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Investigation of the impact of the short fiber reinforcements
on the thermal and mechanical properties of polymer-based
composites manufactured by material extrusion

Mohammad Ahmadifar'? - Mohammadali Shirinbayan? - Khaled Benfriha'

Abstract

In the recent years, additive manufacturing (AM) has been widely expanded for manufacturing the polymer and polymer-
based composite parts. The main drawback of the material extrusion additive manufactured parts is the weaker mechanical
properties in comparison to the manufactured parts by the conventional methods. The stated weak mechanical properties are
due to the weak adhesion between the deposited layers. The poor adhesion between the deposited layers in material extrusion
additive manufacturing process is due to the fact that the previous deposited filament (n-1) is already cooled and solidified.
To ensure the appropriate adhesion between the two adjacent filaments, the temperature of the first deposited layer (n-1)
has to be high enough to obtain a suitable adhesion to the subsequent layer (n) but in an optimum range to avoid the lack
of the dimensional accuracy. Therefore, a precise and local measurement of the temperature on the scale of the diameter of
the filaments is necessary. In this study, four important process parameters (liquefier temperature, layer height, print speed,
and bed platform temperature) were selected to study their effects on the rheological behavior and temperature evolution
of the PA6 and CF-PA6 materials during material extrusion process. Then, the impact of the short/chopped reinforcement
on the thermal and mechanical properties of the material extrusion additive manufacturing processed polymer-based com-
posites were studied by comparing the obtained results from PA6 and CF-PA6 parts. In one experiment, it was observed
that increasing the liquefier temperature from 220 to 240 °C increased the tensile strength and crystallinity percentage of
the manufactured PA6 and CF-PAG6 specimens. It was determined that the crystallinity percentages of PA6 and CF-PA6
specimens increased from 12.51 to 14.40% and from 19.97 to 20.51%, respectively. One of the existence effects of carbon
fibers is highlighted in the higher crystallinity values of the CF-PA6 specimens comparing PA6 specimens. Finally, a time—
temperature-transformation diagram was plotted to determine the processability condition of the utilized materials. It can be
helpful for the designers and researchers to find out the optimal material extrusion additive manufacturing process parameters
condition for the utilized raw materials.
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1 Introduction

Additive manufacturing (AM) is introduced to produce
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of polymer/composite filaments [9, 10]. FFF and SLS are
the most widely used AM methods for polymer composites.
However, FFF has traditionally been deemed to be the most
effective process.

Comparatively speaking, FFF process provides the fol-
lowing advantages: Multiple materials can be deposited
simultaneously, requiring little energy input, having readily
available raw materials, being less likely to degrade, being
more affordable, not requiring chemical modifications after
the manufacturing process on the products, and being able
to offer a wide range of printers at various prices [11-20].
Various thermoplastic polymer/composite filaments, such
as acrylonitrile butadiene styrene (ABS), polylactic acid
(PLA), polyimide (PA), etc., are applied to feed FFF print-
ers. The liquefier temperature is set above the filament melt-
ing point. Consequently, the filament will be softened and
melted inside the liquefier. Then, the molten material will
be pushed by the still-solid upstream filament through the
nozzle and will be deposited on the platform bed. For each
layer of the object, the extruded polymer is laid down as
the nozzle moves, starting with the perimeters and moving
towards the filling [21, 22].

Several studies are conducted on the manufacturing and
development of filaments utilized in the FFF process. Zander
et al. [23] conducted experiments to fabricate polyethylene
terephthalate filament and introduced the recycled PET as
filament. Printed specimens as well as filaments processed
with different conditions were evaluated for their thermal
and mechanical properties. Utilization of the recycled fila-
ments made from HDPE and poly (lactic acid) for FFF pro-
cess has been reported [24, 25].

There are several advantages concerning the short fiber
reinforced polymers (SFRP), including improvements in
mechanical properties, facilitation in fabrication, and their
affordable price [26-28]. Numerous studies have been
conducted on the mechanical behaviors and dimensional
stability of the FFF processed parts. The effects of print-
ing parameters, including extrusion rate and cooling, on
dimensional accuracy and bonding strength were discussed
by Costa et al. [29]. Utilizing the FFF feedstock of ABS rein-
forced with carbon nanotubes, Shofner et al. [30] reported
an improvement in tensile strength of 40% and modulus of
60% when neat ABS was reinforced by 10% wt carbon nano-
tubes. Ahmadifar et al. [31] investigated the effect of lique-
fier temperature, layer height, bed temperature, and print
speed as the four important process parameters on the ther-
mal and mechanical behaviors of the FFF-printed chopped
carbon fiber reinforced PA6 composite specimens. This was
accomplished by measuring the in-situ temperature and thus
studying the rheological behavior of the chopped carbon
fiber reinforced PA6 during the FFF process. B. Brenken
et al. [32] tried to predict final deformed shapes and resid-
ual stresses of printed 50 wt.% carbon fiber reinforced PPS

material caused by the printing process. Using FFF manu-
facturing, Ankit Gupta et al. [33] investigated the mechani-
cal properties of the short carbon fiber (SCF) reinforced
polycarbonate composite. In this experiment, the specimens
were printed with the different carbon fiber volume fractions
(3%, 5%, 7.5%, and 10%) and different print speeds (25, 50,
and 75 mm/s). Two variables were found to heavily influ-
ence mechanical properties of printed specimens, which was
volume fractions of short carbon fibers and printing speed.
The effect of layer thickness and liquefier temperatures on
the tensile strength of carbon fiber reinforced PLA have been
investigated by Durga et al. [34]. Their study considered
varying liquefier temperatures (205, 215, and 225 °C) as
well as layer thicknesses (0.1, 0.2, and 0.3 mm). Accord-
ingly, the manufactured sample with the smallest selected
layer thickness and the highest selected liquefier tempera-
ture demonstrated the greatest tensile strength. Ning et al.
[35] investigated the FFF processing of carbon fiber (CF)
reinforced ABS parts by varying the reinforcement lengths
and contents. Incorporating 5% of CF increased the tensile
and flexure strength by 22.5% and 11.8%, respectively. Fur-
thermore, the samples with CF average length of 150 um
exhibited a greater modulus and strength than the samples
with CF average length of 100 pm. According to Zhong et al.
[36], ABS composite containing glass fiber reinforcements
had development in the tensile strength but diminution in
the filament flexibility.

