit a significantly weaker weld compared to NGEN. This in contrast

to the results plotted in Figures 6.8 and 6.9 that account for the stiffness of the chains via the
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extensibility parameter; finite A,,,,, as calculated from the chemical composition of a repeat
unit, leads to quantitatively similar weld properties for both NGEN and HT in agreement with

of our weld strength measurements.
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7 EFFECT OF CRYSTALLIZATION ON WELD STRENGTH

7.1 Introduction

In this work it was proposed to study the crystallization kinetics of two different polyamides
used for FDM 3D printing and to link it to the microstructure and properties obtained during
3D printing. The Kinetics is studied both in isothermal and fast cooling conditions, thanks to a
home-built device which allows to mimick the quenching experienced during filament
deposition. Despite the degree of crystallinity is not a strong function of printing variables, the
weld strength of adjacent layers shows remarkable variations. Moreover, a decrease of its value
with printing speed is observed, linked to the probable development of molecular anisotropy

under the more extreme printing conditions.

7.2 Isothermal Characterization

As can be observed from the standard calorimetric analysis (Figure 7.1a-b), these are two semi-
crystalline polymers which differ both in crystallization temperature and degree of crystallinity
(melting enthalpy). In particular, Novamid ID1030, being a copolymer of PA-6 and PA-6,6
(see Chapter 3.1) presents a lower crystallization temperature and a lower crystallinity, while
the melting point is close to that of Novamid 1D1070 (PA-6).
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Figure 7.1. (@) Cooling ramp and (b) second heating ramp at 10 °C/min for the two polyamides obtained by DSC calorimetric

analysis.
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A characterization of the materials’ isothermal crystallization behavior has been performed
according to the Avrami model.?®® Avrami’s equation allows to describe, at constant
temperature, the changes in the degree of space filling by the spherulites and is particularly
useful in the context of polymeric materials to obtain important information relating to their
crystallization kinetics. Once the onset points corresponding to the start of crystallization in a
standard heating-cooling cycle were individuated, a series of isotherms at gradually increasing
temperatures was performed on the two polyamides, starting from about 15 °C above the
temperature of crystallization onset. Some of the isothermal crystallization curves for the two

materials are shown in Figure 7.2.
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Figure 7.2. Examples of isothermal crystallization curves for (a) Novamid ID 1030 and (b) Novamid ID 1070.

By means of a plug-in for the OriginPro software, it was possible to analyze the isothermal
crystallization curves in order to obtain the half-crystallization times (tos) for the two
materials.?*® The obtained values are reported in Figure 7.3a. As expected, in the case of the
homopolymer, a shift to higher temperatures is required to achieve the same crystallization rate
of the copolymer, indicating a largely different crystallization kinetics for the two polyamides.
The difference in the undercooling at the same rate for the two materials are in the order of 20
°C. Thanks to the same plug-in it was also possible to calculate the Avrami index for the two
materials, reported in Figure 7.3b. An Avrami exponent of about 3 is obtained, suggesting

classical spherulitic crystallization on heterogeneous nuclei.
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Figure 7.3. (a) Half crystallization time for the two polyamides and (b) Avrami index of the two polyamides as a function of

the crystallization temperature.

7.3 Non-Isothermal Characterization

The characterization of the crystallization kinetics in fast cooling conditions was carried out
using a custom-built quenching device!®® which applies a controlled air flow, thanks to which
it was possible to obtain cooling rates of increasing intensity. Samples for the two materials
were prepared in the form of thin films, heated above their respective melting temperatures and
subsequently cooled. The thermal history of the samples was measured using a type K
thermocouple inserted into the thin film and connected to a National Instrument acquisition
unit. Figure 7.4a shows as example the cooling curves for the Novamid 1D 1030 for different
air flows, while Figure 3b shows the corresponding cooling rates obtained by numerical
derivation of the temperature profiles. It can be seen that the temperature decreases
exponentially to the target value (room temperature), and that the decrease is somehow
perturbed at the lower cooling rate by the heat released by crystallization, which provokes a
temperature plateau. Cooling rates are linearly dependent on temperature when no phase
transition occurs. As such, the crystallization process can be detected at the lowest cooling rate
as a peak in the derivative curve (Figure 7.4b). We note that cooling rates of few to tens °C/s
are obtained, exceeding those commonly achievable by DSC, but in the range of those expected
for FDM 3D printing.!?® Some of the quenched samples were subsequently subjected to a
heating ramp at 10 °C/min at the DSC in order to highlight possible differences of crystallinity
with cooling conditions.
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Figure 7.4. (a) Cooling curves obtained for different air flows and (b) corresponding cooling rates for Novamid ID 1030

samples.

