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Abstract: Poly aryl-ether-ketone (PAEK) belongs to a family of high-performance semicrystalline
polymers exhibiting outstanding material properties at high temperatures, making them suitable
candidates for metallic part replacement in different industries such as aviation, oil and gas, chemical,
and biomedical. Fused filament fabrication is an additive manufacturing (AM) method that can be
used to produce intricate PAEK and PAEK composite parts and to tailor their mechanical properties
such as stiffness, strength and deflection at failure. In this work, we present a methodology to identify
the layer design and process parameters that will have the highest potential to affect the mechanical
properties of additively manufactured parts, using our previously developed multiscale modeling
framework. Five samples for each of the ten identified process conditions were fabricated using
a Roboze-Argo 500 version 2 with heated chamber and dual extruder nozzle. The manufactured
PAEK and PAEK/ carbon fiber samples were tested until failure in an Instron, using a video exten-
someter system. Each sample was prepared with a speckle pattern for post analysis using digital
image correlation (DIC) to measure the strain and displacement over its entire surface. The raster
angle and the presence of fibers had the largest influence on the mechanical properties of the AM
manufactured parts, and the resulting properties were comparable to the mechanical properties of
injection molded parts.

Keywords: high temperature polymer composites performance; additive manufacturing (FFF);
design of experiment using multiscale modeling; tensile testing using digital image correlation (DIC);
material characterization (DSC,TGA); PAEK and PAEK/CF fracture toughness

1. Introduction

Since the advent of 3D printing in different industries, the technology has seen in-
creasing use in the past decade for either prototyping or part replacement. Due to the
layer-by-layer manufacturing technique, one can tune the mechanical, biocompatibility
or even surface properties at the microscale to tailor macroscale properties at a level not
possible with traditional manufacturing methods such as extrusion, injection or compres-
sion molding and pultrusion. The material, chemical and physical properties as well as
flow behavior and solidification characteristics affect the overall layer properties. 3D print-
ers with environmental temperature control at the layer scale offer the unique capability
to ensure thermal stability and layer adhesion while maintaining minimal warpage and
shrinkage. Low-temperature materials such as ABS, PLA and PC can be easily used for
the purpose of prototyping and proof of concept without the need to optimize print pa-
rameters or use sophisticated printers with environment control. Process optimization
methods for low-temperature carbon fiber polymer composites such as CF reinforced
ABS or PLA with different fiber contents have been the subject of many studies for part
replacements [1-4]. However, there is still a need to optimize mechanical properties for
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high-temperature materials such as PAEK polymer which can be additively manufactured
in temperature-controlled FDM printers [5].

The majority of research conducted in characterizing the behavior of high-temperature
polymers is focused on understanding their material behavior, including the rheology,
wettability and solidification of the extrudate layers which results in the formation of
bead-to-bead bonding and layer-to-layer adhesion [6-12]. This process is complex due to
existence of various challenges affecting material behavior at elevated temperatures, when
molten polymer is deposited through a small nozzle orifice with a diameter ranging from
0.1 mm to 1.2 mm. The optimal print speed for a selected print temperature is defined
through the relationship between viscosity and temperature [13]. The failure to consider
melt flow behavior may result in a wide range of responses, including under-extrusion,
nozzle cloggage, a rough surface finish, dimensional inaccuracy and low mechanical per-
formance [10]. Another challenge is to consider the nature of polymer melt due to the
orientation of the polymeric chains as soon as it extrudes out of the nozzle. Additionally,
it is important to consider the wettability of the polymer chains and their interdiffusion
behavior to ensure minimal residual stress and warpage [6]. Other limiting factors are
solidification and bond adhesion, which are affected by the polymer chain’s interdiffusion
or interlocking phenomena, coupled with ability to form crystallites in the case of semicrys-
talline polymers in which the cooling rate can greatly affect the degree of crystallinity [14].
In general, higher deposition temperatures are usually favorable due to the lowering of the
viscosity, while faster cooling rates such as rapid quenching limit the formation of perfectly
ordered crystalline regions [11]. However, the addition of carbon fiber assists mechanical
properties but hinders processing at lower temperatures. Thus, the processing conditions
that influence the rheological behavior of the material are critical, and should be taken into
account to ensure fewer defects and better bond formation [13].