Nevertheless, more research and investigation are
required to be conducted regarding the mechanical charac-
teristics of the FFF-processed short fiber reinforced polymer
parts and their dimensional accuracy. During this research,
an attempt was made to study and understand the effect of
chopped carbon fibers as utilized short reinforcements on
the temperature evolution and rheological behaviors of the
material during FFF process and consequently on the dimen-
sional stability and mechanical behavior of the fabricated
specimens. In order to analyze the processability of the uti-
lized raw materials, the time—temperature-transformation
diagram was plotted to identify the optimal parameters for
the additive manufacturing process.

2 Material description, 3D printer device,
and characterization methods

2.1 Material and sample preparation

The purpose of this research was studying the role of the
short reinforcement fibers on the thermal and mechanical
behavior of FFF-fabricated specimens. Thus, a polymer fila-
ment and a polymer composite filament were utilized to be
able to investigate the effect of the short reinforcement fib-
ers. Indeed, the matrix component of the composite filament



was the same material that had been selected as the utilized
polymer filament. The selected polymer and composite fila-
ments for this study were made of PA6 and chopped carbon
fiber reinforced PA6 (CF-PA6), respectively. The utilized
PA6 and CF-PAG6 filaments are commonly known as Nylon
White and Onyx, respectively, developed by Markforged®.
Based on the conducted pyrolysis analysis, the composite
material (CF-PA6) contained 6.5% chopped carbon fibers
with the size range of 10-312 um. The density of the Nylon
White and Onyx filaments were 1.1 g/cm® and 1.2 g/cm?®,
respectively. Moreover, the diameter of these filaments was
1.75 mm (£ 0.01 mm). A set of PA6 and CF-PA6 manufac-
tured specimens were fabricated for the purpose of exam-
ining the effects of the four selected process parameters
(Sect. 2.2) on the thermal and mechanical properties of the
printed specimens.

According to the investigation of the role of the short
reinforcements on the thermal and mechanical behavior
of FFF-fabricated specimens, the sample geometry was
designed as shown in Fig. la. In this regard, specimens
were printed following the parameters shown in Table 1.
Then, the effect of the chopped carbon fibers was exam-
ined in the fabricated specimens under the selected process
parameters. Consequently, several tests and characteriza-
tions were carried out. Therefore, the height of this single
wall was determined to be as high as necessary to allow
the extraction of specimens necessary for characterizations
(such as tensile test and DSC). The locations of the relevant
samples are specified in Fig. 1b. It is remarked that a visual
inspection was conducted on the prepared tensile test sam-
ples to ensure that macro holes were not present. Moreover,
the in situ monitoring of the temperature profile evolution
was performed during the construction of the single-wall
sample (Fig. 1).

Fig. 1 Schematic of the fabri-
cated specimen (the single-wall
layer specimen)

Table 1 The selected FFF process parameters

Conditionno  Tpjgueier (°C)  Tpeg (°C)  V (mm/s)  Layer
height
(mm)
No. 1 220
230 25+0.5 15 0.1
240
No. 2 13
240 25+0.5 15 0.1
17
No. 3 0.1
240 25+0.5 15 0.2
0.3
No. 4 25+0.5 15
240 45+1 0.1
62+1
79+1

2.2 Process parameter classification

In regard to the FFF process, different 3D printers offer a
wide selection of process parameters. By the additive man-
ufacturing process, the process parameters have a crucial
role in the bonding of the consecutive printed layers and
consequently the mechanical properties of the manufactured
parts. In this study, the effects of four main FFF parameters
were investigated: the temperature of liquefier (Ty;guefier)>
bed platform temperature (Tg,4), print speed (V), and layer
height (h). The selected printing conditions for specimens
are identified as Nos. 1, 2, 3, and 4 in Table 1. As for the
study of each parameter individually, it was tried to keep
the other parameters in the stated constant values (Table 1).

(b) Microscopy
observations




3 Materials and methods
3.1 Microscopic observation

An optical microscope (OLYMPUS BH2) has been utilized
to obtain a qualitative assessment of the printed specimens
at different process parameters with 100 to 500 pm magni-
fications. A scanning electron microscope (HITACHI 4800
SEM—high resolution (better than 1 nm)) also has been
used. The microscopy observations were used to evaluate
the quality and dimensional accuracy of the final manufac-
tured specimens. Furthermore, microscopy observation was
conducted to analyze the distribution and the size range of
the chopped carbon fibers throughout the CF-PAG6 filament.