For both the polyamides, Figure 7.5 shows that, as the cooling rate increases, the area of the
cold crystallization peak increases, correlated to the heat released during the crystallization
process in the heating ramp. This means that, with faster cooling, the material will have a
gradually lower initial degree of crystallinity before the DSC heating ramp. The enthalpy of
crystallization during the fast cooling can thus be derived by subtracting the cold crystallization
enthalpy from the melting endotherm. Therefore, the initial degree of crystallinity shows a
decrease as a function of the cooling rate for both polyamides as displayed in Figure 7.5. The
crystallinity decreases of about one third with an increase of cooling rate from few to hundreds
°C/s. In fact, at high cooling rates, the time allowed for the polymer chains during solidification
to arrange into ordered structures is shorter, thus preventing the material from reaching the
maximum achievable degree of crystallinity. Furthermore, Figure 7.5 shows that, at the same
cooling rate, the homopolymer has a lower extent of cold crystallization than the copolymer,
thus indicating a lower degree of initial crystallinity of the latter. The crystallization kinetics
of polyamide 6,6 in non-isothermal conditions had already been studied by Rhoades et al., who

found a similar trend to the present case.?%’
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(b) and Novamid 1070. Cooling rates are estimated at 180 °C.

The large difference in crystallizability of the two materials, as evidenced by isothermal and
non-isothermal measurements, might result in different welding performance during printing.
In principle, the polyamide copolymer crystallizes at lower temperature during cooling which
give rise to longer welding times and potentially more efficient weld formation. However, the
different nozzle temperatures for the two polymers complicate the above reasoning. On the
other hand, the different crystallinity between homo- and copolymer can influence the ultimate
achievable tensile strength, even if a similar bond between the layers is achieved during cooling

the deposited filaments.
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7.4 In-situ Temperature measurements

Having characterized the crystallization behavior of the materials under isothermal and non-
isothermal processing conditions, the work focused on determining the thermal history of the
material during the deposition process. Several previous works have already proposed set-ups
able to measure the thermal profile of the material during the deposition process, for example
by IR thermography or small thermocouples.’?%132 The printed geometry is the same as
previously described (see Chapter 3.2) and which was also used for the weld strength
measurements described further on. Using a micro-thermocouple placed on the printing plate
in correspondence with the deposition area, it was possible to measure the thermal profile of
the first layer following its deposition and that of the subsequent layers above it. Figure 7.7
shows the thermal profile for Novamid ID 1030 at different printing speed and at different
nozzle temperatures respectively. Note that the maximum temperature measured by the
thermocouple does not correspond to that set in the nozzle, probably due to the very short
contact time between the two. Each temperature peak corresponds to a passage of the nozzle
over the area of the plate where the thermocouple has been placed. The printing process was
allowed to proceed until the deposition of successive upper layers led to temperature peaks of

appreciable intensity. For both polyamides the thermal profile was measured at three printing
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speeds (20, 60, and 120 mm/s) and for three different nozzle temperatures for the two materials
(220, 230, and 240 °C for the Novamid ID 1030 and 255, 265, and 270 °C for the Novamid ID
1070). Figure 7.7 shows some examples of thermal history for Novamid ID 1030 respectively
at constant deposition temperature (a) and constant deposition rate (b). It can be seen how
different nozzle temperatures lead to an evident variation of the maximum amplitude, while
different printing speeds lead to variation of the modulation period of the temperature/time
curves. It can also be observed that the minimum temperature reached after subsequent
depositions increases, reasonably due to the increasing number of underlying hot layers
deposited which therefore slow down the dissipation of heat during cooling. Moreover, it is
worth to note that the average temperature in the long time keeps definitely higher than the
glass transition. As such, crystallization is expected to proceed until saturation, given the
recorded temperature history of the deposited filament.
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Figure 7.7. Thermal profiles of the first layer of Novamid ID 1030 deposited on the plate for different printing conditions at
the same deposition speed (80 mm/s) (a) and the same nozzle temperature (230 °C) (b).

