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Abstract
This study presents an investigation into mechanical and thermal properties, as well as the microstructure of Automated
Fiber Placement-manufactured laminates using a novel carbon fiber-reinforced low-melt polyaryl ether ketone polymer
material. The material’s lower melting temperature and lower melt viscosity as compared to established high-temperature
thermoplastic materials as PEEK, promises favourable characteristics for the Automated Fiber Placement process. This work
aims at in-situ consolidation and the influence of a heated tooling and a post process tempering step, which both turned out to
be promising in previous investigations. Laminates were manufactured using a cold tooling, a heated tooling configuration, a
cold tooling with a subsequent tempering process step and a hot-pressed reference laminate. Differential Scanning Calo-
rimetry showed that crystallinity values more than doubled for the heated tooling and post process tempering configurations,
compared to the cold tooling, reaching 24% and 30%, respectively. Mechanical strength values showed an increase in in-
terlaminar shear strength and compression strength but did not increase to the same extent as was expected from the
increase in crystallinity. With Scanning Electron Microscopy differences in the microscopic structure of the polymer matrix
could be detected. While the post process tempering step leads to a mostly lamellar crystalline structure, the heated tooling
configuration and the post process hot pressing induce a predominance of crystalline spherulites, which might positively affect
the mechanical performance. Computed Tomography scans revealed a high amount of porosity in the in-situ-manufactured
samples and unprocessed tape material, which likely mitigated the positive effect of increased crystallinity.

Keywords
Automated fiber placement, in-situ consolidation, carbon fiber-reinforced polymer laminates, Carbon fiber-reinforced
low-melt polyaryletherketone, thermoplastic composites, crystalline structures

Introduction

Fiber-reinforced polymers have become increasingly im-
portant in the aircraft industry in recent years. Due to their
high directional specific strength they are a promising
facilitator for a new generation of light and strong aircraft
structures. Within the family of carbon fiber-reinforced
polymer (CFRP) materials, those featuring a thermoset
matrix are already successfully deployed in serial
production,1,2 with newly-developed thermoplastic-matrix
materials also beginning to enter the market. The ad-
vantage of these new thermoplastic materials is, among
others, their ability to be repeatedly heated and therefore
bonded to similar structures. This feature thus opens up a
range of new manufacturing possibilities from ultrasonic

or resistancewelding through to out-of-autoclavemanufacturing
of parts using in-situ Automated Fiber Placement (AFP).

The production of thermoplastic composite components
using laser-assisted AFP has been the topic of extensive
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investigation for more than a decade,3,4 with older versions
of the technology, specifically hot-gas AFP reaching back more
than two decades.5 Throughout these investigations, PEEK has
been the predominant matrix material under consideration,3–5

with less frequent but equally thorough studies of PEKK
and PPS, not to mention PA. Across all studies the
overarching goal has remained largely the same: to pro-
duce high-quality parts which take full advantage of the
fiber and polymer properties of the composite material.

Recently, a novel high-temperature thermoplastic ma-
terial, low-melt polyaryl ether ketone (LM-PAEK) was
added to the existing market of high-performance and
commercially available thermoplastic materials for engi-
neering structures. The material’s inherently lower melting
temperature and melt viscosity, compared to PEEK,6 aims to
achieve enhanced intimate contact and faster bonding
during processing.7 These are particularly attractive prop-
erties for high-speed AFP manufacturing, where faster
deposition rates can be used to increase the rate of pro-
duction. Recently layup speeds of up to 100 m/min using
prepreg CF/LM-PAEK material were reported, with a
subsequent hot press consolidation process used to realise
the final part.8 Other similar studies include those of Lian
et al., an extensive material characterisation of laminates
manufactured from Toray´s Cetex® TC1225 (CF/LM
PAEK) by hot pressing.9 However, as highlighted by Ar-
quier et al.,10 most of the research on CF/LM-PAEK still
focuses on prepreg lay-up with post consolidation, with
fewer studies looking to perform similarly extensive
characterisations on parts produced using single-step or
“in-situ” AFP manufacturing. That is not to say there are
none, with studies by Heathman et al. and Seneviratne
et al. investigating the impact of in-situ manufacturing
parameters on the interlaminar shear strength (ILSS) by
means of short beam shear (SBS) tests.11,12 These studies
yielded values of 60 MPa and 41 MPa, respectively, using
CF/LM-PAEK prepregs from different manufacturers and
with different fiber volume contents: Suprem 55% in
Heathman et al. and Toray Cetex® 60% in Seneviratne
et al. While ILSS is undoubtedly a critical mechanical
property for assessing the performance of composite
laminates, it is not alone able to capture all relevant
properties, such as those in tensile and compressive
loading. This therefore forms the key focus of this study: to
comprehensively assess the mechanical performance of
laminates produced from CF/LM-PAEK using in-situ AFP
with respect to a broad range of mechanical properties
including shear, tension, and compression.

While in-situ AFP manufacturing is able to avoid the
additional investment and operational costs of a second
thermoforming process (pressing or autoclave), it also
means that the final part quality is entirely dependent on
the success of the AFP layup, a complex process de-
pending on multiple processing parameters. Already in

1997 Pitchumani et al. showed the influences of varying
torch temperature (hot gas) and line speed in a numerical
process simulator for CF/PEEK and the importance of
defining a right processing window with optimum pro-
cessing parameters.5 Khan et al. also investigated the
influences of gas volume flow, processing velocity, tool
temperature and consolidation force for the tape place-
ment process of CF/PEEK.13 More recently, Heathman
et al. found that lower speeds, higher processing tem-
peratures and larger compaction forces enhance inter-
laminar bonding for CF/LM-PAEK specifically.11 At the
German Aerospace Center´s (DLR) Institute of Structures
and Design, initial studies into CF/LM-PAEK14,15 were
conducted on AFP bonding samples to determine optimal
processing parameters by means of a Design of Experiment
(DoE) approach, wich was already used in a former study on
CF/PPS by Dreher et al.16 Within this study, tooling tem-
perature was shown to be of particular interest, supporting
similar observations from other works.12,17,18 This is due to the
relatively long-term exposure to the tooling surface when
considering the time scale of other processing parameters such
as the nip-point temperature. The impact of tooling temper-
ature was therefore selected as the primary parameter of in-
terest for this study.