3.2 DSC

Utilizing differential scanning calorimetric (DSC), the
temperature of the samples was compared with the refer-
ence sample while they were being heated. DSC enabled
the determination of the crystallization and glass transi-
tion temperatures, as well as the heat capacity of the raw
materials (PA6 and CF-PA6), and the fabricated specimens
under the selected processing conditions. In this regard, DSC
Q1000 was utilized. Analyses of the raw materials (PA 6
and CF-PA 6) were conducted at three ramp temperatures
ranging from — 70 to 220 °C. Therefore, the first ramp erased
the thermal history of the sample. Consequently, the results
were obtained in controlled conditions. As for the result, the
below curves (Fig. 2 a and b) were obtained. The obtained
glass transition, melting and crystallization temperatures
were identified in Fig. 2. Moreover, the DSC analysis of
the printed specimens was performed in two ramps (heating
and cooling) ranging from 20 to 220 °C. Significant con-
sideration was given to the crystallinity zone taken from
the DSC curves. In this zone, diffusion which ultimately
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leads to adhesion and bonding of the layers occurs, which
also impacts the dimensional accuracy of the printed sam-
ples, directly. The rate of the heating and cooling cycles was
10 °C/min.

3.3 DMTA measurement

Utilizing the DMA Q800 instrument from TA Company,
thermo-mechanical analysis (DMTA) flexural tests have
been performed on the printed specimens to determine
their major transition temperatures and their viscoelastic
properties. The flexural test was conducted at the follow-
ing condition: temperature range varying from 10 to 80 °C,
temperature rate of 2 °C/min, and the frequencies of 1, 2, 5,
10, and 30 Hz.

3.4 Rheological characterization

The rheological characterization of the CF-PA6 and PA6
filaments was carried out by means of Rheometer MCR502
from Anton paar. The experimental tests were conducted
with plate-plate measuring system under the protected
atmosphere by nitrogen flow. The filaments of the stated
raw materials were cut into several pieces to cover the uti-
lized parallel plate configuration surface of the rheometer
Machine. The test was conducted in controlled-strain condi-
tion of 0.2% and frequency ranging from 0.01 to 100 rad/s.
As the result of this experiment, the viscoelastic behaviors of
the materials in both Newtonian and non-Newtonian zones
at the different applied printing temperature values of 210,
220, 230, and 240 °C were determined.

3.5 Quasi-static tensile test
Tensile test specimens were obtained from the single-wall

printed layers (Fig. 1a). So, the deposited layers in the ten-
sile test specimens were unidirectional and the related angle
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Fig.2 DSC characterization of a PA6 filament and b short carbon fiber-reinforced PA6 (CF-PA6) filament



was 0 °C. Figure 3 depicts the dimension of the tensile test
specimens used for mechanical testing as determined by ISO
527-2. The tensile test was conducted on a minimum of
three specimens related to the each considered fabrication
condition. Using the INSTRON 4301 machine, tensile tests
were carried out under the displacement rate of 5 mm/min.

3.6 Insitu evaluating of the temperature
concerning the deposited layers during FFF

An Optris PI450 infrared camera was utilized to study the
effects of process parameters on the temperature evolu-
tion of polymers and polymer-based composites during the
FFF process. According to the specifications of this cam-
era, the related optical resolution, wavelength range, frame
rate, accuracy values, and frequency were 382 x 288 pixels,
8-14 pm, 80 Hz, +2%, and 32 Hz, respectively. In order to
achieve a uniform plain field of view (FOV) of all consecu-
tive printed and deposited layers, the stated infrared camera
was applied with the determined and specific distance from
the extruder (Fig. 4). The temperature profile was recorded

2"

0.4 mm
35 mm

Fig.3 The geometry of the used tensile test specimen

Fig.4 In situ monitoring of
temperature evolution during
FFF process

In-situ monitoring
by Infrared camera

for the first deposited layer in the sequence of the subsequent
deposits at a predetermined location starting with the first
deposit.

4 Results and discussions

4.1 Characterization of the used filament (raw
material)

4.1.1 Microstructure analysis

A piece of the CF-PA6 filament was observed under the opti-
cal microscope (Fig. 5a). According to the obtained observa-
tion, the chopped carbon fibers were almost unidirectional,
and they were oriented along the filament length. These
observations can be attributed to the extrusion manufactur-
ing process, in which the filaments are manufactured. Also,
the size range of the chopped carbon fibers was investigated
after the pyrolysis of the CF-PAG6 filament (Fig. 5b). The
pyrolysis process was carried out at 500 °C for 5 h. Car-
bon fibers were found to range in size from 10 to 312 um,
based on the performed observations. The diameter of
the both PA6 and CF-PA6 filaments were about 1.75 mm
(£0.01 mm).

4.1.2 Thermo-mechanical behavior characterization

The thermo-mechanical behavior characterization of
CF-PAG6 filament was conducted using the DMTA test.
As for the result, the below curve (Fig. 6) was obtained.
Main transition temperatures due to molecular mobility as

Temperature
profile curves

Temperature (°C)
©
o

0 20 40 60 80 100
Time (s)



Fig.5 Microstructure observation: a investigation of the carbon fibers in a piece of the CF-PA6 filament; b investigation of the size range of the

carbon fibers after pyrolysis [31]
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Fig.6 DMTA test result: Evolution of the storage, loss moduli, and
loss factor versus temperature

a function of the temperature have been measured using the
DMTA test. As it can be noticed, CF-PA6 presented a glass
transition of nearly 47 °C.

The elastic or viscous response of CF-PA6 can be meas-
ured as a function of temperature using DMTA,; it is possible
to understand the true internal damping of the system. One
can suppose that CF-PAG6 has stable rigidly at the ambient
temperature while the storage modulus continues to decrease
slowly until 80 °C due to the increase of macromolecular
chain mobility.