To characterize the thermal history corresponding to the different printing conditions the peak
relative to the first passage of the nozzle on the thermocouple was considered, representing the
deposition of the first layer. By analyzing the cooling curves in the different cases and obtaining
the respective cooling rates, it is possible to estimate a parameter (beta), which represents the
reciprocal of the time constant for the exponential cooling of the single filament.*>* The beta
parameter () was calculated for all the analyzed printing conditions and the results in the case
of Novamid ID 1070 are shown in Figure 7.8a. The trend of parameter 3 found for the various
process conditions highlights the fact that the deposition speed does not meaningfully influence
it. In fact, the average P value remains constant as the printing speed increases but changes,

shifting to higher values, with increasing the nozzle temperature. The samples for which
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thermal history was measured were subsequently subjected to a heating ramp at 10 °C/min in
the DSC. Figure 7.8b shows the heat flow related to the heating ramps for the Novamid ID
1070 samples printed at 20, 60, and 120 mm/s at the nozzle temperature of 230 °C. The heat
flow curves indicate, for all printing conditions, the achievement of the maximum degree of
crystallinity during cooling, as judged by the absence of cold crystallization. In fact, by
comparing the values of p for the printed sample with those obtained for quenched samples, it
is possible to derive that a B of around 1.2 s™! correspond to a cooling rate, calculated at 180
°C, of about 100 °C/s (Figure 7.9). Such high cooling rates, as previously seen, should have
led to the appearance of cold crystallization peaks during subsequent heating. However, this
does not happen because, as shown by the thermal history of the layer during printing, the
polymers remain above the glass transition temperature (about 60 °C) for most of the deposition
process, thus giving the possibility to the material to fully crystallize. Therefore, in the range
of cooling rates corresponding to the printing conditions, the enthalpy of crystallization
corresponds to the maximum achievable by the material. The achievement of the maximum
degree of crystallinity in all the cases may also be due to the effect induced by the flow to
which the materials are subjected during the deposition process, which can accelerate the
crystallization Kinetics. Being able to cool in relatively mild conditions during the printing
process, the materials do not exhibit the characteristic peak of cold crystallization when
subjected to a subsequent heating ramp. A noteworthy exception is that of the sample printed
at 20 mm/s which shows a distinct exothermic signal before melting, possibly indicating a
reorganization phenomenon of the crystals. For that sample the width of the melting endotherm
is also broader than the rest of the conditions, suggesting that a different microstructure might
be present. Similar cold-ordering event are observed for samples of polyamide-6 crystallized

at large undercooling into a mesomorphic structure.?3®
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at 10 °C/min for samples of Novamid ID 1070 printed at 255 °C.
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7.5 Weld Strength Measurements

Next, results on the adhesion strength between adjacent layers and how this vary with
processing conditions are presented. As already demonstrated, the processing parameters can
be a fundamental factor in determining a better adhesion between adjacent layers,?° sometimes

allowing the use of the products even in extreme temperature conditions.?®° Table 7.1
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summarizes the ranges of variation of the printing conditions, for which the mechanical

properties were analyzed.

Table 7.1. Adopted processing parameters.

Parameter Novamid ID 1030  Novamid ID 1070
Nozzle temperature 220-240 °C 255-270 °C
Print speed 20-120 mm/S 20-120 mm/s
Build plate temperature 80 °C 80 °C
Chamber temperature 50 °C 50 °C

All samples were printed maintaining the buildplate and printer chamber temperatures at 80 °C
and 50 °C, respectively. After printing the cubes and cutting out the faces from which the
specimens for mechanical tests were obtained, in order to correctly assess the stress, it was
necessary to measure the contact surface between adjacent layers using a stereoscope. An
example photomicrograph of the weld width measurement is shown in Figure 7.10a. Tensile
tests were carried out by setting a clamp separation speed of 6 mm/min. Some examples of the
stress—strain curves obtained for Novamid ID 1030 are shown in Figure 7.10b. In the proposed
examples, it is generally noted that the tensile strength and deformation at break are lower the
more extreme the printing conditions of the materials are, i.e., when one is far from the typical
processing temperature of the material and at a deposition rate too high or low. These stress—
strain curves show how the printing conditions strongly influence the final mechanical
properties, in particular the stress at break, and how this value is different when the load is
applied perpendicular or parallel to the printing direction (Figure 7.10b). For both materials,
the trend can be traced back to a brittle breakage, therefore preceding the yielding phase, apart
from the case indicated as “parallel to the printing direction”, in which yielding and therefore
plastic deformation occurs. The large difference between loading in the parallel or transverse

direction indicate a meaningful anisotropy of the printed object.
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Figure 7.10. a) An example of micrograph of the deposited layers for a sample printed at 230 °C and at a speed of 60 mm/s;

b) examples of stress—strain curves obtained from tensile tests on Novamid ID 1030 samples.

