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This study investigates the influence of infrared (IR)-assisted automated fiber
placement (AFP) process parameters on the mechanical performance of carbon
fiber reinforced thermoplastic composite to fabricate defect-free structures. The
effect of process parameters on the processability of carbon fiber-polycarbonate
(CF/PC) was analyzed and presented. A structured design of experiments
approach was adopted to study the effects of the compaction force and tool
temperature on the flexural and lap-shear strength of the manufactured CF/PC
parts. The fractography and the interlaminar adhesion were analyzed using digital
microscopy. Further, the CF/PC laminated were successfully laid onto a rotating
3D printed polyetherimide cylindrical mold. This work shows, for the first time, the
ability of IR-assisted AFP to manufacture CF/PC laminates with improved
mechanical properties, demonstrating its potential as a promising material for
semi-structural applications.
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1 Introduction

Automated fiber placement (AFP) and automated tape placement (ATP) are advanced
manufacturing technologies superior to conventional composite manufacturing methods
owing to their increased throughput, high productivity, accuracy, and repeatability (Marsh,
2011). AFP and ATP are advantageous in manufacturing carbon fiber reinforced
thermoplastics (CFRTPs) as they offer out-of-autoclave (OOA) or in-situ processing
with minimal operational cost and high volume production capabilities (Bannister,
2001). Thermoplastic composites can be reprocessed and recycled, and they can be
fusion-bonded by applying pressure and heat with short processing times (Schell et al.,
2009). It has been shown that the time required to produce a thermoplastic composite is
about 10 times shorter than that of a thermoset composite part because of the ability of
thermoplastic composites to undergo OOA processing (Gardner Business Media, 2019). In
AFP, the material is processed by a rapid heating and cooling cycle, through which fusion
bonding between the layers of the material occurs. Nevertheless, the short time to develop
complete fusion bonding between layers and the high viscosity of the material make it
challenging to process CFRTPs using an automated fabrication process (Jensen et al., 2012;
Stanley and Mallon, 2006). Developing an understanding of the process parameters is
essential for in-situ consolidation of CFRTP composites (Khan et al., 2010; Sawicki and
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Minguett, 1998). Several experimental and computational works
have been reported in the literature for the optimization of the
process parameters. These literatures address the effect of layup
speed (Chen et al., 2015; Di Francesco et al., 2016), laser or hot-gas
torch heating, tool temperature, and compaction force on the
mechanical performance. The reported works are primarily
focused on analyzing the effects of these parameters on the
mechanical properties of the material.

Stokes-Griffin et al. (2019) investigated the effects of the process
parameters of the laser-assisted automated tape placement (LATP)
method on the wedge peel strength of carbon fiber (CF)/polyamide 6
(PA6). The authors compared their results to those obtained by the
hot-press fabrication technique. They found that the wedge peel
strength of the LATP samples was nearly equivalent to or greater
than that of the hot-press samples when processed at 200 °C–320 °C.
Pitchumani et al. (1997) optimized the process based on the
dimension, void content, and material degradation. Clancy et al.
(2019) examined the effects of the layup speed and steering radius on
the defect occurrence and bond strength of CF/polyether ether
ketone (PEEK) using LATP. The effects of the tool temperature
on the laminate properties were studied by Brzeski and
Schaledjewaki, showing that increasing the tool temperature
increases the interlaminar shear strength (Brzeski et al., 2010).

A detailed investigation of the interrelations among the process
parameters, material properties, and interlaminar bond strength
was performed for CF-reinforced polyphenylene sulfide (PPS).
Quantified data were obtained through the mandrel peel test.
Excellent bond strength was found in the case of high
placement velocity and low-input power, which is focused
exactly on the prepreg layer (Grouve et al., 2013). Nonetheless,
achieving autoclave level properties with AFP (as demanded in
applications) remains challenging (Sonmez and Akbulut, 2007).
The decrease in the mechanical performance is mainly due to
improper consolidation and quality of tow placement (Kessler
et al., 2002). Many authors have studied the effects of defects on the
quality of the manufactured laminates (Croft et al., 2001; Sawicki
and Minguett, 1998). Saenz-Castillo et al. (2019) analyzed the
effects of voids on the mechanical properties of samples
manufactured with AFP, and the results showed degradation in
the interlaminar shear strength. Steering defects, such as gaps and
overlaps, have significant effects on the mechanical properties
(Woigk et al., 2018).