The work presented here details a comprehensive char-
acterisation of the mechanical performance of CF/LM-PAEK
laminates produced using in-situ AFP. Eight different lami-
nates were investigated within this work, exploring and
quantifying the effect of tooling temperature during the in-situ
process as well as post-manufacturing tempering without
bagging or vacuum steps. A hot pressed laminate was used to
depict properties for a good laminate quality and to specify the
performance gap which still needs to be closed. The quality of
the raw tape material was examined. These results combined
with the laminate´s results provide detailed insight into the
potential of CF/LM-PAEK for future structural applications.

Materials and methods

AFP manufacturing facility

The AFP facility used for laminate production within this
investigation deposits and consolidates thermoplastic prepreg
material using a Multi Tape Laying Head (MTLH). The end
effector, a development of the company Advanced Fibre
Placement Technology (AFPT GmbH, Dörth), is attached to a
six degree-of-freedom robotic arm. TheMTLH can process up
to three 0.5 in unidirectional prepreg tapes. Laminates were
manufactured on a two-degree-of-freedom heatable tooling
(Figure 1). A 6 kW diode laser (λ = 980 - 1020 nm) type LDF
6000-100 from Laserline GmbH was used as a heat source.
The square focus of a homogenizing optic was adjusted to the
width of three parallel placed 0.5 in tapes.
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Fiber-reinforced thermoplastic material

Carbon fiber-reinforced low-melt polyaryletherketone (CF/
LM-PAEK) unidirectional thermoplastic prepreg tape was
used within the scope of this work. The Toray Cetex®
TC1225 T700/PAEK 12 in wide prepreg tape was supplied
by Toray Advanced Composites with a fiber mass fraction
(wf) of 66 % and was subsequently slit by an external
company to a processing width of 0.5 in (12.7 mm). The
most important thermal material characteristics are given in
Table 1.

Process parameters

The influence of processing parameters on the tape laying
process has been the subject of many studies.3–5,11,13,16,17

As for all thermoplastic composite materials, the four most
important parameters for the in-situ consolidation process
are the nip-point temperature, tooling temperature, con-
solidation roller pressure and layup speed. For the purpose
of the work presented here, the optimal processing pa-
rameters were selected to be those which yielded the highest
mechanical shear strength in the interlaminar region and
were selected from recent in-house studies on the same
material.14,15 The parameters used within this study can be
formulated as follows: [Tnp, Ttool, proll, vlayup] = [470°C,
200°C, 6 bar, 7.5 m/min]. The nip-point temperature Tnp is
actively regulated during tape laying using a thermal camera
and an emissivity coefficient ε = 1. The same camera also
measures the incoming tape and substrate temperatures.
This temperature is significantly higher than the polymer
melting temperature but was observed to yield superior ply
bonding strength in the aforementioned studies. Further-
more, it remains well below the polymer degradation
temperature; 573°C.6 While certain studies utilise tooling
temperatures close to the glass transition temperature to
minimise internal stresses in the laminate, in-situ tape laying
intends to promote crystallization as well as reduce internal
stresses, thus requiring a higher temperature still. It should
be noted that the tooling set temperature is used for the
purpose of this study. The reason for this is that the true
surface temperature of the tooling varies over the total
tooling area and transiently with increasing volume of
composite material deposited onto the tool.20 The consol-
idation pressure of 6 bar is the system pneumatic pressure,
which results in 500 N of consolidation force. A water-
cooled Shore A 60 silicone roller with 5 mm sheath
thickness, 60 mm width and 80 mm diameter was used.

Laminate production

Based on the DoE the best parameters where chosen for
laminate production. The heated configuration with a
tooling temperature of Ttool = 200°C is hereinafter referred to

as heated tooling configuration. For industrial use an unheated
tooling is desirable due to cost savings compared to a heated
tooling. To examine the performance of an in-situ manufac-
tured laminate produced at room temperature (20°C) a cold
tooling configuration was studied. Serving as reference close
to a press consolidated laminate, a laminate produced by AFP
on a hot tooling was post-consolidated using a hot press in a
secondary process step (heated tooling & hot pressed). The
tooling temperature prior to press consolidation can be ne-
glected and was chosen for manufacturing reasons. The in-
vestigations in Ref. 14 showed a promising increase in shear
strength and crystallinity values for a post tempering treatment.
Therefore, laminates placed on an unheated tooling were
subsequently tempered in an oven (cold tooling & tem-
pered) as a secondary cost-efficient heat treatment com-
pared to an autoclave or hot pressing process. For all four
configurations laminates with both a unidirectional (UD)
and quasi-isotropic (QI) layup were manufactured. As first
plies UD-prepregs were mechanically clamped on top of
the tooling. The UD panels were built up with 12 layers,
staggered to avoid stacking of potential gaps or overlaps.
To gain a balanced and symmetrical QI panel 16 layers
with a stacking sequence of [90°/–45°/0°/45°]2s were
placed. The standard trimmed laminate size is 428 mm ×
648 mm for the QI panels. For the UD layup two panels
were sufficient for the number of test specimens and were
therefore cut in half for additional heat treatment

Figure 1. Laminate production in DLR’s thermoplastic
Automated Fiber Placement (AFP) facility in Stuttgart, Germany.

Table 1. Thermal material properties of unidirectional CF/LM-
PAEK tape.6,19

Thermal property Value

Melt temperature (Tm) (°C) 305
Glass transition temperature (Tg) (°C) 147
Crystallization enthalpy (Href) (J/g) 130
Degradation temperature (Td) (°C) 573

Mössinger et al. 1771



processes. Figure 2 gives an overview over the eight
produced laminates.

Post-manufacturing heat treatment

Tempering cycle. One of the QI laminates and half of the UD
laminate, which were produced on a cold tooling, were
tempered in an oven at a temperature of 230°C with a dwell
time of 2 h. This dwell time was selected to ensure thermal
saturation of the 3 mm thick panel and the temperature was
selected as the maximum limit of a facility in which tem-
pering of large-scale parts can be performed. As has been
shown in previous studies, long-duration tempering of
thermoplastic composites at temperatures above the cold
crystallization temperature is effective in inducing sec-
ondary crystallinity in the matrix.20 This is supported by the
findings of this study as presented in the results chapter.
Figure 3 shows the laminate in a Heraeus NTU 100/
150 oven. The temperature cycle was recorded using a
thermocouple and is displayed in Figure 4.