However, since the thermomechanical behavior of the
polymer determines the diverse transitions and change of
physical state of polymer, DMTA test is implemented using
the alternating bending configuration (with the frequency of
1 Hz). Figure 6 illustrated the three physical states: glassy
state (I), glass transition zone (II), and rubbery state (III).
Based on Fig. 6, the material exhibits a glassy state up
to~30 °C. In glassy state, E is relatively high (~ 1100 MPa).
The second zone (30 °C<T <65 °C) correspond to glass
transition zone. E decreases drastically from~ 1100 MPa
to a value lower than 400 MPa. The rubbery state of the

material is then the zone of temperature higher than 65 °C.
Presumably, the value of E is low and the sample is rela-
tively soft.

4.2 Effect of process parameters
4.2.1 Influence of liquefier temperature

The effect of the liquefier temperature as the most impor-
tant process parameter of the manufactured samples made
of CF-PA6 and PA6 was investigated. For this purpose,
three different liquefier temperature values of 220, 230, and
240 °C were selected for comparing their effects on the man-
ufactured samples. The obtained DSC curves illustrated the
impact of liquefier temperature on the crystallization degree
and the related heat flow values of the crystallinity (Fig. 7).
The calculated crystallization degree of the manufactured
samples made of CF-PA6 and PA6 concerning the selected
liquefier temperature values are tabulated in Table 2. It
is observed that the increase of the liquefier temperature
affected the crystallinity temperature (T,) and the melting
temperature (T,,) of the manufactured specimens. Generally,
the increase of the liquefier temperature increased the T, and
T,,, while its effect was more highlighted in increase of the
melting point of the PA6 and CF-PA6 specimens.

Figure 8 illustrates the tensile behaviors of the PA6 speci-
mens which were manufactured under the considered and
stated liquefier temperature values. The maximum tensile
strength of the printed specimens under the liquefier tem-
perature of 230 °C and 240 °C were 55.48 +0.78 MPa and
68.92 +0.9 MPa, respectively. Also, the manufactured sam-
ples made of PA6 under the liquefier temperature of 220 °C
had the lowest strength. Indeed, the weak adhesion between
the deposited layers in the manufactured samples made of
PA6 under the liquefier temperature of 220 °C, did not let
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Table 2 The obtained values related to different properties from DSC
curves concerning the printed PA6 and CF-PA6 samples

Conditions T, (°C) T, (°°C)  %Crystallinity
PA6  Tiigueier=220°C 174.83°C 204.51°C 12.51%
Tiiqueir =230 °C 173.73°C  207.74°C  12.75%
Tiiqueir =240 °C 174.02°C  207.82°C  14.40%
CE-PA6  Tyiqueier=220°C 161.5°C  197.5°C  19.97%
Tiiqueier=230°C 161.7°C  197.7°C  20.26%
Tiiqueier =240 °C 162.8°C  198.7°C  20.51%
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Fig. 8 Tensile behavior of the printed PA6 specimens under the vari-
ous liquefier temperatures

us even to cut the printed single-wall samples (Fig. 1b) to
prepare the required tensile test specimen (Fig. 3). Because
the undesirable fracture occurred in the interface of the
deposited layers during the cutting/punching process. Also,
the crystallinity percentage of the manufactured PA6 sam-
ples under 220, 230, and 240 °C were 12.51%, 12.75%,
and 14.40%, respectively. So, as it was found out from the
obtained results, by increase of the liquefier temperature,
the crystallinity percentage was increased, too. Moreover,
this increasing trend was observed in the obtained tensile
strength.

Temperature (°C)

While according to the recent conducted research con-
cerning the CF-PA6 samples, the obtained tensile strength
under the liquefier temperature values of 220, 230, and
240 °C were 49+ 1.5, 51+ 3, and 55+ 0.6 MPa, respectively.
Also, the obtained crystallinity percentage of the related
manufactured CF-PA6 samples under 220, 230, and 240 °C
were 19.97%, 20.26%, and 20.51%, respectively.

As it was observed, the crystallinity percentage values
of the manufactured CF-PA6 samples were more than the
correlated PA6 manufactured samples. In fact, the existed
chopped carbon fibers in CF-PA6 had been the preferable
crystalline nucleation sites. Also, the strength of the CF-PA6
samples obtained from the printed single-wall parts had
lower strength in comparison with the ones made of PA6.
It can be due to the rotation and sort of turbulent movement
of chopped carbon fibers among the printing process and
avoid of the suitable polymer/matrix fluidity between the
fibers while the matrix had been in the liquid and even semi
solid state. Which caused narrow sections in some sections
of solidified raster (Fig. 9). The narrow sections appeared
because of the lack of enough fluidity of matrix and increase
of the viscosity due to the existence of the chopped carbon
fibers. These sections (determined in Fig. 9) were stress
concentration locations, which caused less strength of the
prepared CF-PA6 samples from the printed single-wall parts
comparing PA6 samples.

4.2.2 Influence of print speed

The impact of the print speed as another important addi-
tive manufacturing process parameter of the manufactured
samples made of CF-PA6 and PA6 was investigated, too.
This parameter has an effective and direct correlation with
the production consumed time and consequently the produc-
tion expenditures. For this aim, three different values of 13,
15, and 17 mm/s were selected to manufacture the related
specimens. The crystallinity percentage of the corresponded
samples were calculated from the obtained results from DSC
characterization. The obtained crystallinity percentage val-
ues are tabulated in Table 3. This table depicts the effect of



Fig.9 Observed narrow sec-
tions in the deposited CF-PA6
raster [5]

Narrow sections in
deposited CF-PA6

Table 3 The obtained values related to different properties from DSC
curves concerning the printed PA6 and CF-PA6 samples at the differ-
ent print speeds

Conditions T, (°C) T, (°C) %Crystallinity

PA6 V=13mm/s 169.98°C 206.80°C 15.46%
V=15mm/s 174.02°C 207.82°C 14.44%
V=17mm/s 170.17°C 206.71°C 15.67%

CF-PA6  V=13mm/s 161.68°C 197.71°C 20.77%
V=15mm/s 162.82°C 198.72°C 20.51%
V=17mm/s 161.94°C 197.60°C 20.64%

the considered print speed values on T, T, and the crystal-
linity percentage of the FFF-processed PA6 and CF-PA6
specimens. No highlighted thermal effect due to the selected
print speed values on the utilized PA6 and CF-PA6 materials
were observed.