Figure 7.11show the weld strength values for different nozzle temperatures for Novamid 1D
1030 (a) and Novamid ID 1070 (b), as the printing speed varies. The horizontal lines in the
graphs correspond to the average yield stress values obtained for the two materials in the case
of measurements parallel to the printing direction. All measured values, remain lower than
those of bulk stress at break, respectively found at 79 and 89 MPa. It should be noted that, in
the case of the Novamid ID 1030, there are no data points related to some printing parameters,
because of the impossibility in printing the specimen under those conditions. In the case of the
copolymer the change in weld strength recalls the behavior already found in amorphous
polymers, i.e., the weld strength decreases monotonically with increasing printing speed. In
particular, for high printing speeds the drop in weld strength can be associated with the
molecular orientation, due to the high flow experienced by the macromolecules (Figure
7.11a).%*! If subjected to high shear stresses it is in fact possible to orient the polymer chains in
a preferential direction of space. The result of this mechanism is the generation of an
anisotropic molecular network, resulting in a decreased density of entanglements in a direction
perpendicular to the printing one. In fact, a decreasing trend of weld strength with increasing
printing speed had already been found in Chapter 4 and 5, where an amorphous material was
used and the presence of molecular orientation at the interfaces between the layers was
demonstrated by birefringence and polarized infrared microspectroscopy measurements. A
similar trend for random polyamide copolymers was also found by Vaes et al.?> measuring the

tear energy, and also for other semi-crystalline polymers such as PP?43244 and PA06.172.245,
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Figure 7.11. Trend of the weld strength as a function of the different printing conditions for Novamid ID 1030 (a) and Novamid
ID 1070 (b). The horizontal line in figure (b) corresponds to the average yield stress values obtained for the two materials in

the case of measurements parallel to the printing direction.

The situation is different in the case of the homopolymer, where the data trend displays a
maximum, with the optimum located at intermediate printing speeds with respect to the
analyzed range. It is interesting to note that an optimum value of tensile strength as a function
of printing parameters is also achieved in multiple-layer structures, due to a balance between
deposition of the filament and bond formation.?¢ The poor mechanical properties at the
interface for low deposition rates could be due to the peculiarity of the deposition process. We
recall in fact that the final DSC heating scan of the Novamid 1070 sample printed at 20 mm/s
presents reorganization and broad melting phenomena, indicative of less stable crystals,
possibly pertaining to the mesophase.?%":24” We thus propose that the original crystals for the
sample printed at 20 mm/s are in mesophase and possess lower mechanical strength. For what
concerns the effect of temperature, previous work on amorphous PLA showed that there was a
shift to greater values of weld strength as the temperature of the nozzle increases.**® Instead,
for the two polymers considered in this study this process variable does not seem to play a
fundamental role for crystallization and final mechanical properties of the printed specimen.
This suggest that the welding quality is not limited by the diffusion for this system, being the
nozzle temperature always sufficiently high to allow formation of entanglement formation at
the interface, unless orientation start to be a dominant factor. In general, the homopolymer
Novamid ID 1070 is more resistant to traction than the copolymer Novamid ID 1030.
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7.6 Appendix
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Figure 7.12. (a) Cooling curves obtained at different air flows and (b) corresponding cooling rates for Novamid 1D 1070

samples.
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Figure 7.13. (a) Average values of parameter g calculated for the different printing conditions for Novamid 1D 1030 samples.

(b) DSC ramps in heating at 10 °C/min for samples of Novamid ID 1030 printed at 230 °C.
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Figure 7.14. Thermal profiles of the first layer of Novamid ID 1070 deposited on the plate for different printing conditions at
the same deposition speed (40 mm/s) (a) and the same nozzle temperature (255 °C) (b) respectively.

7.7 Conclusions

In this chapter, an approach was proposed to study the influence of crystallization during
printing on the final properties, by selecting two polyamides with largely different
crystallizability. In particular it was clearly assessed that the polyamide-6 homopolymer
crystallizes at higher temperatures or in shorter times than the polyamide 6/6,6 copolymer, as
expected from the molecular structure. The application of fast cooling protocols by means of a
home-built device revealed a decrease in crystallinity as the cooling rate applied increases for
both materials. By analyzing the printed parts via DSC, it is finally verified that during the
printing process, for both materials, the maximum possible degree of crystallinity is reached.
However, low printing speed for the homopolymer probably lead to the development of the
mesomorphic modification. A direct measurement of the temperature profile of the filament
during the printing process was attempted, and it was concluded that the first filament, after
the fourth layer, is no longer affected by the heat generated by the deposition of the subsequent
layers, as its temperature remains almost constant as the printing process continues. This
temperature is higher than the glass transition temperature of the polymer, which is why, at the
end of printing, the polymer was able to reach the maximum degree of developable
crystallinity. In the tensile strength or weld strength tests for the homopolymer, a “bell-shaped”
trend was obtained, indicating that the best tensile properties are obtained in samples printed
at intermediate printing speeds. The maximum loads are in any case lower than the yield
strength, so no plastic deformation of the material occurs at the interface between the two