Hot pressing. Out of the laminates which were produced
on a heated tooling, one of the QI laminates and one half
of the UD laminate were subsequently hot pressed for
post consolidation. Due to different laminate dimensions
a Fritsch press and a Dieffenbacher HPO 400 press were
used for the UD and the QI laminates, respectively. The
press parameters are listed in Table 2. It should be noted
that the different heating and cooling rates for the UD and
QI laminates are a result of the differing sizes (surface
areas) of the respective laminates and the press toolings
used for their consolidation. Also, the temperature curves
were recorded with sensors integrated in the respective
tooling and not within the laminate. It was verified that
the different temperature profiles did not result in any
significant difference in polymer properties, i.e. crys-
tallinity, as is presented in the results section of this work.

Figure 5 exemplarily displays the pressing cycle of the
UD laminate. After a heat up phase to around 365°C the
pressing pressure of 15 bar is applied. Cooling starts after
a holding time of 30 min. The press opens after complete
cool down.

Figure 2. Overview produced laminates.

Figure 3. Laminate in oven for tempering process.

Figure 4. Tempering in oven: temperature cycle.
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Characterisation methods

All eight laminates were analysed using thermal and
mechanical testing to investigate the influence of the
different manufacturing conditions. Short beam bending
tests and tensile tests perpendicular to the fiber direction
were used to determine the matrix-dominated mechanical
properties of the UD laminates. From QI laminates tensile
and compression test specimens were extracted. An
overview of the tests is listed in Table 3. Thermal testing
was done by Differential Scanning Calorimetry (DSC) to
obtain the degrees of crystallinity. Furthermore, Water-
coupled Ultrasonic Scanning (W-US), Computer To-
mography (CT) and Scanning Electron Microscopy
(SEM) investigations were used to better analyse the
laminate microstructure. 3D scanning was used to
quantify the warpage of the panels. It should be noted that
due to mechanical fixing of the first ply, warpage first
becomes evident as the laminate is removed from the
tooling and therefore does not affect the lay-up process.

Differential scanning calorimetry. DSC measurements were
carried out with a NETZSCHDSC 214 Polyma device at the

DLR in Stuttgart in order to determine the thermal material
behaviour and the degree of crystallinity. Test specimens
were prepared using water jet cut and hand sawing. The test
specimens were placed into aluminium crucibles with
pierced lids. An empty crucible, serving as reference, un-
derwent the same temperature program together with the
respective sample: heat up with a rate of 10°C/min →
isothermal holding at 350°C for 3 minutes → cool down to
room temperature with a cooling rate of 10°C/min. The
DSC heating chamber was purged with Nitrogen as pro-
tective gas. The recorded heat flow data was evaluated with
the NETZSCH Proteus® Software. An entropy curve is
displayed in Figure 6 as an example. Linear baselines were
chosen for the area calculations of the heat flow differences
between sample and reference (ΔHm and ΔHc). For com-
parability, the limits of 170°C–215°C for the cold crys-
tallization and 225°C–330°C for the melting crystallization,
respectively, were applied approximately to all evaluations
within this study.

Considering the fiber mass fraction of wf = 66 % and a
crystallization enthalpy of Href = 130 J/g for the CF/LM-
PAEK tape material the degree of crystallinity Xc can be
calculated using equation (1).21

Xc ¼ jΔHmj � jΔHcj
ΔHref

�
1� wf

� ½%� (1)

Mechanical tests
Specimens preparation for mechanical testing. Specimens

were subsequently cut from the manufactured laminates
and depending on the respective standard fit with 1.5 mm
glass fiber-reinforced epoxy end tabs. The surface was
prepared via plasma activation for the end tab application.
The final specimens for mechanical testing were obtained
by sawing.

Short beam bending test. The short beam bending test
method following EN 2563 European test standard22 was
used to determine the apparent interlaminar shear strength
(ILSS). According to the test standard, the apparent inter-
laminar shear strength is defined as the maximum shear
stress, occurring at the moment of failure at half thickness of
the specimen. Test specimens of 20 mm length and 10 mm
width were cut from the laminates. The specimens were
tested using an ILSS test fixture and a ZwickRoell 100 kN
material testing machine and were tested until failure at a
rate of 1 mm/min. The apparent interlaminar shear strength τ
is calculated as

τ ¼ 3PR

4 b � h (2)

where PR is the maximum load at failure, b is the width of
the specimen and h is the thickness of the specimen.

Table 2. Parameters of the hot pressing process of the laminates.

Press parameters UD QI

Die area (mm2) 298 × 298 648 × 428
Consolidation temperature (°C) 365 365
Holding time (min) 30 30
Heating rate (°C/min) 10 5
Cooling rate (°C/min) 4 5
Pre-pressing pressure (bar) 2 2
Pressing pressure (bar) 15 15
Cooling pressure (bar) 15 15

Figure 5. Pressing cycle of the unidirectional laminate.
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Due to the ductility of the thermoplastic matrix the ILSS
specimens failed in a non-standard ductile failure mode,
showing plastic deformation. The above mentioned ILSS
standard, mostly used for thermoset matrices, states this
failure mode as invalid. Therefore, in this investigation the
evaluation of the ILSS test results follows the ASTM-
D5379 standard.23 The defined force of failure PR, which is
used to calculate the apparent interlaminar shear strength
following equation (2), is thus found with the crossing point
of the two tangents and its projection onto the force de-
formation curve in Figure 7.

Tensile test perpendicular to the fiber direction. The fiber-
perpendicular tensile strength was examined using the DIN
EN 2597 standard.24 Specimens of 250 mm length and
25 mm width were cut from the UD laminates and fit with
60 mm end tabs. The samples were clamped in a Zwick-
Roell 500 kNmachine and tensile tests were conducted until
failure at a rate of 0.5 mm/min. The ultimate tensile strength
σT22 is calculated as

σT22 ¼ FR

b � h (3)

where FR is the load at failure, b is the width of the specimen
and h is the thickness of the specimen. For stiffness

calculations the strain was measured with an optical ex-
tensometer and two white dots on the specimen as markers
(videoXtens).

