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Abstract
A series of experimental and numerical studies were carried out on the mechanical and geometric performance of an 
aerostructural part produced by a material out-of-autoclave stamp forming process using unidirectional (UD) carbon fiber 
(CF) reinforced polyetherketoneketone (PEKK), which provides advantages like reshaping, recycling, welding, and low serial 
manufacturing costs. As a novelty, initial part geometry, different types of springs, and their attachment type were examined 
experimentally and compared with simulations. Compression tests were performed to determine mechanical strengths which 
reach levels up to 550 MPa. In addition, differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) were 
conducted to determine the crystallinity which occurs depending on the cooling regimes of the material. The crystallinity 
has been observed to vary regionally ranging from 16 to 21%. However, the crystallinity of the part towards the cold mold 
region decreased from 20 to 17%. In addition, simulations were performed to observe and control the occurrence of wrinkles 
and other defects.
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1  Introduction

CF reinforced thermoset (TS) matrix composite parts 
(CFRP) are widely desired due to their superior properties 
such as high strength/weight ratio, impact, and fatigue per-
formance, damage tolerance, and high corrosion resistance 
[1–3]. These advanced properties are therefore commonly 
applied to aerospace structures. Consequently, carbon and 
glass fiber reinforced TS matrix composites have been 
widely used, especially for the Boeing 787 Dreamliner and 
Airbus A350. In both aircrafts approximately 50% of the 
structural weight are made up out of these composites [4, 
5]. Contrarily to these advantageous properties of TS matrix 

composites, major drawbacks are the emission of carbon 
dioxide (CO2) caused by the energy required to process the 
material. Remarkably, CO2 emission is regulated to a 75% 
reduction compared to the data from the Advisory Council 
for Aviation Research for the year 2000 [6–8]. Additionally, 
important disadvantages of TSs are that it is not possible to 
reshape, recycle, weld or post-process due to the network 
structure of TSs after the autoclave process performed under 
high temperature and pressure. In addition, TS matrix com-
posites require a clean room for decreasing contaminations 
while the manufacturing time is increased due to long curing 
cycles. Moreover, the lifetime of TS resin impregnated CFs 
(prepregs) is limited and needs refrigeration. Therefore, ther-
moplastic (TP) matrix CF reinforced composites can replace 
TS matrix composites since unfavorable properties of TSs 
are not available due to reshapability, formability, recycla-
bility, and weldability properties of TPs [9, 10]. Moreover, 
fusion joining and additive manufacturing approaches are 
applicable [11–13].

Among these advantageous properties of TPs, the most 
important one is the improved toughness, since TPs have 
a branched or linear structure. Moreover, strong covalent 
bonds and weak secondary bonds (van der Waals) exist 
between chains, and thus, improved crystallinity exists 
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which results in enhanced damage tolerance [14]. When 
heated or dissolved by a solvent, secondary bonds are easily 
broken. Therefore, TPs can be re-softened, reformed, re-
used, or recycled. Additionally, since TPs are fully reacted, 
they do not require any reaction during the consolidation 
process. Thus, TPs can be consolidated in a manner of short 
time compared to TSs curing cycle. Moreover, TPs show 
high durability under thermal conditions which improves 
the thermal stability under supersonic and high-temperature 
conditions while fire retardancy properties of TPs are used 
especially in nacelles [15–18]. Due to these advantageous 
properties, research of TP composites has been accelerated 
enormously [19–21]. This evolution resulted in large-scale 
production studies for the transportation field leading the 
way for the aerospace industry [20, 22, 23].

Within the scope of this study, the matrix material was 
chosen from the poly(aryl ether ketone) (PAEK) family 
where ether groups are bonded with ketone groups. The 
amount of ketone groups affects the melting temperature 
of TPs. Increased durability under high temperature, high 
strength to weight ratio and resistance to corrosion make 
them suitable for aerospace applications. Additionally, 
since the PAEK group is semi-crystalline, the failure 
mechanism of the polymer is convenient for primary parts 
of aircrafts. The most exceptional mechanical and thermal 
performance in the PAEK family is exhibited by PEKK 
[24–27]. Furthermore, crystallization kinetics [28, 29], crack 
propagation properties [30], and effects of the fiber–matrix 
interface on mechanical properties [31] were also studied 
in the literature.