The obtained tensile strength of the CF-PA6 specimens
manufactured by the print speeds of 13, 15, and 17 mm/s
were 65+0.5,55+0.6, and 63 + 1.3 MPa, respectively. Also,
according to the applied tensile tests on the PA6 printed
specimens at the stated different print speed values, the
tensile strength values of 57.78 +0.84, 68.92+0.9, and
69 + 0.05 MPa were obtained related to the printed speci-
mens at the print speed of 13, 15, and 17 mm/s, respectively
(Fig. 10). Thus, as the general observation, it was under-
stood that by increase of the print speed of the manufactur-
ing process of the PA6 specimens, the related strength of
the specimens was increased, too. Moreover, the obtained
tensile strength of the manufactured PA6 samples with the
print speed values of 15 and 17 mm/s were more than the
manufactured CF-PA6 specimens with the same print speed
values. It can be due to the rotation and sort of turbulent
movement of the chopped carbon fibers and consequent
inappropriate fluidity of the matrix polymer during the depo-
sition process.

To analyze this phenomenon, in-situ temperature meas-
urements of the manufactured CF-PA6 samples by the dif-
ferent print speeds of 13, 15, and 17 mm/s are presented in
Fig. 11. The results exhibit that by an increase of the print-
ing speed, the temperature evolution of the first printed

Narrow sections in
deposited CF-PA6
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Fig. 10 Tensile behavior of FFF-processed PA6 specimens under the
various print speed values
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Fig. 11 In situ temperature measurement obtained for different print
speeds (CF-PAG6) [31]

layer remains above the crystallization temperature in the
printed specimens with the three considered printing speed
values. The same was observed in the obtained curve from
in situ temperature measurements of the manufactured
PAG parts (Fig. 12). Due to the increased print speed, the
polymer chains are rearranged and the degree of crystallin-
ity is subsequently higher as a result of the shorter cooling
time. This could contribute to poor dimensional stability.
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Fig.12 In situ temperature measurement for different print speed
(PAG) [5]

According to Fig. 13, the obtained time—temperature
curve related to the printed samples made of PA6 and
CF-PAG6 under the print speed of 15 mm/s had the same
evolution. This evolution can confirm that the presence of
the chopped carbon fibers has no significant effect on the
temperature evolution of the filament in the printing pro-
cess under the condition of the selected print speed values.
So, the observed different trends in the tensile strength
values of PA6 and CF-PA6 specimens was due to the exist-
ence of the short carbon fibers (reinforcement component
of the composite material). The short carbon fibers could
not influence the temperature evolution of the deposited
layers during the manufacturing process of the specimens,
significantly. The chopped carbon fibers could just effect
on the fluidity of the polymer (the matrix component of the
composite material), which has discussed in the conducted
study about the liquefier temperature effect.
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Fig. 13 In situ temperature measurement of manufactured PA6 and
CF-PAG6 samples at the print speed 15 mm/s

4.2.3 Influence of layer height

The study has been conducted on the effect of the layer
height as a process parameter in the fused filament fab-
rication (FFF) of CF-PAG6 [31] and PA6 [5]. For the pur-
pose of studying the impact of this process parameter on
the mechanical behavior of the obtained specimens, three
different layer height values of 0.1, 0.2, and 0.3 mm were
utilized in the printing process. As the obtained result from
the tensile test concerning the composite (CF-PA6) samples,
the printed specimens with the selected layer height values
of 0.1, 0.2, and 0.3 mm had respective tensile strengths of
55+0.6,49+2.5, and 56+ 2.5 MPa. For the better under-
standing of the effect of this process parameter, the in situ
temperature measurement was carried out during the manu-
facturing process of CF-PA6 samples with the stated dif-
ferent layer height values. It was proposed that there were
two diverse factors influencing the mechanical behavior of
the manufactured samples by FFF with the stated different
layer height values. Which were (i) decrease of the liquid-
ity (or fluidity) of the printed layers, and (ii) increase of the
retained temperature in the printed layers. It was proposed
that the second competition factor was overridden in the
CF-PA6 manufacturing process by shifting the layer height
from 0.1 to 0.2 mm due to a proposed decrease in liquidity
(or fluidity). It was concluded that the fluidity had decreased
based on the peaks which were observed in the temperature
evolution (time—temperature) curves, where the maximum
temperature of each printed layer with 0.1 mm of layer
height was greater than the maximum temperature of the
deposited layer with 0.2 mm of layer height (Fig. 14). Fig-
ure 14 depicts the peaks of the first-four consecutive CF-PA6
layers with the height of 0.1 and 0.2 mm. It is derived from
the time—temperature curve observed during in situ meas-
urement. This resulted in a decrease in the adhesion and the
bonding of the printed layers and the subsequent reduction
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Fig. 14 Peaks of the first-four CF-PA6 deposit layers with the height
of 0.1 mm and 0.2 mm obtained from the conducted in situ tempera-
ture measurement [5]



in the strength of the printed samples with the layer heights
of 0.2 mm comparing to 0.1 mm samples.