Compression test. Compression strength was determined
using the AITM 1-0008 A2 standard.25 As specified in the
standard as type A2, the specimens were cut to a width of
22 mm, a length of 172 mm and fit with 75 mm tabs. The
tests were carried out at COTESA GmbH in Mittweida,
Germany. An anti-buckling device was used and the test rate
was set to 0.5 mm/min. The ultimate compression strength
σcu is calculated as

σcu ¼ Pu

tn � w (5)

where Pu is the maximum load, tn is the thickness of the
specimen and w is the width of the specimen. For stiffness
calculations strain gauges where applied to measure the
strain.

Tensile test. The tensile strength was determined ac-
cording to the AITM 1-0007 A2 standard.26 As specified in
the standard as type A2, the specimens were cut to a length
of 250 mm, a width of 22 mm and fit with 50 mm long end
tabs. The samples were clamped in a ZwickRoell 500 kN

Table 3. Overview of the performed test methods and the dedicated determined material characteristics.

Test methods Material characteristics UD laminates QI laminates

Differential scanning calorimetry Degree of crystallinity x x
Short beam bending test Apparent interlaminar shear strength x
Tensile test perpendicular to the fiber direction Fiber-perpendicular tensile strength x
Compression test Compression strength x
Tensile test Tensile strength x
Water-coupled ultrasonic scanning Consolidation quality and porosity x x
Computer tomography Consolidation quality and porosity x
Scanning electron microscopy Stage of crystallization x x
3D scanning Warping x x

Figure 6. Differential scanning calorimetry measurement of an AFP produced sample on cold tooling (20°C).
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material testing machine and were tested until failure at a
rate of 2 mm/min. The ultimate tensile strength σtu is cal-
culated as

σtu ¼ Pu

tn � w (4)

where Pu is the maximum load, tn is the thickness of the
specimen and w is the width of the specimen. The thickness
of the tested specimens was approximately 2.9 mm. The
strain for stiffness calculations was measured with
videoXtens.

Water-coupled ultrasonic scanning. The manufactured lam-
inates were scanned using an Olympus OmniScan
MX2 device and a 5 MHz Phased Array probe using the
pulse-echo method. Water was used for signal trans-
mission from wedge to component. The system was
calibrated to receive an amplitude of the echo of 80 % to
100 % from the lower thickness section (0 mm to 1 mm)
of the laminate. A-, B- and C-Scans of the laminates were
generated.

Computed tomography
X-ray microfocus computed tomography scans (µCT). The

microfocus computed tomography (µCT) scans were con-
ducted using a high resolution µCT-System (nanotom, GE
Sensing & Inspection Technologies GmbH, Wunstorf)
consisting of a microfocus X-ray tube with a maximum
accelerating voltage of 180 kV and a 12-bit flat panel de-
tector (active area 2348 × 2348 pixels at 50 microns per
pixel). The µCT scans were performed with the X-ray
parameters 80 kV/180 µA at an exposure time of
1000 ms. A voxel size of 2 µm could be achieved. The so
acquired 2D X-ray images (2000 projections) were re-
constructed with a Filtered Back Projection reconstruction
algorithm. The µCT data were visualised and analysed with

the commercially available software package VGStudio-
Max 3.4 (Volume Graphics GmbH, Heidelberg).

µCT data pre-processing. The noise contained in the re-
constructed tomographic images makes further processing
difficult. Hence, an adequate image enhancing technique
must be selected. The non-local mean filter, which is
dedicated to minimize the noise while preserving the edges,
was used. After noise reduction, it is necessary to classify
the volume pixels either in void or solid. This step is called
segmentation. There are several global and local segmen-
tation algorithms in the literature.27 In the present work the
Otsu’s threshold method was used28 for mainly two reasons.
First, it is suitable for data sets with bimodal grey value
distributions. Second, it is user independent, since it is based
on statistical calculations.

Scanning electron microscopy
Objective of the SEM analysis. In this study, the SEM

analysis is used to determine the stage of crystallization
in the polymer matrix of the CFRP laminates. Crystal-
lization has a significant influence on all physical
properties of a polymer.29 Therefor the influence of the
stage of crystallization in the CFRP polymer matrix on
the mechanical properties of the laminates needs to be
investigated.

It depends mainly on the temperatures present in the
production process and can be split up in three stages.
When the temperature falls below the melting tempera-
ture of the polymer and the cooling process is slow
enough, firstly small lamellar crystallites start to form.
These small crystallites grow further and become more
and more frayed until they form a spherical nucleus,
termed spherulite.30 If the temperature stays close to the
melting temperature for a longer time, the spherulites
grow further until they finally reach the boundaries of
another spherulite or a fiber. With higher cooling rates,
the stage of crystallization decreases resulting in smaller
spherulites, lamellar crystallites or amorphous areas.
Kotzur et al. presented examples of amorphous and
crystallized areas as well as spherulites in SEM micro-
sections in Figure 8.31 Furthermore, the SEM is used to
analyse porosity.

SEM specimen preparation. From all of the differently
produced laminates which are summarized in Figure 2,
small pieces (20 mm × 10 mm) were cut in order to prepare
specimen for electron microscopy analysis. Three samples
per laminate were adhesively bonded together with epoxy
resin to a sandwich structure, so that the piece of laminate in
the middle could be prepared more easily and the top and
bottom layer could be identified in the SEM due to the offset
of the top sample (Figure 9). Afterwards the sandwich

Figure 7. ILSS testing – Determination of the force PR.
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structures were embedded in a thermoplastic polymer for a
facilitated specimen preparation.

Each specimen was ground with abrasive SiC paper
(grain size 58.5 µm – 8.0 µm), polished with diamond
suspension (grain size 3 µm – 1 µm) and ion etched several
times with a Gatan MET-ETCH (Model 683) device with a
beam of 3 keV. To allow the analysis of the non-conductive
CFRP specimen with the SEM, finally a platinum layer with
a few nanometres thickness was sputtered on the specimen
surface.