Most widespread applications of PAEK and PAEK with carbon fibers (PAEK/CF) are
in the aviation industry, where replacement of metallic parts is favored because AM of com-
posites can save weight, time and cost by avoiding traditional tooling requirements such as
injection molds. The challenge is to maintain the equivalent mechanical performance of the
PAEK/CF additively manufactured parts. With the emergence of new machines capable of
3D printing PAEK polymer and polymer composites, application of this class of polymers
have extended beyond aviation industries to other sectors such as chemical plants, oil and
gas and electronic sectors which benefit from the fact that this group of polymers are chem-
ically, biologically and electronically inert [15]. The most recent applications are focused in
the biomedical industry, where biocompatible PAEK polymers are FDA approved, with
proven high-performance properties in surgical tool manufacturing applications alongside
orthopedic implants with tunable properties [3,4,16].

Trial and error AM experimentation for optimizing the process parameters of PAEK
polymers during fabrication is an inefficient and time-consuming approach [17,18]. There is
a lack of well-defined and comprehensive methods to predict macroscopic response based
on microscopic parameters and optimize them to improve mechanical performance [5]. A
recent review article [19] indicated a broad experimental approach to improving PAEK
mechanical performance by modifying the surface or addition of different reinforcements
such as carbon fiber, ceramic or even metallic-based particles. However, layer design
and process parameters during AM are not thoroughly considered and investigated. The
fused filament additive manufacturing process parameters that will play a role are either
environmental or 3D printer parameters such as (1) nozzle diameter, (2) nozzle shape,
(3) oven temperature (i.e., bed temperature), (4) deposition speed and (5) fan speed, or
slicing parameters such as (1) raster angle (the angle between two consecutive beads),
(2) infill density (how much material is deposited in each layer), (3) infill shape (layer
architecture and porosity), (4) layer height (thickness of each layer), (5) infill overlap (the
overlap between exterior seam for each layer and infill structure), (6) extrusion width (the
width of extrudate leaving the nozzle), (7) shells (the number of continuous lines forming
perimeter of each layer), and (8) support (the number of homogenous +/—45 degree 100%
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infill layers at the top and the bottom of each part). Small changes in nozzle shape [20]
and diameter have previously been shown to have a negligible effect [11]; therefore, we
have not considered them in our analysis. However, we have considered the change in the
layer height, which indirectly has a similar effect as the nozzle size. The deposition speed
affects the temperature change during processing, and is considered to have a similar effect
on mechanical properties as temperature. Therefore, considering the effect of deposition
speed and layer height indirectly for oven temperature and nozzle size, only nine out of
the thirteen aforementioned parameters are needed to investigate the direct effect on the
mechanical performance of fused filament fabricated parts.

Conducting experiments for all nine of these parameters using full fractional fac-
torial with three intensities (low, medium, high) would require 37 (19,683) experiments.
Considering the redundancy present in the full factorial design, we decided to employ
a screening method to identify critical parameters that have the most influence on the
properties. Screening methods based on Plackett-Burman or on Resolution III fractional
factorial design focus only on the main parameters or any confounding variables without
considering their intensities [21]. For instance, the Plackett-Burman approach suggests the
choice of any number of experiments divisible by four, while the Resolution III fractional
factorial design only focuses on main factors with correlation factors [22]. Neither of these
screening methods are ideal for the present study, as optimizing parameters and their in-
tensities is not feasible considering the required number of experimental studies. Therefore,
there is a need for an offline optimization tool to help down-select parameters and their
intensities prior to any attempt to design an experiment [23].

Our modeling framework, unlike other methods [24-26] which are based on geometry
simplification and multiple test trials to define representative volume elements (RVEs) for
a specific design, uses the actual geometry of the part and loading conditions to predict
the macroscopic response [27]. The other drawbacks of previous modeling methods lie
in their applications, which are limited due to the unknown nature of load transfer and
interface strength and lack direct correlation between experimental results and the proposed
modeling framework. Our formulation is based on a constitutive, phenomenological,
continuum-based model which only requires two sets of experiments for calibration; one
to define the RVE and one to assign the material model at the RVE level. Then, the
calibrated model can be used to optimize the target macro-property. In the current study,
the target property chosen is deflection at failure, and it is optimized by varying the
processing parameters.

In this paper, by using the proposed modeling framework, we conducted an offline
numerical study to design the part and down-select the key processing parameters that
have the greatest effect on the target property (deflection at failure). Then, we fabricated
ten sets of dog bone samples for experimental characterization. In each set, only one
of the ten parameters was varied. We conducted tension tests along with digital image
correlation (DIC) for all the samples. This allowed us to determine the differences in
elastic properties over the assigned gauge length, and identify the process parameters that
have the largest effect on these properties. Finally, the results are presented, followed by
discussion and conclusion.