layers. In the copolymer, on the other hand, the best tensile strength was found at low printing
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speeds with an important decrease at higher speeds. This fact can be explained by assuming
that at high speeds a meaningful degree of molecular orientation is obtained in the transverse
direction with respect to the loading. This study represents a first approach in developing
deeper knowledge regarding the behavior of semicrystalline polymeric materials in the 3D

printing process.
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8 LIGHT SCATTERING APPROACH TO THE IN-SITU
MEASUREMENT OF POLYMER CRYSTALLIZATION
DURING 3D PRINTING

8.1 Introduction

This chapter focuses on the implementation of a simple optical setup to follow the
crystallization process in-situ during pritings. The new setup exploits light scattering generated
during filament deposition and cooling. To this purpose, the beam scattered by a growing 3D
printed wall geometry is collected on a semi-transparent screen during the deposition for both
amorphous polylactide and a semicrystalline polyamide copolymer. The clear differences
between the scattered light patterns and their temporal evolution confirm the suitability of the
proposed set-up for the in-situ measurement of crystallization during the FDM process. It must
be remembered that this set-up does not allow to obtain structural information, but only on
turbidity, unlike, for example, synchrotron techniques in which, thanks to a smaller beam

diameter, it is also possible to probe a single layer.

8.2 Thermal characterization

Figure 8.1 reports the differential scanning calorimetry (DSC) analysis for the two materials,
subjected to cooling and heating runs at 10 °C/min. While polyamide crystallizes during
cooling at 10 °C/min, as evidenced by the exothermic peak around 180 °C and the subsequent
melting centered at about 220 °C, PLA 4043D does not show clear traces of crystallization in
the cooling step. The subsequent heating shows a very evident glass transition around 60 °C
and a minimal melting endotherm due to the development of a limited crystallinity on heating
(notice the very broad exothermic crystallization peak). The degree of crystallinity calculated
for PLA 4043D is around 0.5 % (AHcold-cryst=0.46 J/g), which confirms our hypothesis of

considering it as an amorphous material.
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Figure 8.1. DSC cooling (blue) and heating (red) ramps at 10 °C/min for (a) PLA 4043D and (b) Novamid 1D 1030.

8.3 Light scattering measurements

Light-scattering measurements consist of acquiring the scattered intensity generated by a
collimated light beam hitting the samples.?*® Figure 8.2 shows the different scattering patterns
measured for specific printing conditions for the amorphous PLA 4043D and the
semicrystalline Novamid ID 1030. The amorphous PLA object scatters the light mainly along
the vertical direction (Figure 8.2a). Conversely, the semicrystalline Novamid ID 1030 scatters
isotropically (Figure 8.2b). This observation is of considerable importance as it suggests that
the isotropic scattering arises from the presence of crystallites in the polyamide printed part.
Crystallites are, in fact, very effective scattering centers that cause isotropic light diffusion.
Conversely, vertical scattering is presumably due to the horizontal interfaces between the

different layers for the amorphous material.
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Figure 8.2. Digital images collected for (a) PLA 4043D and (b) Novamid ID 1030 once the printed object has reached the

total coverage of the laser beam.

We also monitored the dynamic evolution of the scattering pattern during printing the two
polymers in different printing conditions. The acquisition started in correspondence with the
deposition of the first layer and lasted until the intensity pattern of the scattered light reached
a steady condition. Figure 8.3a-b shows some frames extracted at 5, 15, 25, and 35 s for the
two polymers. Note that in both cases, the direct beam spot (transmitted intensity) at the center

of the image decreases in intensity along the process while the scattered intensity increases.

Figure 8.3. Frames extracted at different times during printing of (a) the PLA 4043D and (b) the Novamid ID 1030 printed at
a speed of 7 mm/s. The first image (1) shows the beam before interacting with the printing object, the last (4) is instead

collected when the light beam is entirely covered by the object.
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Image analysis was carried out on rectangular areas to monitor the scattered light dynamics in
different spatial regions. In particular, three areas of interest have been selected for each frame.
Figure 8.4 shows an example of the integration area selected with imageJ in the case of
Novamid ID 1030 printed at 7 mm/s.