In-situ consolidation, mainly based on the complete bonding
between layers, is an important aspect in determining the optimal
process parameters. It actually affects the fusion bonding of the
laminate, which in turn affects the mechanical properties of the
composites. Tierney and Gillespie. (2006). investigated the effects of
the process parameters on the bond strength. They showed that the
bond strength varies through the thickness of the laminate due to
heat sink effects, which affects the mechanical strength. Previous
works have reported on semi-crystalline polymers such as PEEK
(Comer et al., 2015; Stokes-Griffin and Compston, 2015; Khan et al.,
2010), PA 6 (Stokes-Griffin et al., 2018), PPS (Chen et al., 2121),
polyether ketone (Pistor et al., 1999), and polyaryletherketone
(Schiel et al., 2020). To the best of our knowledge, the present
study is the first to investigate the fabrication of an amorphous
polymer: CF reinforced with polycarbonate (CF/PC) using IR-
assisted AFP.

The objectives of the research were to analyze the ability of IR-
assisted AFP to manufacture CF/PC as a baseline study and to assess
its mechanical properties to use for semi-structural parts. In contrast
to other materials and heat source of AFP (i.e., assisted by a laser or
hot gas torch), the material and the IR-assisted AFP process
presented in this article are relatively cost-effective. The workflow
in the present study can be detailed as follows. 1) Analysis and
optimization of the process parameters were performed through a
design of experiments (DOE) approach based on flexural and lap-
shear strength results. 2) Cost-effective thermal monitoring of the
IR-lamp was conducted. 3) Tensile and peel strength analysis were
performed for samples manufactured optimized process settings.
Finally, to prove the ease of manufacturing CF/PC laminates using
IR-assisted AFP and show the potential of in-situ consolidation, a
flat laminate was fabricated for a potential drone frame structure
without any secondary processing. Further, the fabrication of CF/PC
on a 3D printed mold was demonstrated. The research shows the
capability of CF/PC material for the secondary application for
automobiles, aerospace and marine applications.

2 Materials and methods

2.1 Materials

The CFRTP prepreg material investigated in this study was a CF
(1000T 170-00-01/44)-reinforced with PC prepreg material supplied
by Covestro, Netherlands. The prepreg density was 1.5 g/cm3 with a
fiber volume content of 44%. The width and thickness of the tapes
were 12.7 mm and 0.17 mm, respectively. The CF/PC was launched
in 2017 by Covestro and targeted semi-structural applications in the
electronic and automotive industries.

2.2 IR-assisted automated fiber placement
manufacturing

An IR-assisted AFP (BROJETEC automation, Germany) was
used in this study (Figure 1). The fiber placement head was
positioned on a five-axis KUKA robot, and an infrared (IR)
lamp was used as the main heat source. A high-temperature
polyimide film was utilized as a substrate material for the
study. The fabrication process was controlled by six different
process parameters: (i) the power of the IR lamp, (ii)
compaction roller, (iii) tool temperature, (iv) prepreg tension,
(v) cutting force, and (vi) speed of the robot. The effects of
individual process parameters on the processability of CF/PC
were investigated using screening analysis. The methodology
followed in the study is explained in Figure 2. From the
screening analysis, the most critical process parameters were IR
power and speed of the robot. The correlation was analyzed in an
earlier study, which shows that the speed of the robot is directly
proportional to the laying speed for IR-assisted AFP (Venkatesan
et al., 2020). The amount of heat (IR power) required to process
the CFRTP depends on the glass transition and melting
temperature of the material. After optimizing the most critical
process parameters, other influencing process parameters, were
found to be compaction force and tool temperature. These
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parameters strongly influence heat distribution and interpase
bonding. The combined effect of the process parameters on the
bonding and mechanical properties were analyzed. Two types of
compaction roller material (i.e., steel and silicone) were
investigated to understand the effect of compaction roller material.

A structured DOE approach was adopted to evaluate the
influence of compaction force and tool temperature on the
mechanical properties of the manufactured laminates (Antony
and Antony, 2014). Two levels were selected for each parameter,
corresponding to their practical minimum and maximum operating

FIGURE 1
IR-assisted AFP head during placement of CF/PC on the tool, comprising a cutting and clamping unit, compaction roller, and infrared lamp as the
heat source.