2. Offline Study Using Multiscale Modeling Framework

Using our previously developed multiscale modeling approach [27], we have con-
sidered three intensities for each parameter in a sensitivity analysis of a total of six layer
design parameters out of nine target parameters, as shown in Table 1. In fact, the effect of
environmental parameters such as bed and nozzle temperature as well as fan speed are
excluded, because creep studies and crystallization kinetics would be needed to develop a
comprehensive FE model to translate the effect of these parameters at multiscale. Therefore,
multiscale modeling that uses material properties assigned to the RVE at the microscale,
combined with previously set boundary condition (B.C.) in ANSYS software, is used to
solve for the deflection at failure for each corresponding process design. The G-code, which
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defines the processing procedure, is developed using the selected processing parameters
and their intensities, with the aim of predicting the resulting deflection at failure.

Table 1. Optimized layer design parameters using multiscale modeling for three intensities, in which
the one in bold is chosen as the optimum intensity.

60 6.25
Extrusion width % 105 7.5
120 8.4
10 12.7
Infill overlap % 90 7.5
60 10.1
0.1 7.98
Layer height (nozzle size) mm 0.25 7.58
0.3 7.44
Wiggle 6.95
Infill shape Rectilinear 6.63
Full honeycomb 7.83
3 7.2
Solid layers 0 8.67
2 7.82
2 11.31
No. of shells 3 8.43
0 13.12

3. Design of Experiment with Down Selected Parameters

Our multiscale model predictions, as discussed in the previous section, allowed us
to identify parameters that most influence the deflection at failure and find their optimal
values. Another important objective in our offline analysis was to identify the best combi-
nation of parameters to achieve homogenous layer architecture, and therefore properties to
produce parts that are more comparable with traditional manufacturing processes such as
injection modeling. Using this approach, we conducted an experimental study with the
down-selected parameters listed in Table 2.

Table 2. The highlighted parameter is the only one changed for ten experimental process conditions.
The first process condition is conducted with optimal intensity.

0/90 100% Rectilinear 3
+—45 100% Rectilinear 0.21 90% 105 160 °C 3
0/90 70% Rectilinear 0.21 90% 105 160 °C 3
0/90 100% Full Honeycomb 0.21 90% 105 160 °C 3
0/90 100% Rectilinear 0.12 90% 105 160 °C 3
0/90 100% Rectilinear 0.21 10% 105 160 °C 3
0/90 100% Rectilinear 0.21 90% 120 160 °C 3
0/90 100% Rectilinear 0.21 90% 105 200 °C 3
0/90 100% Rectilinear 0.21 90% 105 160 °C 3
0/90 100% Rectilinear 0.21 90% 105 200 °C 3

4. Experimental Method
4.1. Preparation of PAEK and PAEK/CF (10% wt.) Samples

A high-temperature Roboze-Argo 500 version 2, AM machine with heated chamber
and dual extruder nozzle with 0.4 mm diameter was used to prepare dog bone samples
for testing to determine the mechanical properties and deflection at failure. Solidworks
software was used to design and prepare the STL digital files to 3D print the samples. Then,
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the generated STL files were sliced using Simplify3D software to populate the G-code files,
which were loaded into the Roboze high temperature 3D printer to additively manufacture
the dog bone samples. The nominal dimensions of the samples manufactured for the tensile
test are based on ASTM D638-Type V [28], with a thickness of 3.18 mm.

4.2. Material Characterization

The thermal transition and enthalpies of pure PAEK and PAEK/CF filaments as well as
thermal history of selected processes are listed in Table 3, alongside the thermogravimetric
analysis.

Table 3. Average thermal transitions and enthalpies for PAEK and PAEK/CF and their thermal history
under different processing conditions. All samples were manufactured with oven temperature of
160 °C, except process 4, for which the oven temperature was 180 °C.