Figure 8.4. Integration areas selected with imageJ to monitor the evolution of scattered light in the case of the Novamid 1D
1030 printed at 7 mm/s.

One vertically aligned area along with the scattering pattern of the amorphous polymer, was
selected to monitor the anisotropic scattering arising from the macroscopic morphological
features of the print. The horizontal area centered in the region where only the crystalline
material scatters was chosen to monitor scattering intensity from crystallites. Finally, a small,
squared area placed in correspondence of the direct beam allowed us to monitor the transmitted
intensity. The integrated intensity reported in Figure 8.6a for specimens printed at a speed of 7
mm/s shows that amorphous PLA scatters only in the direction perpendicular to the deposition
one. Indeed, the integrated scattered intensity for PLA increases with the printing time only
along the vertical axis, while the intensity value on the horizontal one is steady at about zero
for the entire process. Conversely, for the semicrystalline material, the light reaches both the
horizontal and the vertical regions with the same intensity (Figure 8.6b). The experiments were
repeated using two different printing speeds: 10.7 and 4.5 mm/s. In all analyzed cases, the
scattered intensity increased in the horizontal and vertical areas while the intensity detected in
the area containing the direct laser beam decreased. Figure 8.6 also shows that all the intensity
profiles were characterized by periodic minima when the nozzle crosses the laser beam. These

minima allowed us to estimate the time for the deposition of a single filament.
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Figure 8.5. Integrated intensities in the three rectangular areas for a sample of PLA 4043D printed at a speed of 10.7 mm/s
and a nozzle temperature of 200 °C.
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Figure 8.6. The trend of scattered light intensity in the vertical and horizontal areas selected for (a) a sample of PLA 4043D
and (b) a sample of Novamid ID 1030 printed at a speed of 75% (7 mm/s).

The zero time of the process was determined using Wolfram Mathematica software (Wolfram
Research, Champaign, IL, USA) by comparing the integrated light intensity data to the
intensity evaluated in the area containing the transmitted intensity, which starts to decrease
when the first filament covers the laser beam. As visible in Figure 8.5, where it is shown as an
example the integrated intensities in the three rectangular areas for a sample of PLA 4043D
printed at 10.7 mm/s and a nozzle temperature of 200 °C, and Figure 8.6, the integrated light

increases from a minimum to a maximum for the scattered light and decreases from a maximum
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to a minimum for the transmitted light. Then, all the integrated intensities were normalized as

follows:

I(t)—L,;
Lorm = M (8.1)

Imax - Imin

where I(t) represents the intensity value at generic time t, Imin is the initial value of the integrated
intensity at time zero, while Imax is the highest scattered intensity value reached at the end of
the print. Figure 8.7 compares the normalized scattered intensity evaluated for two printing
speeds (4.5 and 10.7 mm/s a) for PLA 4043D in the vertical region (Figure 8.7a) and the
Novamid ID 1030 in the horizontal region (Figure 8.7b). Both scattered intensities follow a
sigmoidal trend. For the amorphous polymer, the increase in scattered intensity along the
vertical direction follows a similar trend but does not seem to reach the asymptotic value. The
dynamics measured for polymers printed at the same speed are different, suggesting that the
light scattering has a different origin for the two polymers. If the light scattered by the
amorphous and transparent PLA can presumably be associated with the coverage of the beam
by the printing part, in the case of polyamide, this hypothesis is not likely. Indeed, the kinetics

are different, although the objects are printed at the same speed.
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Figure 8.7. Normalized scattered light intensities for (a) PLA 4043D in the vertical area and (b) Novamid ID 1030 in the
horizontal area during printing at speeds of 4.5 and 10.7 mm/s.

From the normalized scattered intensity of Figures 8.7a and 8.7b, we extracted two
characteristic process times, to.1 and tos, representing the times required to reach 10% and 50%
of the maximum intensity in both directions. The characteristic times are reported in Table 8.1

for the various explored conditions.
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Table 8.1. Characteristic times for light scattering evaluated for the two materials.
Print speed to1 (V) to1 (H) (5) tos (V) (s) tos (H) (s)

(mml/s) (s)
PLA 4043D 10.7 3.75 - 12.05 -
7 5.75 - 15 -
4.5 8.35 - 23 -
Novamid 1D 1030 10.7 9.15 10.65 21.85 20.05
7 8.95 8.65 18.85 19.35
4.5 8.85 14.75 24.25 23.05

As expected, the characteristic times decrease upon increasing the printing speed for both
materials. Such a decrease is visible in Figure 8.8, which reports tos as a function of deposition
rate. While the values of tos are similar for low printing speeds, they diverge at higher speed
values, where the amorphous polymer exhibits faster light scattering kinetics than the
semicrystalline one. The data suggest that the semicrystalline polymer tos is affected by the

crystallization process and follows a non-linear dependence on the printing speed.
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Figure 8.8. Time to reach 50% of the maximum intensity of the scattered light for Novamid ID 1030 and PLA 4043D at different
printing speeds.