FIGURE 2
Flowchart illustrating themanufacturing process of CFRTP laminate with IR-AFP. It includes steps such as assessing the effect of process parameters
like IR power, laying speed, tool temperature, compaction force, and tension. Screening analysis identifies their impact on processing quality. IR power
and laying speed affect processing, while compaction force and tool temperature influence fusion bonding, with cutting pressure and tension having the
least influence.
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ranges determined from preliminary trails and earlier studies. The
DOE conditions were analyzed and optimized from the results of
flexural and lap-shear strength. Four process conditions were
selected based on the DOE as shown in the table. The details of
the DOE condition with the input process parameters and the
output responses are presented in Table 1. All other process
parameters were kept constant during manufacturing based on
the screening analysis and earlier studies. Five samples were
manufactured under each condition for mechanical analysis.
Further, based on the optimized process parameters, tensile
samples and peel resistance samples were manufactured. Table 2
presents the list of samples for mechanical testing.

2.3 3D printing of curved mold using
polyetherimide

Laying prepreg onto a 3D mold offers the advantage of
fabricating a single, integrated structure with enhanced fusion
between the prepreg and the mold surface. A cylindrical 3D
model of the mold of 31 × 100 mm (diameter × height) was
designed using SOLIDWORKS and was printed using a high
temperature INSTAMYS- FUNMAT-HT 3D printer. To fully
utilize the potential of AFP, a high temperature Polyetherimide
(PEI) 9,085 polymer was selected for 3D printing of mold. Finite
element analysis (FEA) was performed to validate the material
selection in terms of strength, ensuring the mold can withstand
the compaction force of 344.35 N exerted by the AFP head during
manufacturing process.

For the FEA static analysis, the model is first assigned the
material properties of the INTAMSYS Ultem 9085 PEI filament
as per INTAMSYS data sheet, having tensile strength of 85 MPa and
Elastic Modulus of 2,230 MPa. As for the boundary conditions, a
fixed geometry fixture is applied onto the internal surface of the
mold, and a distributed normal force of 343.35 N is applied onto the
external surface of the mold. As for the mesh information details,
they are presented in Table 3. A refinement study (2.3 mm element
size) confirmed mesh independence, with less than 3% variation in
maximum von mises stress compared to the baseline mesh.

Based on the FEA results, the maximum VonMises stress that is
applied onto the mold is 0.043 MPa, which is within the material
Ultimate Tensile Strength of 85.0 MPa. Also, the maximum
displacement observed is 0.1048 µm, which can be considered as
negligible. The tool path for prepreg placement on the curved
surface was generated using the HAL plugin Rhino (Figure 3).
The sequential process for curved-surface layup is illustrated in
Figure 4, and the key 3D printing parameters for the PEI mold are
summarized in Table 4.

2.4 Thermal analysis of IR lamp

The temperature of the IR lamp during the fabrication process
was monitored using a high-temperature thermistor (RS
Components, Singapore) and an Arduino Uno microcontroller
board. The thermistor was connected to the Arduino board with
a 1,000 Ω resistor connected in series (Figure 5ii). The Arduino
board was controlled by the Arduino IDE programming platform to

TABLE 1 Experimental layout of DOE process parameters and output responsea.

Conditions/
no

Sample nomenclature (Sample
fabricated using the condition)

Input process parameters Outputs
(response)

Compaction
force (N)

Tool
temperature (°C)

C1 SC1 196 30 Flexural and lap shear
strength (MPa)

C2 SC2 343 30

C3 SC3 196 100

C4 SC4 343 100

aOther process parameters: IR power: 250 W; speed: 4.2 mm/s; cutting pressure: 6 bar; prepreg tension: 0.1 kg.

TABLE 2 Manufactured samples and their respective laminate sequences.

Sample no. Samples Laminate sequence

1 Flexural samples [0°]5

2 Lap-shear samples Two [0°] layers with an overlap of 1 inch

3 Tensile samples [0°]6

4 Peel resistance samples [0°]4 with a difference in length for the last two layers

TABLE 3 Details on the meshing.

Mesh type Global element size Total nodes/elements Mesh convergence check

High-quality tetrahedral 4.65 mm 13,054/7,589 Element size: 2.3 mm
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measure the input signal (voltage) and convert it into temperature
(°C) every 500 ms. The temperature of the IR lamp was thus
recorded and analyzed. The flow chart of the monitoring process
and the position of the thermistor and Arduino is shown in Figure 5.