Material Condition Glass Transition Melting Point AHf (J/g) xc (%)
PAEK Filament o °
1 L e—— 146.0 °C 338.0 °C 42.3 32.0
2 FAEK/CF Filament (10 wi%) 138.0°C 345.0 °C 311 235
(1.75 mm diameter)
3 Process 1-PAEK-sample 146.2 °C 339.5 °C 35.3 26.7
4 Process 1-PAEK-sample 146.5°C 341.6 °C 32.7 24.7
5 Process 7-PAEK-sample 149.3 °C 341.7 °C 40.5 30.7
6 Process 9-PAEK-sample 147.5°C 340.0 °C 34.0 25.8
7 Process 10-PAEK-sample 148.2°C 340.8 °C 36.9 28.0
8 Process 9-PAEK/CF-sample 143.5 °C 340.1 °C 36.0 27.2
9 Process 10-PAEK/CF-sample 143.9 °C 340.8 °C 38.2 29.0

4.2.1. PAEK and PAEK/CF Rheology

Rheological properties are benchmarked from manufacturer thermal analysis results
compared to the recently published literature [29] to identify the category of PAEK polymer,
which is PAEK-A5. We conducted DSC analysis to compare thermal transitions and
confirmed the type of PAEK polymer used, as shown in Figure 1. Published viscoelastic
data [29] at 370 °C-390 °C indicate its stability at melt state; however, at temperatures
beyond 390 °C, more branching and improvement in processability is expected. TGA
analysis was conducted to confirm that processing of 3D printed PAEK or PAEK/CF in the
range of 420 °C—450 °C did not show evidence of degradation. To additively manufacture
at elevated temperatures, the knowledge of thermal history and the role of cooling rate on
degree of crystallinity would be essential.

4.2.2. Thermal Analysis Using DSC

DSC analysis is a major characterization technique to study effect of processing pa-
rameters as well as cooling rate on degree of crystallinity. Measuring the area under the
melting curve is a standard method to evaluate thermal history of printed samples made
under different processing conditions shown in Table 2. The effect of cooling rate on degree
of crystallinity of PAEK and PAEK/CF samples, shown in Figure 2, can form the basis to
develop a crystallization kinetics model but is beyond the scope of this study.
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Figure 1. DSC curves for PAEK and PAEK/CF filaments at

a heating rate of 5 K/min are shown in

red and blue, respectively, followed by cooling curves at 20 K/min. The area under the melting curve

can be used to calculate the degree of crystallinity.

Effect of cooling rate on crystalinity
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Figure 2. The percent crystallinity for different cooling rates is calculated by measuring the area

under the curve as shown in Figure 1 (J/g).

Details of sample preparation: PAEK and PAEK/CF filaments are tested using a DSC
Proteous 214 machine using encapsulated samples 9-11 mg in pierced aluminum pans.
After heating the samples at 5 K/min from room temperature to 400 °C, followed by a
5 min isothermal step to ensure that samples are completely melted, they are then cooled at
20 K/min under a nitrogen flow rate of 40 mL/min. This procedure was used to obtain the
thermal properties of various samples with different thermal histories, as shown in Table 3.

Figure 1 shows the DSC curves for PAEK and PAEK/CF filaments. To calculate the
degree of crystallinity, the measured area under the melting curves is divided by heat



J. Compos. Sci. 2023, 7,157

7 of 16

of fusion for the complete crystalline sample, which is 131.9 J/g, from the Roboze data
sheet [30].

Table 3 shows the thermal transitions of filaments from the manufacturer data sheet,
which are consistent with the DSC results from Figure 1. The average thermal history
of three samples from each material condition is reported in rows 3-9. The results in
row 4 compared to row 3 show that increasing the oven temperature from 160 °C to
180 °C, which will promote annealing, has a negligible effect on the degree of crystallinity.
On the other hand, the highest degree of crystallinity is obtained for row 5, in which a
higher compaction pressure between beads as a result of an increase in extrusion width
promoted crystallinity. A similar trend is expected in the case of PAEK/CEF, as higher
crystallinity merely elevates performance and promotes inhomogeneity in 3D-printed
parts, and facilitates flaw-driven phenomena such as fractures, which result in lower
deflection at failure and toughness.

Based on our DSC analysis at different cooling rates, as shown in Figure 2, the highest
degree of crystallinity is related to the cooling rate of 1 K/min both for PAEK and PAEK/CF
filaments. Degree of crystallinity for this set of samples that have undergone repetitive
heating and cooling cycles as shown in Figure 2 is lower than the one studied in Table 3
with only one heating and cooling cycle (rows 1 and 2). The lower degree of crystallinity
may be due to disrupted polymer chain arrangement specially for PAEK/CF polymer
composite which requires further investigation.