For the better understanding the observed phenomenon
in the trend of the tensile strength values by increase of the
layer height from 0.1 to 0.2 mm, some samples made of
PAG6 (without any utilized reinforcement components) were
manufactured. The manufactured samples were printed with
the layer height of 0.1 and 0.2 mm. In the case of the manu-
factured PA6 samples with the layer heights of 0.1 mm and
0.2 mm, the obtained tensile strength values were 68.92+0.9
and 72.57 +0.8 MPa, respectively. So, by considering the
increase in the strength of the manufactured PA6 samples
by increase of layer height from 0.1 to 0.2 mm, it was found
out that the decrease of the liquidity (or fluidity) factor
wasn’t sensible in case of the PA6 samples. It is worthy of
note that the decreased liquidity factor (or fluidity factor)
could also be a result of chopped carbon fibers. Indeed, the
chopped carbon reinforcements were the solid components
in the liquid/semi-liquid polymer matrix component of the
composite material during the FFF process. Therefore, the
solid chopped carbon fibers caused the fluidity decrease of
the matrix component during the FFF process.

Although in the case of the FFF process of CF-PA6, with
the layer height 0.3 mm, it is suggested that an increase in
the retained temperature in the printed layers has overcome
the first competitive factor. However, as can be observed
in the bottom of the time—temperature curve (lower limit)
concerning the printed samples with the layer height of
0.3 mm (Fig. 15), more temperature value causes chain
rearrangement and consequently an increase in crystallinity
percentage with modification of the mechanical behavior.
So, the obtained crystallinity percentage of the manufactured
CF-PA6 samples with the layer heights of 0.1 and 0.3 mm
were 20.51% and 21.22%, respectively.
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Fig.15 Lower limit of temperature profile of the fourth CF-PA6
deposit layers with height of 0.1 mm and 0.3 mm obtained from the
performed In-situ temperature measurement [5]

4.2.4 Influence of bed temperature

As a part of the evaluation of the bed temperature effect
on the FFF processed samples, the dimensional stabil-
ity of the manufactured samples were evaluated. The bed
temperature is the bed platform temperature. Indeed, it
is concerning the temperature of the plateau where the
extruded layers will be deposited there and consequently,
the specimens will be formed layer-by-layer there. Four
different bed temperatures of 25, 50, 60, and 80 °C were
considered to print the related samples. So, the dimen-
sional accuracy of the deposited layers in the manufac-
tured samples made of PA6 were evaluated. Indeed, the
bed platform temperatures were selected based on their
differences from T, of the utilized PA6 filament (45 °C).
Accordingly, the temperature values of 25, 50, 60, and
80 °C were considered. Indeed, the 20 °C temperature
selected for bed platform is below T, while the other
selected temperatures (50, 60, and 80 °C) exceed Tg to
a varying extent. According to the optical microscopy
(OM) observations (Fig. 16), the irregularity in the dep-
osition pattern and consequent poor dimensional accu-
racy were observed in the deposited layers of the FFF
processed samples which were manufactured at the bed
temperature value of 80 °C (the highest selected bed tem-
perature value) comparing to the printed sample at the
bed temperature value of 25 °C (the lowest selected bed
temperature value).

Moreover, the stated dimensional accuracy decrease by
the bed temperature increase had been observed in the manu-
factured samples made of CF-PAG6 [31]. Figure 17 depicts
the temperature measurements made in situ of the manufac-
turing process for the FFF processed PA6 specimens with
the miscellaneous selected bed temperature values. Moreo-
ver, according to Fig. 17, the lower limits of the Time—Tem-
perature curves were increased by the increase of the bed
platform temperature. Almost all printed specimens reached
near crystallization temperatures after the first layer deposi-
tion by applying the bed temperatures outlined above. How-
ever, the dimensional instability issue was more pronounced
with the FFF processed specimens at the bed temperature
of 80 °C. So, the same trend in dimensional accuracy was
observed in the case of the CF-PA6 and PA6 specimens,
Thus, the chopped carbon fibers could not cause any modi-
fications on the decrease of the dimensional accuracy by the
bed temperature increment.

4.3 Analyses of the microstructures of the FFF
processed specimens

The widths of the ten consecutive deposited layers were
measured in order to evaluate the microstructure of the man-
ufactured PA6 specimens. A representative example of this



Fig. 16 OM micrographs related to the PA6 printed specimens at the bed temperature values of 25 °C (a) and 80 °C (b) [5]

—— PAB, Bed Temperature= 25°C
I—— PAB, Bed Temperature= 50°C
—— PAB, Bed Temperature= 60°C
—— PA6, Bed Temperature= 80°C

180
150
120

°C

~

Temperature
D ©
o O

w
o

0 20 40 60 80 100
Time (s)

Fig. 17 Thermal measurements of the printed specimens with the dif-
ferent bed temperatures [5]
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Fig. 18 Analysis of the width of the deposited layers in the PA6 spec-
imen

analysis can be found in Fig. 18, which depicts the FFF pro-
cessed PA6 sample at the bed temperature, layer height, print
speed, and nozzle temperature respective to 25 °C, 0.3 mm,
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Fig. 19 Comparing the width size of the deposited layers in the PA6
and CF-PA6 specimens manufactured under the same process param-
eters condition

15 mm/s, and 240 °C. In fact, the unity of the width of the
deposited layers will result in suitable dimensional stability
of the manufactured parts/specimens.