2.5 Mechanical and microstructural analysis

The details of the mechanical test are summarized below Table 5.
Five samples for each condition were fabricated. A total of
40 samples were fabricated for bending and LSS tests to assess
the effects of compaction force and tool temperature. The LSS test
involves two unidirectional samples overlapped by 1 inch and tested
at 13 mm/min using the Instron Universal testing machine. The load

and deflection of the samples were analyzed and compared. The
tensile and peel strength samples were fabricated using the
optimized compaction force and tool temperature. The tensile
test was performed on [0°]6 laminated using a 100 kN load cell
at the rate of 1 mm/s.

The peel-resistant strength of the CF/PC material fabricated
using IR-assisted AFP was analyzed to understand the uniformity
in bonding between layers. The interfacial bond strength between
two prepreg layers was determined by a 90° peel test. The peel test
fixture was placed in an MTS universal testing machine with a load
cell of 10 kN. A grip enabled the top prepreg to be peeled apart
gently from the substrate. The test was conducted by using a
standard 90° peel test fixture with a sliding table placed in the
universal testing machine. The samples were prepared on a 3D

FIGURE 3
Representation of HAL simulation of an AFP robot placing prepreg on a rotating mandrel with a cylindrical PEI mold. On the right is a close-up of the
process, and below is a cylindrical model depicting stress analysis with a color scale from red to blue indicating von Mises stress levels.

FIGURE 4
Flowchart diagram showing seven stages for the placement of CF/PC on a 3D printed PEI mold. The stages include design space, 3D model
development, FEA analysis, Rhino and Grasshopper, layup on the mold, simulation with HAL, and toolpath generation. Arrows indicate the process flow
and interactions.
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printed PEI-9085 substrate to position the sample on the sliding
table, and the prepreg was laid on it at two different lengths as
prescribed in the ASTM D6862 standard. The top layer was
clamped firmly with the upper grips and pulled with the tensile
force from the bottom layer at a crosshead speed of 5.1 mm/s. The
data was recorded and analyzed. The tested samples were first
examined through visual inspection to assess overall laminate
quality, followed by detailed microstructural characterization
using 3D digital microscopy (HIROX, EUROPE) and optical
microscopy.

3 Results and discussion

3.1 Compaction roller material

In a multi-physics system like AFP, the selection of compaction
roller material plays a critical role in process stability due to its

influence on heat transfer and pressure distribution. To evaluate the
processability of CF/PC prepreg, preliminary trials were conducted
using two roller types (i) steel and (ii) silicone. A few layers of
prepreg were laid with each roller to assess their influence on part
quality. A steel compaction roller produces pronounced defects such
as tow folding and wrinkling in the layers. During deposition of the
second layer on top of the first, non-stickiness and warpage of the
top layer were observed. These defects were consistent in all the
samples fabricated using the steel compaction roller, regardless of
the process parameters. The silicone compaction roller produced
better samples without any visible defects. This difference could be
explained by the rigidity and thermal properties of the steel roller.
While a detailed investigation of this defect mechanism is outside
the scope of this study, the silicone compaction roller demonstrated
superior performance and was therefore selected for all subsequent
CF/PC fabrication. Representative images of the defects induced by
the steel roller are shown in Figure 6i, ii with microscopic evidence of
prepreg folding presented in Figure 6iii.

FIGURE 5
Microcontroller-assisted thermal analysis of the IR lamp during processing: (i) flowchart of the thermal analysis using a thermistor and Arduino; (ii)
circuit diagramwith a resistor and thermistor for measuring voltage; and (iii) position of the thermistor in the AFP head, including a wire to themonitor, an
Arduino board, a thermistor, and an IR lamp.

TABLE 4 3D printing parameters for PEI mold.

Material Infill density Layer thickness Nozzle temperature Print bed temperature Chamber temperature

PEI 20% (Grid) 0.2 mm 360 °C 140 °C 85 °C
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3.2 Thermal analysis of IR lamp

IR-assisted AFP offers cost-effectiveness and lower safety risks
compared to other heating methods; however, its rapid heating and
cooling rates can cause non-uniform heat distribution, affecting
material processability. To address this, a low-cost micro controller-

based temperature monitoring system was developed, using a
thermistor with data acquisition via the Arduino IDE. for the IR
lamp. The heat source had three points of ON/OFF during the
fabrication process. First, the heat source was ON at the starting
point of the tow, then it stopped and restarted (in 2 s) at the cut
position, and finally, it was OFF at the end position. The robot

FIGURE 6
Pictures of the manufacturing defect caused by the steel compaction roller; (i) wrinkles and folding of the prepreg observed in the samples; (ii)
warpage and non-stickiness of the second layer (prepreg); and (iii) micrograph of the prepreg folding observed using digital microscopy.