Cooling rates slower than 20 K/min is not achievable with the current print speed
of 40 mm/s, since it takes less than 40 s for the polymer melt to leave the nozzle. This in
fact shows that in the best case scenario at our suggested print speed, as shown in Table 3
for one cycle of heating and cooling of PAEK and PAEK/CF, the degree of crystallinity is
32.0 and 23.5 percent respectively.

To summarize, the cooling rate as well as presence of any additional component such
as carbon fiber in the polymer melt can change crystallinity in traditional manufactur-
ing [13] with lower porosity. However, finding a direct correlation between increments
in crystallinity with mechanical properties in 3D-printed parts is merely plausible. There
is a need for comprehensive study in this field to understand how mechanical properties
are affected by crystallinity and interface strength in 3D-printed parts. We believe the
presence of an excessive number of voids and weak interfaces cancels the positive impact
that improved crystallinity can have. Some other factors such as higher extrusion width
can change the pressure inside each layer and elevate crystallinity as well, as seen in the
case of process 7 for the PAEK samples.

4.2.3. Thermogravimetric Analysis

The evolution of dried PAEK vs. PAEK/CF samples under high-temperature con-
ditions is evaluated through a heat ramp from 250 °C to 1000 °C, at a rate of 10 K/min,
using TG209F1 Libra. In both cases, the tests are performed under nitrogen atmospheres
at 10 mL.min~!, for 1 h and 40 min. Encapsulated PAEK and PAEK fiber samples ranged
from 20 to 30 mg, respectively.

As shown in Figure 3, the initiation of degradation for PAEK and PAEK/CF occurred
at 504.2 °C and 499.2 °C, respectively; however, at temperatures beyond 499.2 °C, sam-
ples showed 5% loss in weight, which is considered the initiation of degradation. The
addition of CF favors degradation by shifting the degradation temperature ~5 degrees, as
improved thermal conduction promotes heat absorption. This temperature gap increases
to almost 13.6 degrees at the final stage of decomposition, in which more CF ash remains,
thereby aiding heat transfer at higher rates. The results show evidence of decomposition at
temperatures above 504.2 °C when samples are kept at these temperatures for more than
50 min. In the majority of 3D printing cases, the time it takes for polymeric filaments to
stay at deposition temperatures in the range 420 °C—450 °C is less than few minutes. In the
case of PAEK/CF composites, it is not advisable to print samples at temperatures above
450 °C due to their complex rheological behavior [29] and the proximity to the degradation
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temperature. Therefore, decomposition is not of concern within a defined range for nozzle
temperature; however, it is essential to know decomposition temperatures and the duration
of stability of PAEK polymer composites, due to their application at elevated temperatures.

TG /%
Value: 499.2 °C, 100.00 %

100
Value: 504.2 °C, 100.00 %
90
80
Residual Mass: 55.80 % (957.7 °C)
70
Residual Mass: 53.78 % (971.3 °C)
601  [1] PAEK-Fiber-Base line-tGA.ngb-st9
TG
[4] PAEKCF-Fiber-Base line-tGA.ngb-st9
TG

100 200 300 400 500 600 700 800 900
Temperature /°C

Main 2023-03-28 14:07 User: Polym

Figure 3. TGA curves of PAEK vs. PAEK/CF from 25 to 1000 C at 10 K/min in an inert atmosphere.

4.3. Tensile Testing Using DIC-Equipped Instron

A total of five tensile test samples of PAEK polymer from each print condition listed
in Table 2 were fabricated. Following addition of carbon fiber to the polymeric matrix,
prints for the process 9 and process 10 were replicated, and parts at 470 °C with different
raster angles and oven temperatures were printed in order to justify our TGA analysis
(Figure 3) and evaluate the performance of parts made beyond our suggested optimum
deposition temperature.

The tensile tests were performed using an Instron 4448 machine with a 10 kN load
cell capacity at a rate of 1 mm/min. The ASTM standard [31] for V-type samples with
which failure happens at less than 5 min suggests using slightly lower strain rates to
allow for 3D-printed parts with a high degree of inherent porosity compared to traditional
manufacturing to achieve better polymer chain stretching and real application. The lower
strain rates help to better understand material behavior at the high temperatures at which
polymeric relaxation mechanisms activate.