SEM setup. The different microstructures in the polymer
matrix, resulting from the different processing routes of the
produced laminates were analysed with an Ultra 55 scan-
ning electron microscope (SEM) from Carl Zeiss Micros-
copy GmbH in Oberkochen, Germany. All images were
taken with the secondary electron (SE-) detector in a
working distance of 3.3 mm and an acceleration voltage of
the electron beam of one kilovolt.

In every layer and between all layers of the specimen
images with magnifications from 1,000x to 20,000x were
taken in order to locate the respective layer of the specimen
and analyse the microstructural features of the polymer
present in this area.

3D scanning. The thermal warpage of the panels was
measured using 3D scanning. A GOM Atos 5 non-contact
3D scanning device was used to digitise the panels, while
the analysis was carried out with the GOM Inspect
2020 software. The Atos 5 used two stereo cameras oriented
at 15° to each other (see Figure 10(a)) to capture images of a
projected pattern on the object to calculate the coordinates
of each reflected point. These points were used to calculate a
mesh of the scanned surface, which was used for further
analysis. The cameras could use different lenses to either
capture more details or measure a larger volume. For this
analysis, medium focal length lenses were used to capture
objects with dimensions up to 500 mm in one direction with
one scan while maintaining good detail resolution.

The panels were placed on a flat table with the x-axis of
the panel facing away from the scanner. The scanner itself
was positioned above and in front of the table to look at a
45° inclined angle onto the panel. After the first image was
taken from this direction, the table was rotated by 45° and a
new image was taken. This was repeated until the entire
surface was covered from all directions.

The measured surface was then compared to a CAD
geometry of the ideal (un-warped) panel, which was im-
ported into the software. This geometry was already aligned
to the global coordinate system and could be used to align
the mesh of the panel. To create a statically defined and
repeatable alignment, three points were defined where the
mesh and CAD were identical. The first point (1) in
Figure 10(b) fixed the panel at that point in x -, y - and z -
direction, the second (2) in y - and z - direction and the last
(3) only in z - direction.With six dimensions suppressed, the
panel had a statically defined position in space. The support
points were positioned in three of the corners of the panel
and served to create a reference plane, which was the
nominal zero against which each point of the measured
point cloud was measured. In this way, the distance in one
direction – the normal distance – from the reference plane
was used to quantify the deformation of the panel. This
distance was plotted in a pseudo-colour image, with blue
indicating deformation in the negative z - direction and red
in the positive z - direction. The colour spectrum of the
legend was adjusted so that the scale was the same for the
cold tooling panels and the heated tooling panels,
respectively.

Results

The test results for all four laminate configurations (cold
tooling, cold tooling & tempered, heated tooling and heated
tooling & hot pressed) are presented in the following
section. Box plots were chosen for data visualization to
display the median and standard deviation of the mechanical
and crystallinity measurement results. Median values are

Figure 8. Examples of amorphous and crystallized areas as well as
spherulites in scanning electron microscopy images.
Adapted from Kotzur et al.,31 © 2022 with permission from Elsevier.

Figure 9. Sandwich specimen of three laminate pieces (left) and
embedded specimen for SEM analysis (right).
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used for comparison of the different laminate
configurations.

The final thicknesses of the cold tooling, cold tooling
& tempered and heated tooling laminates were all in the
range of 2.13 mm to 2.28 mm for the UD layup and
2.94 mm to 3.06 mm for the QI layup. This indicates an
equivalent consolidated ply thickness for the three conditions.
Hot pressed laminates for the UD and QI layups were only
slightly lower at 2.05mm and 2.62mm, respectively. This is to
be expected given the bulk heating and long hold time under
pressure inherent to the process. It should be noted that this
decrease in thickness was accompanied by a proportional
increase in the width and breadth of the laminates without a
separation of matrix and fibers at the hot pressed laminate
edges. It can therefore be assumed that the fiber volume
content is equivalent between the four conditions considered
within this work.

Crystallinity

The entropy curves of the DSC measurements of UD
laminates are displayed exemplarily for all of the laminate
configurations in Figure 11.

All curves show a distinct endothermal melting peak
around the melt temperature of CF/LM-PAEK of 305°C.
The glass transition temperature of 147°C is clearly
visible as a step in the cold tooling curve. In comparison
to all heat-treated laminates the cold crystallization peak
occurs only for the cold tooling configuration. This
exothermal peak indicates remaining amorphous areas
within the polymer matrix after in-situ tape placement
and results in a far lower bulk crystallinity of 11 Xc - % for
the UD laminate. The degrees of crystallinity, calculated
through equation (1) with the areas evaluated from the
curves, are plotted in the box plot of Figure 12(a) for the
UD laminate. During a heat treatment in an oven after the
AFP-process (cold tooling & tempered) the amorphous
regions undergo significant secondary crystallization,
removing the measured exothermal peak at the crystal-
lization temperature and producing a secondary endo-
thermal peak before the characteristic (polymer-intrinsic)

melting peak. This phenomenon has also been observed
in similar earlier studies for other thermoplastic com-
posites.20 This is accompanied by an increase of the
degree of crystallinity by 173 % up to 30 Xc - %. The
heated tooling curve lacks the exothermal peak compared
to the cold tooling curve, yielding an increase of 118 % up
to a median degree of crystallinity of 24 Xc - %. Com-
pared to the configuration on heated tooling a subsequent
hot pressing process step results in a plateau in front of
the melting peak area and slightly increases the degree of
crystallinity to 28 Xc - %. The trends for the QI laminate
are similar and the degrees of crystallinity are plotted in
the box plot of Figure 12(b).

Mechanical test results

All ILSS specimens showed plastic deformation and
therefore failed in a non-standard ductile failure mode.
Figure 13 displays the force-deformation-curves of the UD
laminates and the calculated apparent interlaminar shear
strengths are plotted in Figure 14(a).

Comparing the four mechanical properties with one another
in Figure 14 reveals two distinct behaviors. Firstly, the ILSS

Figure 10. GOM measurement setup (a) and support points for the laminates reference plane (b).