FIGURE 7
Graphical representation of the temperature profile of the IR lamp based on the thermistor reading on the IR lamp showing the stages of irradiation
(heating) and cooling of the IR lamp during the printing of the 250-mm-long prepreg tow.

TABLE 5 Mechanical testing details.

Test Standard Sample details Speed of the test

Four-point flexural test ASTM D7264 160*12.7*1 (mm) 1.5 mm/min

Lap-shear strength (LSS) ASTM D5868 Two unidirectional sample with an overlap of 1 mm 13 mm/min

Tensile strength ASTM 3039 250*12.7*1 (mm) 1 mm/s

90° peel resistance test ASTM D6862 Prepreg on PEI 9085 substrate 5.1 mm/s
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moved from the end position of the first tow to the start position of
the second tow while the heat source remained OFF to avoid
reheating the sample. The ramping of temperature during these
positions was studied to obtain the temperature profile of the heat
source. The thermal profiling was performed at 250W and 4.2 mm/s
for a 250 mm long prepreg tow. The lamp exhibited heating and
cooling rates of ~3.5 °C/s, with an initial rapid rise of ~65 °C/s
followed by ~35 °C/s. No significant temperature drop was observed
at the cut position, indicating non-uniform irradiation. Figure 7
presents the thermal profile, which will be integrated into a
feedback-controlled PLC system for real-time regulation.
Continuous monitoring can provide hints about the degradation
of the lamp through the usage cycle.

3.3 Mechanical testing

In this section, the results from the mechanical tests performed
on CF/PC materials are presented. Initially, the flexural and LSS test
results are performed to optimize the process settings based on the
DOE conditions. Overall, the sample fabricated under condition 4
(100 °C/343 N) shows high flexural and lap-shear strengths. Thus,
using condition 4, tensile and peel-resistance strength samples were
fabricated and tested. The individual tests and results are
discussed below.

3.3.1 Four-point bending test
The flexural strength was analyzed and compared for the

samples manufactured under four DOE conditions. The flexural
strengths calculated for each condition were compared, and the
highest flexural strength of 521 MPa was obtained for SC4, whereas
the lowest flexural strength was observed for SC2. The value of the
highest flexural strength was considered to be 100%, and the
percentage decreases in flexural strength obtained for the other
samples are summarized in Table 6.

Significant differences in the flexural strength and failure
behaviors were observed in the samples. For SC1 and SC2, the
compaction force was increased, whereas the tool temperature
was maintained at 30 °C, and little or no difference in flexural
strength is observed. In contrast, increasing the compaction
force and the tool temperature to 100 °C increases the flexural
strength efficiently (for SC3 and SC4). Comparing the samples
fabricated with C1 and C3, increasing the tool temperature with
a constant compaction force results in an increase of
approximately 31% in the flexural strength. Similarly,
comparing the samples manufactured with C2 and C4, the

flexural strength is increased by 44%. The results show that a
higher tool temperature has a significant effect on flexural
strength and is mandatory for manufacturing CF/PC samples.
Overall, the samples manufactured under C4 exhibit the highest
flexural strength among the samples. The compaction force
exhibits a minimal impact on the flexural strength, whereas
the tool temperature exhibits a high impact. The flexural
strengths calculated under the four DOE conditions are
shown in Figure 8. The fractography of the samples was
observed using a microscope for each condition and are
presented in Figure 9.

The samples fabricated under condition 1 exhibit complete
delamination of the layers exactly at the region of bending
(Figure 9i). Meanwhile, for SC2, the failure starts with
buckling at the compression side, and then, combined with
the delamination, failure results (Figure 9ii). The temperature
difference between the tool and prepreg layer leads to poor fusion
bonding, which ultimately results in delamination. For SC3,
buckling initiates at the compression side and then propagates
to the tension side. Finally, delamination of the sample outside
the region of bending (Figure 9iii) and shear failure are observed.
Minimum delamination is observed for the samples made under
condition 4. The type of failure observed in these samples is shear
failure on the compression side exactly at the region of bending
(Figure 9iv). From this observation, the tool temperature
improves the bonding at the interlayer, thus delamination is
not predominant for SC3 and SC4. A similar material used in
additive manufacturing serve was used as a benchmark for
flexural analysis. The flexural strength of the additively
manufactured sample is 13% higher than that of the AFP
manufactured samples. Further analysis on improving the
mechanical properties needs to be performed in future studies.