By the extension of this study on the large quantity of the
consecutive layers, a decrease in the width size of the depos-
ited layer was observed, generally. Due to the stated tem-
perature evolution of the deposited layers, it can be observed
that the temperature fell below the crystallization tempera-
ture after two or three sequences of the deposition. As the
result, it increases the cooling rate, solidifies the material,
reduces material diffusion, reduces the width of deposited
layers, and ultimately reduces the contact surface between
the two adjacent deposited layers.

The final features and microstructure of the parts were
influenced by each type of the selected printing process con-
dition. According to the aforementioned observations, the
same evaluation was applied on the deposit layers (Fig. 19)
to evaluate the width size of the deposited layers in the FFF-
processed PA6 and CF-PA6 under the determined reference



manufacturing condition for the CF-PA6 samples [31]. The
reference condition of the processing parameters was the
layer height, bed temperature, liquefier temperature, and
print speed of 0.1 mm, 25 °C, 240 °C, and 15 mm/s, respec-
tively. In light of the foregoing observations, the same evalu-
ation was applied on the deposited layers in the PA6 and
CF-PA6 manufactured samples fabricated under the deter-
mined FFF processing reference conditions for the CF-PA6
sample. Afterward, the width sizes of the deposited layers
were compared to understand how the carbon fiber reinforce-
ments affected the dimensional accuracy and stability of the
FFF processed specimens.

According to Fig. 19, the unity of the width size in the
CF-PAG6 samples were more obvious comparing to PA6
specimens. In such a way that the obtained curve concerning
CF-PA6 exhibit an almost linear regime. As a matter of fact,
during the FFF process, the chopped carbon fibers could
control the fluctuations of the width size of the deposited
layers and could result in suitable dimensional accuracy/sta-
bility in the manufactured CF-PA6 specimens. Also, accord-
ing to D. Stoof et al. [37] As fiber content increased in PP,
shrinkage decreased across all manufactured composites.

4.4 Thermal properties and rheological analysis:
time-temperature-transformation diagram

During the FFF process, the thermal properties, and the
rheological properties of the utilized polymers (also the
matrix of the polymer-based composite) have the essential
and significant role. The adhesion of the deposited layers in
the final manufactured part is depended on this role. A part
of the presented study is concerned with the temperature
and its effect on the viscosity of the polymer and the matrix
component of the composite material (CF-PA6) (Fig. 20).
As was stated in FFF process, a thermoplastic polymer
is fed into a liquefier that extrudes a filament while moving

Adhesion of layer
during FFF process

T fluidity

Fig.20 General view of the FDM process of polymer and composite
materials and the obtained adhesion of the deposited layers

in successive X—Y planes along the Z direction, to fabricate
a 3D part layer-by-layer. Consequently, as the deposition
progresses, the hot filament is deposited onto filaments that
were previously deposited and also are situated in the cool-
ing process. This causes their re-heating, defining a time
when the interfaces of contacting filaments are above the
glass transition temperature (T,) in the case of amorphous
materials, or of the crystallization temperature (T,) for semi-
crystalline materials, which is necessary for proper bonding
occurrence. Therefore, each filament should be sufficiently
hot during deposition, but not too hot, to avert deformation
due to gravity and to the weight of the filaments deposited
in subsequent layers.

In the previous conducted study, it was turned out that
the optimal condition of the selected process parameters
for FFF processing of the CF-PA6 samples were; liquefier
temperature: 240 °C, print speed: 15 mm/s, layer height:
0.1 mm, and platform temperature: 25 °C. Time—temper-
ature-transformation diagram concerning the optimal con-
dition of CF-PA6 was plotted. The provision of this curve
help designers to consider the processability condition of the
applied material. Which help the manufacturer to optimize
the manufacturing parameters of FFF processes in order to
maximize the mechanical performance and the dimensional
stability of the parts.

Regardless of the study on the influence of the process
parameters on the neck-growth prediction by viscoelastic
models, there is still a lack of practical knowledge on consid-
eration of temperature dependent viscosity and its influence
on coalescence of the two adjacent filaments. To eliminate
the mentioned missing spot, a thermo-mechanical approach
is an essential manner by applying the results of temperature
evolution of filaments at their interface.

The evolution of viscosity as a function of time and
temperature by the following two methods have been
determined:

— By rheometer; in the molten state (the used temperature
for studying the effect of the liquefier temperature 210,
220, 230, and 240 °C)

— By DMTA; in the rubbery state (between T, and T,)

Rheometry tests were performed at varying shear rates
in isotherm regime. Several tests were carried out at the dif-
ferent temperatures. Using DMTA, multi-frequency testing
from 1 to 30 Hz was performed.

4.4.1 Viscosity measurement at molten state

The temperature evolution during the cooling stage (and
thus the re-heating peaks) of a deposited filament plays an
important role in the determination of the filament bond-
ing through deposition. Also, the correlation of rheological



characteristic along with the mechanical properties is a key
point. So, simultaneous characterization of the thermal and
rheological properties is inevitable. Regarding the mecha-
nism of deposition and temperature profile of each layer,
viscosity varies accordingly. In general, following observa-
tions could be concluded:

e Lower cooling rate limits the viscosity enhancement.

e By cooling of the deposited filament from a temperature
of the extruder to the ambient temperature, the viscosity
varies depending on the deposition conditions.

e Viscosity tends to unlimited values depending on the fila-
ment’s temperature evolution.

One benefit of temperature dependence viscosity con-
sideration over the FFF process is that it enables us to
have more precise investigations of rheological character-
istics. This issue could be more highlighted while consid-
ering the interaction of engaged parameters through them.
This is a potential concern by which engaged researchers
in the study of the bonding and mechanical strength.