The local strain was measured with DIC using a video extensometer and following the
steps shown in Figure 4; the final values of the deflection at failure were calculated from
the Instron displacement data. The Instron’s recorded force and the nominal cross-sectional
area of the samples were used to calculate engineering stress at each time step. The video
extensometer and digital image correlation (DIC) software was used to measure the true
strain of samples, which was then used to calculate the modulus. The average result of
the five samples with standard deviations are reported for each process condition. We
manufactured and tested only V-type samples. However, we confirmed through our DIC
measurements that the strain was uniform across the sample during mechanical testing
of the samples until failure. In addition, from Table 3, we can conclude that the effect of
thermal history is relatively small.
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Figure 4. (A) printed dog bone coupons; (B) coupons were painted with a dot pattern so DIC could
measure strain variations; (C) DIC-equipped Instron to measure strain using a video extensometer.

5. Results and Discussion
5.1. Effect of Temperature and Deposition Speed on PAEK Polymer Composites

Most of the reported process optimization efforts in the literature are limited to evalu-
ating the effect of temperature and print speed, and do not consider optimizing the layer
parameters; this motivates us to further broaden our study in this field. In those studies,
the elastic modulus for PAEK is reported to be between 2.3 and 3.0 GPa, with 4.3t0 4.9 +/—
0.24 mm elongation at break [5] and a flexural modulus of 2.43 GPa [3], based on the
processing parameters such as raster angle and print speed that were used. Additionally,
as suggested by the authors, the best 3D-printed parts are processed at 400 °C, with a
maximum modulus of 3.0 GPa and a strength of 77 MPa, compared to the injection molded
parts with a maximum modulus and a strength of 3.6 GPa and 98 MPa, respectively [5].
Another important factor that affects the part performance discussed in the literature is
annealing, in which the annealed parts showed comparable results to injection molded
parts, with a maximum modulus of 3.55 GPa and 97 MPa strength [5] for the samples with
a lower degree of crystallinity; however, we have not studied the effect of annealing in
manufactured parts. Although the effect of temperature on crystallinity and degradation in
PAEK and PAEK-CF polymer composites and their performance has been broadly stud-
ied [32], the role of deposition speed is widely neglected because it can be corelated to the
temperature change. At higher deposition speeds, parts remain in a molten state for an
extended time, considering the constant cooling rate. Although the addition of the next
layer at elevated temperatures favors better interlayer adhesion and bond strength [33],
there is concern for the possibility of degradation at temperatures beyond 450 °C, as shown
in TGA; degradation is seen after 50 min at 499.2 °C. Therefore, to achieve better dimen-
sional accuracy and to avoid degradation, for parts that are made at higher temperatures
beyond 400 °C, a lower deposition speed is advisable to improve bond adhesion and aide
in decreasing the entrapped air during the printing of PAEK polymer composites.

5.2. Multiscale Modeling for Layer Design Optimization

The proposed modeling framework [27] can be applied to any printer once it is
characterized, and our main contribution is the development of a methodology to down-
select and relate the important processing conditions to mechanical properties. The model
prediction results for each process condition, shown in Table 2 and used as an optimum
method for down-selecting parameters, are shown in Figure 5 and compared with the
outcomes of our experimental studies. Two particular parameters, i.e., the number of
outline shells and support layers which we had optimized using our proposed multiscale
modeling, are not varied in this study to ensure greater part homogeneity. All optimized
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values for parameters are used in process condition 1 as a baseline, and other process
conditions are defined by varying one parameter at a time, as listed in Table 2. For instance,
for process condition 2, only the raster angle is changed from the 0/90th degree in process
1 to the 45/ —45th degree, which results in higher toughness and deflection at failure.

ANSYS
2201 9 “ Experimetal result-Deflection at failure(mm)
“ Model prediction -Deflection at failure(mm)
8 l
7 l
£ .
1 I :
2 5 [ 1 l
< 1
B,
8 1
3 s
z | L
0
N Vv » > 0 © A ® )
T - — S A N S 4 o,p" & & & ¢;.“9
T T 30,2224 50,0831 436 1 € € € LU R

Figure 5. Simulation results for predicted deflection at failure for process is shown on the left
(6.44 mm) and other processes are similarly modeled and compared with experimental results, as
shown on the right; however, processes 9 and 10 are left out, as the effect of temperature is not
considered due to lack of creep studies. Simulation results are based on a material model which may
have a 1 to 7.5% error [27].

Infill density and shape, introduced in process condition 3 and 4, affect the amount
of material incorporated into each layer, which impacts mechanical properties. In general,
some infill patterns such as full hexagonal (HC) are chosen to introduce a higher degree of
porosity compared to the compact rectilinear shape (RC). The higher infill density in RC
suggests higher strength and stiffness due to lower porosity.