To properly consider the variation in the deposition kinetics of the layer, we took as a reference
the number of deposited layers in the time interval necessary to reach 10% and 50% of the final
scattered intensity. This behavior also provides further experimental evidence that a different
phenomenon than the simple coverage of the light beam due to the growing number of layers

during the early stage of the print is observed in the semicrystalline polymer. If the light
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scattering was caused simply by the coverage, the chosen percentage of scattered light intensity
would always be achieved after the deposition of a given number of layers, regardless of the
printing speed. The average number of layers deposited at to.s for the various deposition speeds

were calculated as the ratio between the tos and the time of deposition of a single layer (At).

The results are reported in Figure 8.9a-b. Concerning PLA 4043D, the number of layers printed
at to,1 and tos is practically constant for different deposition speeds and approaches 1.5 and 5
layers, respectively. This result confirms that the kinetics of the scattered light generation in
the vertical direction for the amorphous polymer describes the printing process purely, and is
related to horizontal interface formation between the various layers. For Novamid ID 1030
instead, the number of layers printed at to.1 and to.s increases with the deposition speed, meaning
that the Kinetics of scattered light generation in the semicrystalline polymer increases more
than linearly with the deposition speed. This effect is then ascribed to phenomena independent
from the pure beam coverage. It is then reasonable to state that the scattering is affected by the
development of the semicrystalline structures.
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Figure 8.9. The number of deposited layers for PLA 4043D and Novamid ID 1030 as a function of the deposition rate at (a)
t0.1 and (b) t0.5. Lines joining the data serve to guide the eyes.

The concept just illustrated is also evident by reporting the rate for the achievement of 10%
and 50% of the maximum intensity (1/toa or 1/tos) and the reciprocal of the deposition time of
a single layer (1/At) as a function of the deposition rate (figure 8.10a-b). In the case of PLA
4043D, there is a substantially linear relationship between the two parameters mentioned above
and the deposition rate. Conversely, for the semicrystalline polymer, the light scattering rates
reach a plateau value at high printing speeds. Considering 1/to.1 and 1/tos as the rate at which
10% and 50% of the final crystallinity is achieved, these are comparable to the deposition rate
for low values of printing speed, while they increase less than the deposition rate with the
increase of the explored print speed range. In other words, crystallization kinetics is comparable

to the printing speed at low rates but slower than it at higher rates.
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Figure 8.10. Speed for reaching a) 10% of the maximum intensity (1/to.1) and b) 50% of the maximum intensity (1/to.s) and

speed of completion of a single layer (1/4t) as a function of the deposition rate (mm/s).

Summarizing, it is clear that the printing process dominates the light scattering phenomenon in
the case of PLA 4043D. Indeed, the rate of light scattering generation follows the rate of layer
deposition closely. On the other hand, the deposition process is less influential in the kinetics
of scattered light generation for Novamid ID 1030. In this second case, the light is scattered
due to the crystallization process, which does not seem strongly influenced by the increase in
printing speed. Thus, this result indicates that, for this material and the specific conditions
adopted, the role of flow-induced crystallization is not particularly important. These results
confirm that simple light scattering measurements can be employed to evaluate crystallization

processes in FDM 3D printing.

Another valid approach to monitor the evolution of crystallinity in FDM printed parts is the

combination of IR thermography and Fast Scanning Chip Calorimetry measurements. By
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comparing the semi-crystallization times in the figure X and those calculated for layer 10 by
Vaes et al., on a similar material, comparable values are obtained, confirming the effectiveness