Figure 11. Differential scanning calorimetry measurements of
the AFP produced samples of the UD laminates with the
configurations cold tooling, cold tooling & tempered, heated tooling
and heated tooling & hot pressed (from top to bottom).
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(Figure 14(a)) and compression strength (Figure 14(c)) median
values showed similar trends – increasing from the lowest
value displayed by the cold tooling condition (τ = 46 MPa,
σcu = 232 MPa) over the cold tooling & tempered condition to
the higher value of the heated tooling condition (+24 % for
ILSS and +34 % for compression strength). Secondly, the
median tensile strength of both UD (Figure 14(b)) and QI
(Figure 14(d)) laminates are similarly low for the configura-
tions of cold tooling, tempered and heated tooling (σT22 = 23 -
25 MPa, σtu = 696 - 725 MPa). The values of the cold tooling
and heated tooling configuration have already been presented
in previous works of the authors32 and,33 respectively. All
mechanical values were highest with the post process step of

hot pressing (τ = 88 MPa, σcu = 486 MPa, σT22 = 52* MPa,
σtu = 1040 MPa).

* The results of the tensile test perpendicular to the fiber
direction for the hot pressed specimens are invalid because
all specimens failed at the beginning of the tabs. For
specimens which do not fail at the beginning of the tabs,
which is a common weak point due to stress, even higher
values are expected.

Laminate quality – porosity

Water-coupled ultrasonic scanning results. Figure 15 shows
Water-coupled Ultrasonic Scanning (W-US) results of the
manufactured QI laminates. The gate is set to the position of
the expected back wall of the laminate. The C-Scan in
the upper row thus represents the amplitude of backwall
echo over the laminate. No clear backwall can be detected
for the AFP laminates without post-consolidation
(Figure 15(a)–(c)). The C-Scan of the heated tooling
laminate (Figure 15(c)) presents slightly higher backwall
signal, however on a very low overall level. The B-Scans in
the bottom row show no pronounced delaminations or larger
defects, indicating porosity in the laminates. Conversely,
the hot pressed laminate exhibits a clear backwall
(Figure 15(d)).

Computed tomography results. Top view (Figure 16 for
reference) CT images of the QI laminates cross sections are
displayed in Figure 17(a)–(c). The 0° - plies lie parallel to
the image plane and the 90° - plies vertical to it. The image

Figure 12. Degree of crystallinity as a function of laminate configuration. Specimens extracted from: (a) UD laminates and (b) QI
laminates.

Figure 13. Interlaminar shear strength testing – Force-
deformation-curves.
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Figure 14. Results of the mechanical testing campaign: (a) Short beam bending testing of UD laminates, (b) Fiber-perpendicular tensile
testing of UD laminates, (c) Compression testing of QI laminates, (d) Tensile testing of QI laminates.

Figure 15. Water-coupled ultrasound scans of the QI laminates: (a) cold tooling, (b) cold tooling & tempered, (c) heated tooling, (d) heated
tooling & hot pressed.
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in Figure 17(d) show a side view cross section whereby the
90° - plies lie parallel to the image plane, respectively. The
orientation of the CT specimen (tool-facing side) was not
protocolled.

The laminate produced with cold tooling (Figure 17(a))
shows pores at the ply interfaces (interlaminar porosity) as
well as within individual plies (intralaminar porosity).
Especially in the topmost layer of the image large pores are
visible. The additionally tempered laminate is displayed in
Figure 17(b) and reveals both inter- and intralaminar
porosity which appear slightly larger in size compared to
the ones of the cold tooling. Vertical intralaminar cracks
are observed in most of the layers. These distinct vertical
cracks also appear in the laminate, manufactured with a
heated tooling (Figure 17(c)). In the heated tooling lam-
inate, large interlaminar pores and even delamination can
be found. After hot pressing all porosity is eliminated
(Figure 17(d)). No more cracks can be found in the hot
pressed laminate. Additionally, matrix rich “lines”, run-
ning mostly in horizontal direction can be noticed within

single layers. The thickness of the hot pressed laminate is
noticeably reduced by the hot pressing process compared
to the solely in-situ AFP produced laminate on heated
tooling.

Figure 18 shows front view cross sections of ply
interfaces (Figure 18(a) and (b)) and individual
plies. The comparison between the heated tooling
(Figure 18(a)) and the heated tooling & hot pressed
(Figure 18(b)) laminate is evident. While the hot pressed
laminate shows a good interply bonding between the
two individual plies (45° angle between plies) without
any porosity, the heated tooling shows extensive porous
regions (black areas). The cross sections in Figure 18(c)
and (d) present views inside one individual layer, re-
spectively and are thus investigating intralaminar po-
rosity. The pores, some of tubular shape, which are
detectable in the heated tooling (Figure 18(c)) are
eliminated through the hot pressing post process
(Figure 18(d)).

Figure 19 shows the cross section of one single un-
processed, as-delivered tape. Distinct cylindrical and
spherical pores can be found in the unprocessed tape
material.

Laminate quality – warping

The 3D scanning results of cold and heated tooling
already have been published and analysed in Ref. 34.
The warping pattern of the cold tooling panel demon-
strated in Figure 20(a) remains similar after tempering
(Figure 20(b)) but the magnitude of the deformation
increases. Since three corners are supressed in their
movement in z-direction, the top left corner can move
freely and shows the largest deformation. The maximum
measured deviation in normal direction to a reference
plane through the three fixed corner points is +20.6 mm/Figure 16. CT-Scan section views.

Figure 17. CT images of QI laminates produced with cold tooling (a), cold tooling & tempered (b), heated tooling (c) and heated tooling & hot
pressed (d).
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–13.8 mm for the untreated and +31.9 mm/–21.0 mm for
the tempered panel.

The maximum warping of the heated tooling panel
(Figure 20(c)) of +5.1 mm/–5.4 mm is smaller than the
maximum warping of the cold tooling panel (Figure 20(a))
of +20.6 mm/–18.8 mm.

The warping of the heated tooling panel is again dras-
tically reduced by hot pressing (Figure 20(d)), resulting in a
maximum warping of +1.9 mm. The maximum also shifts
from the upper left corner to the middle right edge. The
general warping pattern is inverted since the original lo-
cation of the maximum negative warping now contains the
maximum positive warping.