The role of the interfaces formed between layers in 3D-printed parts, which act sim-
ilarly to weld lines in traditional manufacturing, is not well studied. By changing the
layer height or nozzle size, the number of interfaces formed is determined for a particular
thickness part. Considering the relationship between layer height and nozzle diameter, the
optimum value for layer height is in the range of [50-60%] of the nozzle size. For instance,
the optimum layer height for the 0.4 mm nozzle to achieve high strength and adhesion is
between (0.2-0.24) mm. In general, the greater the number of weld lines, the lower the
part’s strength and stiffness. Therefore, larger layer height implies higher strength for the
same thickness of the part. Raster angle and layer height can change the shape of voids
and number of weld lines formed at each cross-section, as represented in Figure 6. The top
section of this figure is related to a sample made with a finer layer height at 0/90 alternating
degrees (process 5; Table 2), while the bottom part shows the sample with 45/ —45 alter-
nating angles as well as a larger layer height. A higher strength and stiffness as well as
deflection at failure were achieved for the bottom image (process 2; Table 2) with a lower
number of weld lines.

The parameter studied in process condition 7, referred to as extrusion width in the
slicing software, Simplify3D, controls the amount of extrudate deposited at each location; it
is controlled by nozzle diameter and extrudate rheology. A higher percentage of extrudate
width improves the die-swelling effect in polymers and bead-to-bead compaction; DSC
results show that samples made under this condition have higher crystallinity. Another
parameter introduced in process condition 8, which is inversely correlated with extrusion
width, is infill overlap, a higher value of which provides higher local deposition; therefore,
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a generally better part performance is implied. A poor choice of values for this parameter
can cause inhomogeneity through the thickness, resulting in premature failure and lower
overall mechanical properties, as shown in Figure 7.

2000pm

2000pum

Figure 6. Cross-section of a sample made with 0.12 mm layer height and a 0/90 raster angle,
contrasted with a part made with 0.21 mm layer height and a 45/45 raster angle.

2 [ O -
‘ .* N b2

bl =

Figure 7. The simulation result for homogenous layer design (b2) compared with DIC from exper-
imental results (b1). In contrast, DIC for experimental results of the inhomogeneous layer design
(al) is compared with simulation results (a2).

5.3. Change of Mechanical Properties with Layer Design Parameters

Changes in processing parameters such as infill percentage (process condition 3) and
pattern shape (process condition 4) can affect void content by introducing more gaps
between the beads, and this can result in a dramatic drop in all aspects of mechanical
properties, as shown in Figure 8. Another important aspect of part performance is interface
strength, the effect of which is studied by changing the layer height or infill overlap. The
former parameter affects the number of interfaces between consecutive layers, and the
latter parameter affects the bond formation and adhesion. A 57% decrease in layer height is
shown to cause a 10% reduction in overall strength, a 30% decrease in deflection at failure
and 20% reduction in tensile toughness. Another contributing factor in void content is
the possibility of entrapping air during layer-by-layer deposition. The wider extrusion
width used in process condition 7 may contribute to this phenomenon by delaying the
cooling process, which results in improved crystallinity, as shown in Table 3. In contrast,
increasing deposition temperature, as in process conditions in 9 and 10, helps to reduce
viscosity with a similar degree of crystallinity compared to process 7, allowing the release
of entrapped air, thereby lowering porosity. This in turn improves strength, toughness,
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and deflection at failure, and has been shown to have little or no effect on the stiffness, as
shown in Figure 8. PAEK polymer is a semicrystalline polymer, and similar to other high-
temperature polymers, its toughness reduces with increasing crystallinity [22]. The PAEK
polymer processed at 430 °C shows higher ductility and deflection at failure compared to
the sample processed at 450 °C. Raster angle, unlike temperature, has a negligible effect on
strength of PAEK, and the 0/90 angle has shown consistency in improving strength (~0.5%)
compared to the 45/ —45th degree.

a Strength PAEK vs processing conditions b Stiffness PAEK vs process conditions
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Figure 8. Measured (a) strength, (b) stiffness, (c) deflection at failure, and (d) toughness, with
standard deviations. The X-axis label refers to the different process conditions, as listed in Table 2.

The PEAK coupons fabricated at 450 °C show little effect due to change in raster angle
(80 £ 1.2) MPa. The strength of PAEK polymer parts changes significantly with change
in layer density, and less so with a change in raster angle and temperature, as can be seen
from Figure 8. Samples with raster angles of 0/90 that are made at 450 °C show the highest
strength of (120 £ 2.5) MPa. The deflection at failure is reduced by 50% compared to the
PAEK sample made in optimal conditions, as shown in Figure 8, to (3.52 £+ 0.012)mm,
because of brittleness caused by a higher degree of crystallinity [8].