of both techniques for this type of experiment.?4°

8.4 Conclusions

In this chapter, it is proposed a new simple method to investigate the crystallization of a
polyamide copolymer during 3D printing as the speed of the process is varied. The technique
relies on light scattering measurement and allows us to compare the behavior of crystalline and
amorphous polymers. We observed a clear difference in the spatial distribution of the laser
light scattered from the two materials. The amorphous material gave rise to a scattering pattern
with vertical streaks, generated by the horizontal interfaces formed during the object build-up.
Conversely, the semicrystalline polymer resulted in isotropic scattering. Furthermore, while
the evolution of intensity scattered follows the deposition kinetics of the successive polymer
layers for the amorphous polymer, this is not valid for the semicrystalline polymer, where the
light scattering is mainly affected by the formation of crystallites. We demonstrated that the
difference between the scattered light patterns and their temporal evolutions during printing
allows confirming this simple setup's suitability for observing the development of
crystallization in-situ during the printing process. Improvements in the setup developed in this
work will enable us to obtain important information on the crystallization of materials in this
new polymer processing method. Moreover, this technique could be a useful tool for on-line

monitoring and process control, especially in the scouting of new printing materials
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9 CONCLUSIONS & OUTLOOK

One of the problems of the manufacts obtained with FDM is the poor adhesion between
adjacent layers, which can lead to a significant drop in mechanical properties. The application
of high shear stresses and the non-isothermal nature of the process can lead, in fact, to the
orientation of the macromolecules at the interface, hindering the formation of entanglements
and thus reducing the weld strength.

The purpose of this Ph.D. thesis was to study for different materials, as the printing conditions
vary, how the intrinsic features of the polymers can influence the final mechanical properties
of the products, with particular reference to those obtained for a test geometry. The behavior
of both amorphous materials, including some copolymers based on PLA or co-polyesters, and

other semi-crystalline polymers such as polyamides, have been studied.

In the case of a commercial PLA, we found that the drop in mechanical properties with stronger
printing conditions (i.e. high print speed and low nozzle temperature) is due to the increase of
residual molecular alignment at the interface region between adjacent layers.

Moreover, with the support of a molecularly-aware model, we discovered that the real reason
of poor mechanical properties for some printing conditions is linked to a lower entanglements
density at the interfaces.

Molecular weight also appears to strongly influence the mechanical properties of printed parts.
In fact, by comparing six commercial PLA having different molecular masses and D-lactide
comonomer content, we found a decrease in mechanical strength with Z, whereas the effect of
the D-lactide content is negligible. Subsequently, the combination of infrared
microspectroscopy measurements with continuum modelling (in collaboration with Lincoln
University) showed that a significant degree of molecular alignment is frozen into the sample
for high-molar-mass materials whereas low-molar-mass samples exhibits isotropy.

These results state how achieving molecular isotropy in the weld is clearly an interplay between
temperature and molecular weight, thus indicating how the latter should be a key parameter in
filament deposition 3D printing.

Subsequently, by carrying out tensile tests of specimens printed using two commercial co-
polyesters characterized by a different chain structure, we found similar mechanical properties,
despite the in-situ temperature measurements of the same materials during printing showing
clearly different weld times. However, with the support of the above-mentioned molecular

model we showed that both materials demonstrate similar molecular properties (residual
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polymer stretch and alignment) within the weld region. However, the modeling suggests that
it is the increased stiffness of the high Ty polymer that mitigates residual anisotropy and
therefore any effect increased anisotropy may have on weld strength.

In general, Chapters 3,4 and 5 therefore revealed the presence of molecular orientation at the
weld interlayer if very high deposition rates and low extrusion temperatures are used, thus
making this thesis relevant in case such conditions are met in industrial 3d printing.
Crystallization also plays an important role in the final properties of molded parts. By studying
the tensile strength of a commercial polyamide-6 as a function of process conditions, a bell-
shaped trend was obtained, with the poor mechanical properties obtained at low printing speeds
justified by the presence of mesophase.

Finally, we presented a new setup based on light scattering for in-situ observation of polymer
crystallization during printing. To this purpose, the beam scattered by a growing 3D printed
wall geometry was collected on a semi-transparent screen during the deposition for both
amorphous polylactide and a semicrystalline polyamide copolymer. While the amorphous
polymer scattered light anisotropically and generated a vertical scattering pattern, the
semicrystalline polyamide produced isotropic scattering, demonstrating this simple setup's

suitability for observing the development of crystallization in-situ during the printing process.

Future work may be focused on a more in-depth study of semi-crystalline polymers employed
in FDM technology. In fact, while the behavior of amorphous materials seems to have been
clarified by now, the effect of crystallization on the final properties of printed products has not
yet been definitively understood. The improvement of the set-up for light scattering
measurements could be a good attempt to investigate more precisely the morphology of 3D
printed crystals and, consequently, correlate their characteristics to the weld strength of the

samples.
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