The samples manufactured under process condition 4 (tool
temperature of 100 °C and compaction force of 343 N) were

TABLE 6 Calculated flexural and lap-shear strengths as percentages for
each DOE condition.

DOE conditions Flexural
strength

Lap shear strength

C1 58% 56%

C2 56% 41%

C3 87% 92%

C4 100% 100%

FIGURE 8
Bar chart displaying flexural strength in megapascals (MPa) for
four DOE conditions. Condition 1 and 2 show similar strength around
300 MPa, Condition 3 is higher at approximately 400 MPa, and
Condition 4 is the highest at about 500 MPa.
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analyzed for cross-sectional micrographs. The samples were
casted in epoxy in a vacuum chamber and then cut, ground,
and polished. The longitudinal sections of the samples are shown
in Figure 10. The microstructure of flexural samples with five
layers are clearly visible. Few areas of fiber breakage are apparent,
and the interphase is observed as resin-rich areas. The resin-rich
areas confirm the interphase formation of the resin. There are no
observed voids or delamination. The samples should be
compared with a hot-press or autoclave samples for further
comparison.

3.3.2 Lap-shear strength analysis
Lap-shear strength is a representation of the bond strength of the

CF/PC layers fused by the AFP process. The impact of process
parameters on the lap-shear strength is similar to that observed in
the flexural results. The lap-shear strength is the highest for the
samples fabricated using condition 4 (i.e., 4.82 MPa). The impact of
the tool temperature is higher than that of the compaction force.
Nonetheless, the combined influence is difficult to analyze and
explain. The samples made using condition 2 exhibit the lowest

FIGURE 9
Micrographs of fracture surface predominantly observed in the samples viewed using digital microscopy; (i) C1: breakage of the sample; (ii) C2:
delamination observed in the cross-section; (iii) C3: shear failure observed on the compression side; and (iv) C4: shear failure.

FIGURE 10
Micrographs of the longitudinal section at 500× of samples
manufactured using condition 4.

FIGURE 11
Lap shear strength for each DOE condition.
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lap-shear strength of 2.20 MPa. A schematic representation of the
calculated lap-shear strength values is shown in Figure 11. Rather
than the lap-shear strength, the failure behavior of the samples gives
interesting insight into the overlap region.

The morphology of the sample failure was observed using digital
microscopy. The samples fabricated with conditions 1 and 2 exhibit
failure exactly at the overlap region, which shows that the bonding
strength is lower than the pulling strength. This finding is in line
with the flexural strength analysis results. The samples fabricated
with C1 show adhesion failure, where the layer is completely peeled
off from the other layer withminimum fiber breakage at the edges, as
shown in Figure 12i. The samples fabricated with C2 exhibit a mixed
mode of failure, cohesion, and adhesion with fragments of the peeled
layers and minimum tearing of the prepreg, as depicted in
Figure 12ii. Increasing the compaction force with a lower tool
temperature will not improve the fusion bonding.

The failure for the samples fabricated with C3 starts with tearing
in the lateral direction and partial failure of the overlap region with
fiber bursting either at the start of the overlap or in the overlap
region (Figure 12iii). Surprisingly, the overlap region did not fail for
the sample fabricated using condition 4. Bursting of fibers before the
overlap region or a small percentage of tearing in the lateral
direction is observed. Figures 12iv,v show the failure of the LSS
samples fabricated with condition 4. The results demonstrate that
the bond strengths of the samples manufactured under condition
4 are higher than those produced under the other conditions, which
agrees with the results of previous studies on CF/PA 6.

3.3.3 Tensile analysis and peel test
Figure 13i shows typical load-displacement curves of the

unidirectional CF/PC samples fabricated with optimized process
settings (condition 4). The tensile stress and strain were calculated
from the recorded load-displacement curve. The ultimate tensile
strength (UTS) was determined from the maximum load, and the
tensile modulus was calculated in the elastic region of the graph

(Figure 13ii). Overall, the tensile behavior of CF/PC was observed
with a UTS of 872 MPa and Young’s modulus of 53 GPa with a
minimum standard deviation. The material exhibits a linear stress-
strain relation, and the failure mode is observed to be brittle with
fiber pullout. The load-carrying capacity of the sample drops
drastically at the ultimate tensile strength, and the sample fails
with minimum or no further elongation. The initial failure was fiber
breakage, followed by a catastrophic failure of the sample with fiber
pullout with dispersion. The micrographs of the samples reveal
regions of longitudinal splitting, debonding, and dispersed fiber, as
shown in Figure 14. The tensile strength, stress-strain relation, and
Young’s modulus of the CF/PC fabricated with IR-assisted AFP are
given through this test. The samples can be compared with hot-press
or autoclave samples to understand the decrease in strength with
respect to the type of fabrication process.