5.4. Change of Mechanical Properties with Addition of Carbon Fiber and Role of Temperature

The addition of carbon fiber acts as reinforcement for the PAEK matrix, and as expected,
increases the stiffness and strength when processing temperature is optimum. As shown
in Figure 9, the addition of 10 wt% carbon fiber reinforcement (with an aspect ratio of
26.3) to the PAEK polymer improved mechanical stiffness and strength by 50% and 60%,
respectively, over the neat PAEK polymer at 430 °C for raster angles of 0/90 and +—45.
This results in a quasi-brittle behavior, with the addition of PAEK/CF showing a lower
deflection at failure and toughness compared to neat PAEK samples.
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Figure 9. PAEK and PAEK/CF composites’ mechanical properties: (a) strength, (b) stiffness, (c) de-
flection at failure, and (d) toughness. The X-axis label shows the performance of PAEK or PAEK/CF
at nozzle temeparatures (430 °C and 450 °C) and oven temperatures (160 °C & 180 °C) for different
raster angles (45/—45 & 0/90).

On the other hand, the effect of an optimum choice of range of processing temperatures
for PAEK/CF polymer composites is shown in Figure 10 to be an essential element impact-
ing mechanical properties. At 450 °C, PAEK/CF samples showed the highest mechanical
properties compared to samples made at 470 °C, with increases in strength of 15% and
40% for raster angles +—45 and 0/90, respectively. However, samples made at 470 °C with
a 45/ —45 raster angle at a lower oven temperature 160 °C showed a 20% improvement
in strength compared to PAEK CF made at 450 °C with the same raster angle and oven
temperature. However, samples made at 450 °C and with a 45/ —45 raster angle at 160 °C
oven temperature have the highest strength of all the different conditions.

Considering the mechanical performance of PAEK/CF samples made at 470 °C, we
believe PAEK/CF filaments undergo complex rheological behavior during deposition at
this temperature; entrapment of more air with a fast speed of deposition results in initiation
of a higher degree of porosity and poorer mechanical performance. However, further
analysis using characterization methods such as Micro CT and SEM is essential to verify
our claim.
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Figure 10. PAEK/CF samples made at 470 °C show a drop in mechanical properties, (a) strength,
(b) stiffness, (c) deflection at failure, and (d) toughness, compared to samples made at 450 °C. The
X-axis label shows the performance of PAEK or PAEK/CF at different nozzle temeparatures (430 °C
and 450 °C) and oven temperatures (160 °C & 180 °C), for different raster angles (45/—45 & 0/90).

6. Conclusions

PAEK polymers and their composites have comparable properties to metallic parts,
which make them good candidates for weight reduction in many applications. Additive
manufacturing of PAEK composites has opened up the possibility of producing complex
shapes, with control over their internal features and architecture achievable through the use
of multiple processing parameters through slicing software such as Simplify3D to define
layer architecture and assembly. To obtain the greatest benefit from AM manufacturing
of PAEK polymers, there is a need to control parameters based on the target application
to achieve optimum performance. Our modeling framework can relate processing details
to local material properties, which can in turn be used to fabricate parts with preferred
macro-properties and high repeatability. We have conducted an offline numerical design
study using our multiscale modeling approach to identify the effect of each parameter on
deflection at failure, and to optimize processing parameters and their intensities prior to
the designing of the experiments. The main goal for this step was to achieve maximum
homogeneity in the combination of parameters, while obtaining comprehensive knowledge
on how to tailor mechanical properties at microscale to achieve high stiffness and strength
at the macroscale. Using the optimized process, condition 1, as the baseline process,
we down-selected ten experimental process conditions to check their effects on stiffness,
strength, toughness and failure. Parameters such as infill density and infill shape as well as
higher bed temperature can have an adverse effect on toughness by reducing deflection
at failure and stiffness; however, strength has been shown to be relatively independent of
porosity and adhesion. The higher content of porosity induced by infill shape or lower
infill percentage can also negatively impact the strength of material. In general, failure
is driven by both strength along the loading direction and interface adhesion, which are
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related to the density of material [5], and the number of interfaces and resulting porosity
through the thickness. All of these are affected by the control of the manufacturing process.
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