Laminate quality – Microscopic morphology

The SEM analysis performed in this study aims to
characterize crystallized and amorphous areas present in
the polymer matrix of the produced laminates. Crys-
tallized areas are furthermore separated into areas with
lamellar crystallites, small spherulites with a diameter
of approximately 2 µm to 5 µm and large spherulites

with a diameter of more than 5 µm. The four micro-
scopic features are visualised in Figure 21(a)–(d),
respectively.

Based on the respective SEM images, the presence of
amorphous and crystalline structures as well as spherulites is
analysed for every laminate specimen. Each layer and all of the
interfaces between two adjacent layers were examined. For
each of the thermal treatments of the laminates the appearance
of the four microscopic features was documented. The results
for the twelve layers of the UD laminates and the sixteen layers
of the QI laminates are exemplarily summarized in
Figure 22(a) and (b), respectively.

In all of the layers of the UD laminate produced on
cold tooling a mainly amorphous polymer matrix is found
and only in two of the twelve layers isolated crystallized
areas are detected. No large spherulites can be detected in
any of the analysed specimens produced on a cold
tooling. Nevertheless, several partly crystallized layers
and interfaces are found in the specimens with a QI layup
and also a few small spherulites are detected in the in-
terface of layer one and two.

When tempered, the polymer microstructure of laminates
produced with cold tooling significantly changes in all layers.
The UD laminate microstructure is dominated by the crys-
tallized phase and includes a significantly higher portion of
small spherulites in comparison to the cold tooling results. In
two layers small spherulites are found. In the QI laminate all
layers are crystallized as well. Only in some interfaces
amorphous areas can still be found.

For the heated tooling configuration amorphous areas
are found in four of the twelve layers. Small spherulites are
detected in several layers of the UD laminate. In the re-
spective QI laminate small spherulites can be found in
twelve out of sixteen layers. The amorphous areas present
when using a heated tooling are much smaller compared to
the ones of the cold tooling and beginning crystallization is
already visible. Crystallized areas occur in and between all
layers.

Figure 18. CT images of QI laminates produced with heated tooling (a) and (c) and heated tooling & hot pressed (b) and (d).

Figure 19. CT images of as delivered tape material.
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Figure 20. Warping of cold tooling34 (a) cold tooling & tempered (b) heated tooling34 (c) and heated tooling & hot pressed (d) QI panels (panel
size 648 mm × 428 mm).

Figure 21. Microscopic features: amorphous next to crystallized areas (a), crystallized area (b), small spherulites (c) and large
spherulites (d).

Figure 22. Number of layers in which the respective microscopic features appear within the UD laminates (a) and the QI laminates (b).
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In the hot pressed UD laminate all microscopic fea-
tures are found: apart from amorphous areas in three
of the layers the polymer matrix shows a mainly crys-
tallized structure, containing crystallized areas and small
spherulites in all layers. This also applies to the QI
laminate. The heated tooling & hot pressed laminates are
the only configurations, that contain large spherulites
(Figure 21(d)). Large spherulites can be found in ten out
of twelve layers (mostly in the outer layers) for the UD
laminate and in eleven out of sixteen layers for the QI
laminate.

Discussion

The evaluated tests show different results for the lami-
nates depending on their manufacturing conditions. The
thermal heat treatments influence the internal laminate
properties and the resulting mechanical performance. In
order to provide a simple overview of the overall per-
formance of the laminates with respect to their
manufacturing conditions, the values presented in
Figure 23 and designation between “low” and “very high”
performing were determined by partitioning the value
range (rmax – rmin) of the relevant property or investi-
gative technique in quarters.

An increase of the tooling temperature from 20°C (cold
tooling) to 200°C (hot tooling) resulted in an overall

improvement of laminate quality. The DSC results display an
increase in the bulk crystallinity, from 11 % to 24 %, by using
the heated tooling, and the SEM measurement corroborate an
increasingly crystalline microstructure, including small
spherulites, in the polymer matrix for the higher tool tem-
perature. Laminates produced with a cold tooling display
almost no or very few areas with crystallites in the matrix for
the UD and QI layups, respectively. The W-US images show
high attenuation for both in-situ AFP-manufactured laminates,
whereby the image of the heated tooling laminate indicates
somewhat less porosity. The CT scans confirm the presence of
pores for both laminates. For the cold tooling configuration,
the big pores at the topmost layer are conspicuous and need to
be investigated in further CTscans. The large delaminations in
the heated tooling laminate show insufficient bonding between
the layers, but could not be related to any noticeable problems
within the manufacturing process. Measured (fiber-
perpendicular) tensile strength values were slightly higher
(+8.7 % and +4.2 %) for the heated tooling compared to the
cold tooling conditions. The improvement of the mechanical
performance through the raise of the tooling temperature is
higher for the ILSS (+24 %) and compression strength (+34
%). Also, a clear advantage of the heated tooling layup is
found in the peak warpage reduction (–69.5 %) compared to
the cold tooling layup.

The DSC measurements showed a substantial increase in
crystallinity to the maximum of approximately 30 %