3.3.4 90° peel resistance strength analysis
The 90-degree peel test was conducted to determine the

resistance-to-peel strength at the interface of two prepreg
fabricated using IR-assisted AFP. Usually, peel tests are
performed to characterize the adhesion between soft (flexible)
and hard materials; the soft material needs to be pulled at
approximately 90°. For this test, the first layer of the prepreg was
formed in a way that it warped and could be pulled at approximately
90° (Figure 15i). The test measured the force required to remove the
first layer from the second layer, which was bonded using AFP. The
purposefully unbonded end of the top prepreg was bent
perpendicular to the bottom prepreg and clamped into the grips
(at an angle of ~90°). The grip allowed the top layer to be peeled
apart gently from the substrate. The test ended when the complete
peeling of the top prepreg was observed. The test was repeated for
five samples. The average and maximum peel forces were calculated
from the obtained autographic curve, as shown in Figure 15iii.

The data revealed that the force changes throughout the length
of the sample. The force to peel the layer varies with the lay-up

FIGURE 12
Micrographs of the failure behaviour observed using digital microscopy for samples manufactured under (i) C1: exhibits the complete failure of the
overlap region, (ii) C2: mixedmode of failure with fragments of the peeled layers, (iii) C3: partial failure and tearing in the overlap region, and (iv) and (v) C4:
tearing and fiber breakage in the overlap region.
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length, which shows that further improvement in the fusion bonding
is needed. Fluctuations were also observed due to the small
movements of the substrate layer. During the test, the interface
was found to have small areas of non-stickiness and areas of strong
adhesion than the other areas. The maximum and minimum peaks
explain the range variations in the bonding and higher consolidated
regions. The microstructural studies revealed the areas of strong
adhesion where fiber breakage was observed. Unexpectedly, there
were large standard deviations, which need to be analyzed further.
The average and maximum load to separate the prepregs were 25 N
and 35 N, respectively. The average resistant-to-peel strength
calculated from the analysis was 1.95 kN/m, and the maximum
resistance to peel strength of the interface was 2.5 kN/m. The
samples were observed under a microscope to check the
uniformity of the failure mode during peeling. The failure mode
was observed to be a mix of cohesive and adhesive modes. In certain
regions, breakage of the failure was visible, due to either the angle of
pulling or higher bond strength. The micrograph in Figure 16 shows
the exposed fibers, regions of fiber breakage, and unaffected regions.

3.4 In-situ fabrication of CF/PC laminate

Using the optimized process condition, a flat laminate of
(500*500*1) mm was fabricated. This is the first study to
demonstrate the potential of IR-assisted AFP for the fabrication
of a flat CF/PC laminate with a laminate sequence of [0/90/0]2
(Figure 17). Each layer of the laminate consists of 39 prepreg tows,
with a total of six layers. This sample was manufactured to prove the
efficiency of IR-assisted AFP in manufacturing CF/PC with better
mechanical properties and quality. During the fabrication, no time
was spent on manual correction, and the fabrication was seamless.
The fabrication shows the processability of CF/PC with IR-assisted
AFP. This result is significant because AFP fabrication requires
manual inspection and reworking multiple times, which extends the
process by 2.5 times (Rudberg et al., 2014). This study demonstrates
the reliability and productivity of the process. The fabricated
laminates were observed with minimum warpage and no
distortions, although a few spots of visible gaps occurred at
random places. The gaps were observed at the edges (Figure 18i)

FIGURE 13
Representative tensile graphs of unidirectional CF/PC samples: (i) load versus extension curve and (ii) stress versus strain curve with the UTS and
fracture point.

FIGURE 14
Micrographs of tensile fracture samples: (i) dispersed fibers; (ii) fracture observed from the cross-section; and (iii) fiber bursting and dispersion
observed by digital micrography (red curve shows the direction of pulling).
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and near the edge in both directions (Figure 18ii). The gaps seem to
be due to the steering defects, and they will affect the structural
performance (Blom et al., 2009), which is beyond the scope of
this study.