The evolution of viscosity and temperature were considered,
simultaneously. The temperature dependence viscosity was

considered to vary from the liquefier temperature to the ambi-
ent temperature using the Arrhenius equation by implementing
the temperature evolution. The obtained curves from viscosity
measurements of PA6 and CF-PA6 are presented in Fig. 21.
The viscosity variation in the melt state as a function
of temperature obeys Arrhenius law (Eq. 1). As for show-
ing the validity of this law for the PA6 and CF-PAG6 in the
molten state, we determined the Newtonian viscosity of the
stated materials at the different temperatures by performing
isothermal tests. According to this equation, by plotting Iny
as the function of '/ ;,, we will obtain the following equation
that is a linear function:
1

X_

Iny = In +<E>
=T \R) T

ey

Figure 22 clearly demonstrates the measured value for
viscosity at the different temperature and isotherm state,
related to PA6 and CF-PA6. The values could be fit to the
mentioned equation and the related curve, which means
that the constants of this law—E and 5ny—for PA6 are
30.36 kJ and 4.93 Pa.s, respectively. Also, the constants of
this law—E and ny—for CF-PAG6 are 42.93 kJ and 0.5 Pa.s,
respectively.
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Fig.21 Viscosity evolution in the different temperature values related to PA6 (left) and CF-PAG6 (right)

Fig.22 Ln (n) versus 1/T
related to a PA6 and b CF-PA6
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4.4.2 Viscosity measurement at solid state

Consequently, to explore the influence of temperature on vis-
coelastic properties of PA6 and CF-PA6, multi-frequencies
DMA test was implemented in the flexural bending mode.
The obtained curves related to CF-PA6 are presented in
Fig. 23.

The evolution of viscosity could be calculate using Wil-
liams-Landel-Ferry (WLF) equation:

-C\(T-T,

Loga, = — 1= — 1)
o84 = A (T—-T,)

@
where a; is WLF shift factor, C; and C, are empirical con-
stants adjusted to fit the values of superposition parameter
ar, T is the temperature, and 7, is the reference temperature
at reference frequency.

Using linear regression method, WLF equation could be
transformed to the following equation:

LG 11 .
Logay C, T-T, C( 3)

Then, L; was plotted versus W The fitted curves are

shown in Fig. 24 (R*=0.9869 related to PA6 and R?=0.9993
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related to CF-PA6). The value of C, and C, are then calcu-
lated using the obtained results.

4.4.3 Time-temperature-transformation diagram

The main characteristic of the presented approach is the pos-
sibility of the obtaining a time—temperature-transformation
diagram of the applied material which is related to the fea-
tures of the material during deposition process. It will let us
apply the obtained results to have an optimized manufactur-
ing process. It has been shown that the affected viscosity by
the cyclic temperature profile exists in FFF process could
determine the characteristic of final products. Its variation
through the consequence of layers has been presented. Fur-
thermore, a parametric study on the influence of process
parameters upon viscosity evolution has also been per-
formed. The influence of print speed and platform tempera-
ture on the evolution of viscosity indicate that the effect of
process parameters is inevitable, and interaction of param-
eters should be taken into account.

A zoom of the processability areas of PA6 and CF-PA6
in FFF show that the zone of processability is approxi-
mately between 240 and 162 °C (CF-PA6)/173 °C (PA6)
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Fig.23 DMTA test result: evolution of the a loss moduli, b storage moduli, and ¢ loss factor versus temperature for CF-PA6
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while cooling down. And during this cooling stage, viscosity
raised suddenly from 650 to 104 Pa.s (Fig. 25).

As a result, the variation in viscosity as a function of
temperature can be modeled over a wide temperature range.
Also, the influence of cyclic temperature profile on viscoe-
lastic behavior of the material using WLF equation indicated
that the viscosity variation in the solid state plays an impor-
tant role on the rheological characteristic of the material.
The presented results may help researchers and manufac-
turer to improve the quality of constructed parts by FFF and
consequently ameliorate their strength. Understanding the
processability area allows us to optimize the FFF process
more easily.

5 Conclusions and outlook

This paper prepared an investigation concerning the influ-
ence of some important FFF process parameters on the rheo-
logical properties of CF-PA6 and PA6 during the FFF pro-
cess and the subsequent effects on the inter-layer adhesion
(bonding) of the deposited layers. Therefore, the effect of
chopped carbon fibers on the modification of the rheological

Fig. 25 Time-temperature-
transformation diagram: PA6
and CF-PA6
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properties of the parts during and after FFF process was
investigated. This study helped the researchers and man-
ufacturers to understand better the impact of the chopped
carbon fibers as the reinforcement on the rheological and
mechanical properties of the FFF-processed CF-PA6 parts.
The physicochemical, thermal and mechanical characteriza-
tions revealed the impact of the chopped carbon fibers on
the cooling stage of the deposited polymer layers (matrix
component) and subsequently the crystallinity percentage.
The crystallinity percentage can affect the diffusion of the
polymer material during the FFF process and consequently
affect the mechanical performance and the dimensional sta-
bility of the manufactured parts. It was turned out that the
performance of the FFF-processed parts can be altered or
modified under the specific selected process parameters by
the chopped carbon fiber reinforcement. The FFF-processed
PA6 and chopped carbon fiber reinforced PA6 materials
perform differently during FFF process under the same
selected process parameters. Finally, a time—temperature-
transformation (TTT) diagram can be generated by exam-
ining the effect of the selected process parameters on the
materials during and after the FFF process. This curve can
determine the processability condition of our materials. It

> Processability area

4 t(s)



can be helpful for the designers and researchers to find out
the optimal FFF process parameter conditions for a specific
utilized raw material.
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