Figure 23. Rating matrix of the four laminate configurations regarding the laminate internal properties and the laminate performance
(*failed at the beginning of the tabs; **plastic deformation failure mode).
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following the tempering cycle. Previous findings of the
authors showed a close relation between bulk crystallinity
and single lap shear strength of the tested CF/LM-PAEK
specimens.14 The mechanical test results in this study
however showed only a low strength increase on coupon
level through additional tempering. Though the inter-
laminar shear strength showed a significant increase of 15
%, tensile strength, both in fiber direction and perpen-
dicular to the fiber direction, remained on the same level.
Compression strength increased only slightly (+9.5 %).
The W-US scans neither show an improvement nor a
deterioration through tempering of the cold tooling
laminate. Also, the CT scans do not show a significant
difference regarding the number of pores. The vertical
cracks which appear to the same extent in the tempered
and heated tooling laminates are thought to be the result
of internal stresses overcoming the fracture toughness of
the matrix on a very local scale. As these cracks are very
spontaneous and irregular in their occurrence, the defi-
nition of a methodology through which to accurately
track them is difficult. This development of such a tool
will be the subject of future work. Both laminates which
were manufactured on a cold tooling present a similar
density of large inter- and intralaminar pores and a very
similar mechanical strength in all of the conducted me-
chanical tests. Therefore, a clear correlation between
crystallinity and mechanical strength as it was proven for
example for CF/PEEK30 cannot be concluded here. The
results of the SEM investigation, as well as the DSC
results, indicate a significant increase in crystallinity
through the tempering process compared to laminates
produced with cold tooling only. A closer look into the
microscopic structure of the matrix highlights the high
amount of lamellar crystallized areas but no predomi-
nance of crystalline spherulites. This leads to the as-
sumption that not only the integral value of the degree of
crystallinity is a decisive factor for higher mechanical
performance but rather the predominance of crystalline
spherulites. The geometry of the panels before the tem-
pering cycle is not perfectly flat, due to the inhomoge-
neous thermal history introduced by the AFP process.
The geometry of the panels was subsequently affected by
the volume shrink during the tempering cycle. The
volume shrinkage can be traced back to the mechanism of
crystallization of the thermoplastic matrix, through which
the internal stresses in the laminate are increased due to
the non-uniform changes in the matrix density. The
warpage of the QI panel thus also increased, raising
(+53.8 %) the initial deformation from a reference plane
after the tempering cycle.

The hot pressing of the laminates increased the performance
in all investigated properties. While for all in-situ AFP-
manufactured laminates within this study high porosity re-
sulted in poor W-US scans, a clear back wall signal and no

porosity was detected for the hot pressed laminate. Different
prepreg tape material processed at the lab using in-situ AFP
resulted in good consolidation and W-US results with clear
backwall signal.35 This might indicate that there are more
suitable tape materials for the in-situ AFP process than the
investigated material. The intralaminar pores in the as delivered
tape material visualised in the CT analysis are significant and
cannot be mitigated by the in-situ AFP process. The processing
of tape placement does not eliminate these intralaminar pores.
Moreover, the tape placement process additionally introduces
interlaminar porosity in the fusion zone between two plies. This
is for all tape placed laminates: cold tooling, cold tooling &
tempered and heated tooling. Solely with the additional process
step of hot pressing non-porous laminate specimens with no
delamination could be produced. The origin of the matrix rich
“lines” in theCT images could not be clarified yet. The degree of
crystallinity was increased by the additional press consolidation
step. Although the DSC results indicate a slightly lower degree
of crystallinity for the laminates producedwith heated tooling&
hot pressed configurations compared to tempered laminates, the
mechanical strength of the additionally press consolidated
specimen is significantly higher in every investigated me-
chanical test. This leads to the assumption that not only the final
degree of crystallinity is important for a good mechanical
performance but particularly the structure of the crystallized
areas. Large spherulites are present in the polymer matrix of the
hot pressed laminate. These large spherulites are able to form
due to a uniform melting of the LM-PAEK matrix and sub-
sequent slow cooling rate compared to very high cooling rates of
AFP. In the literature other work has shown crystallinity to be
highly influential,14,30 so it is likely this effect cannot be ob-
served unless the bond quality is sufficient. Therefore, either the
decreasing density of large pores, the presence of large spher-
ulites, or a combination of both seems to be responsible for the
increase in mechanical strength. The significantly reduced
warpage (-81.9 %) due to the pressing of the heated tooling
panel is expected due to the uniform melting of the polymer
matrix during the hot press process and thus the relaxation of
residual stresses as the polymer chains move freely in their
molten phase. Uniform, slow cooling then ensures homogenous
crystallization andminimal deviations from the centric reference
plane.

Conclusions and outlook

This work presents an extensive study into mechanical and
thermal properties, as well as the microstructure of CF/LM-
PAEK laminates manufactured using in-situ AFP. A heated
tooling configuration during the AFP-process and the post
manufacturing processes tempering and hot pressing were in-
vestigated with regard to their impact on the laminate properties
compared to the cold tooling reference. Post-
manufacturing tempering resulted in the highest crys-
tallinity of approximately 30 % but produced only very
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small improvements in mechanical strength and led to an
increase (+53.8 %) of the AFP-induced warpage. The
heated tooling configuration produced the best in-situ
AFP strength results improving ILSS by 24 % and
compression strength by 34% as compared to the cold
tooling configuration. A predominance of crystalline
spherulites has a more positive influence on the matrix
dominant properties compared to the mere increase of the
degree of crystallinity. Therefore, a heated tooling, if fea-
sible, is preferred to a post process tempering cycle. The
characteristic values of the in-situ manufactured laminates
are, however, lower than the values of the additionally press
consolidated laminate, indicating that there is still work to
be done to close the gap between press and AFP
manufacturing. However, given the time- and cost advantage
of in-situ manufacturing and the ability to manufacture larger
structures, applications for in-situ AFP are still possible. The
gap could be further closed by improving the raw tape
material quality which was insufficient regarding the high
intralaminar porosity in this study. Also, other prepreg ma-
terials with a more resin-rich surface might be better suited
for in-situ AFP, reducing the interlaminar porosity and im-
proving the bond quality. An investigation into suchmaterials
is presented in Part 2 of this study. One result of the work
presented here is that the porosity within the laminate,
particularly the distribution between the intralaminar and
interlaminar regions, has a significant impact on the overall
mechanical performance of the laminate. While a detailed
investigation and quantification of laminate porosity was not
performed within the scope of this work, it features as a focal
point for subsequent works which are also currently under
review for publication and are expected to be accessible in the
same calendar year as this work. Further investigations,
especially regarding the size and distribution of large pores
present in the laminates, are necessary in order to separately
investigate the influence of pores and stages of crystallization
in the thermoplastic polymer matrix on the resulting me-
chanical strength of CFRP laminates. It was shown that both,
tempering and a heated tooling enable a large increase in
crystallinity. If the porosity can beminimized, the mechanical
strength is expected to increase and the potential of the CF-
LM/PAEK material can be exploited.
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Ines Mössinger  https://orcid.org/0000-0002-1026-5307
Lukas Raps  https://orcid.org/0000-0002-4512-8855
Jonathan Freund  https://orcid.org/0000-0003-1379-798X
Ashley R Chadwick  https://orcid.org/0000-0001-7693-5687
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