Manufacturing a flat laminate is important to highlight the
practical application of CF/PC manufactured with IR-assisted
AFP. The flat laminate was fabricated for a potential application
in building a drone frame for demonstration. The laminate was cut
using waterjet cutting (speed of 1 mm/min), forming three holes to
place the propeller. The demonstration of this application
constitutes a subject of further study. In addition, the sample
mechanical strength is being analyzed to investigate the effect of
gaps in mechanical performance.

3.5 Fabrication of CF/PC on rotating 3D
printed PEI cylindrical mold

This initial study was conducted to understand the fabrication
process on a cylindrical 3D printed part. In this way, additive

manufacturing technology and AFP were combined to create a
structural part. This is an extended study to understand and
implement the process knowledge of AFP to fabricate CF/PC on
cylindrical 3D printed mold. The first step is to understand the
compatibility of CF/PC with PEI mold. Followed by the effectiveness
of the generated tool-path strategy to print without collision and
minimum defects (Figure 19). This demonstrated the printing of
CFRTP on 3D printed PEI mold in smaller scale. The major
challenges such as insufficient adhesion between the mold and
CF/PC and overlapping of the layers were observed. Further,
heating of the rotating surface, controlling the prepreg tension,
and complexity in the tool path were also observed. Further
investigation of the improvements to achieve better laminate
quality is ongoing.

4 Conclusion

In this study, CF/PC composite laminate samples processed
using IR-assisted AFP were evaluated for the first time, and an

FIGURE 15
(i) Picture of 90° peel test samples of CF/PCmanufactured on PEI substrate; (ii) schematic representation of the peel test samples with the separating
PI film; and (iii) representative autographic curve obtained from the peel-resistant strength analysis.

FIGURE 16
Micrographs of peel test failed samples of CF/PC observed using digital microscopy: (i) combined failure with fiber breakage and exposed fibers due
to pulling; (ii) exposed fiber and matrix failure; and (iii) unaffected regions (red arrow show the direction of peeling.
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optimal process window was obtained. The study analyzed the
flexural, tensile, lap shear, and peel-resistance strength of the CF/
PC samples. This research provides detailed knowledge of the
processing and mechanical performance of CF/PC samples
manufactured with IR-assisted AFP. Moreover, it demonstrates
the manufacturing of a flat laminate with IR-assisted AFP and
printing on a 3D printed mold placed on a rotating mandrel.
This investigation constitutes a baseline study of CF/PC and will
provide significant insight for subsequent research in the
manufacturing of CF/PC with AFP. Based on the set of
experimental investigations conducted in this study, the following
conclusions could be drawn.

• For the manufacturing of CF/PC samples with IR-assisted
AFP, a steel compaction roller has a negative impact and
should be avoided. A silicone compaction roller provides
better results and should be used to improve consolidation.

• High flexural and lap-shear strengths of CF/PC were achieved
for the samples manufactured using condition 4 with a tool
temperature of 100 °C and compaction force of 343 N.

• The combined effect of the process conditions was
investigated, and the optimal compaction force and tool
temperature were 343 N and 100 °C, respectively, for
manufacturing CF/PC samples with IR-assisted AFP. The
tool temperature has stronger effects on the mechanical
properties than the compaction force.

• With optimal process settings, the ultimate tensile strength
and modulus of unidirectional CF/PC samples were evaluated
and found to be 831 MPa. A simple and cost-effective method
of analyzing IR power was discussed.

• The peel test is a quality indicator of the interface adhesion.
The peel resistance strength of CF/PC was analyzed based on
the 90° peel resistance test, and the average resistant-to-peel
strength was 1.95 kN/m.

FIGURE 17
Pictures of (i) IR-assisted AFP during the processing of CF/PC flat laminate; (ii) flat laminate with a length, width, and thickness of 500mm, 500mm,
and 1 mm, respectively, and a lay-up orientation of [0/90/0]2; and (iii) CF/PC laminated cut by waterjet for demonstration of a drone frame structure.

FIGURE 18
Pictures of defects observed in the flat laminate fabricated with CF/PC: (i) gaps observed at edges; (ii) gaps in the direction of the prepreg; and (iii)
schematic representation of the gaps in the laminate.
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Further work includes the investigation of the void and thermal
residual stress caused by process parameters. This study found the
optimal process parameter to enhance the mechanical properties.
Further research needs to be carried out to determine the dependence
of the mechanical performance on the presence of gaps in the
laminates. A machine learning approach to control the IR-lamp
based on the thermistor reading is ongoing work for future studies.
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