Thus, PEKK was used as matrix material in CF reinforced 
composites in this study. The manufacturing process 
included preheating, thermoforming, and consolidation. 
During the thermoforming process, main mechanisms of 
manufacturing include percolation of polymers via matrix 
flow through layers, transverse flow under pressurized 
condition fibers, and intraply shear during the forming 
operation. This process is advantageous for large-scale 
production since the cycle time is very low compared to 
TSs. The thermoforming process requires pre-consolidated 
plates for manufacturing. Therefore, autoclave consolidation 
of prepregs under high temperature and pressure was used 
for this process [6, 32, 33].

The manufacturing process was simulated concurrently. 
The formability of CF reinforced TP (CFRTP) compos-
ites was analyzed and simulated by AniForm in this study. 
Improved accuracy and lowering simulation times are the 
most important parameters for the analysis.

Thus, within the scope of this study, an aerostructural 
part was manufactured by a material forming process 
applied on CF reinforced PEKK. Part geometry, different 
types of springs and their attachment were studied by 
simulations and compared with the obtained aerostructure. 

In addition, mechanical and thermal tests were performed. 
Moreover, effects of the crystallization occurring during the 
manufacturing process were investigated.

2 � Materials and methods

2.1 � Raw material properties

Toray Cetex TC1320 PEKK is a high-quality TP composite 
material that employs the semi-crystalline TP polymer 
PEKK for superior elevated service performance. It has high 
mechanical properties as well as good hot/wet strength. The 
semi-crystalline structure of the polymer matrix assures 
that it is very resistant to chemicals and solvents, while 
having outstanding flammability capabilities. In addition, 
Toray Cetex TC1320 is qualified and certified for aerospace 
applications. Tables  1 and 2 summarize physical and 
mechanical properties of the polymer and tape, respectively.

2.2 � Pre‑consolidation process of blanks

Blanks used for thermoforming were cut from pre-consol-
idated laminates such that ply cutting and ply orientation 
processes were executed first. Blanks were manufactured 
by consolidating imbricated 14 unidirectional PEKK plies 
which have been orientated in different directions as [45°, 
0°, 90°, − 45°, 90°, 0°, 45°]s. For the purpose of reducing 
void formation and delamination, an autoclave was preferred 
for the consolidation operation. Prior the consolidation 
operation, the hand lay-up process was conducted in a clean 
room to minimize contamination. After vacuum bagging, a 
stack of oriented plies started to melt at 380 °C under 8 bar 

Table 1   Polymer matrix properties

Matrix properties Value

Density 1.30 g/cm3

Tg (glass transition) 160 °C
Tm (melting temperature) 337 °C
TC (crystallization temperature) 265 °C
TP (processing) 370–400 °C

Table 2   Carbon UD tape (semipreg) properties

Carbon UD tape (CF + resin) properties Value

Density 1.59 g/cm3

Polymer content by weight 34%
Consolidated ply thickness 0.14 mm
Tensile strength 0° 2410 MPa
Tensile strength 90° 86 MPa
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in an autoclave for 2 h. Figure 1 depicts the bagging scheme 
while it also presents the time/pressure–temperature diagram 
of the autoclave cycle. In order to obtain the final shape, a 
water jet cutting machine or guillotine press can be operated.

2.3 � TP composite forming process and heat 
management

2.3.1 � Heat management of the composite forming

It is possible to shape carbon/glass fiber reinforced TP 
matrix composites using the stamp forming method. While 
materials with polymer matrices are subjected to the forming 
process, they need a higher heating temperature and pressure 
in comparison to pure polymer materials. Generally, forming 
processes of TP composite sheets consist of several stages. 
These stages include (i) fixing the polymer matrix composite 
laminate to the movable frame by holders (bolted union with 
springs per hole), (ii) heating the laminate until it reaches 
the required temperature to become formable for the stamp 
forming process, (iii) closing matched dies and initiating the 
cooling of the laminate, and (iv) demolding and trimming 
processes.

Basic process steps and temperature variations for the 
whole procedure are illustrated in Fig. 2. Since the mid-
section is the coolest part during heating, it is important 
to follow heating at these locations. Radius parts are also 

critical. Therefore, three thermocouples were placed (i.e., 
two of them at the radius, one of them at the middle of the 
part). TP composite sheets were heated for approximately 
240 s with a ceramic heater up to 380 °C. Afterwards, sheets 
were transferred within a short time to the die system which 
was already heated. Subsequently, the dies closing operation 
followed. Finally, dies were held in a closed position to heat 
TP composite sheets for a specific time period as indicated 
in Fig. 2.

Dies (prepared by use of the material DM3X which 
exhibits a low coefficient of thermal expansion) have to be at 
consolidation temperature during the stamping process, i.e., 
approximately 230–250 °C for PEKK matrix composites. 
Remarkably, there are various ways to heat up tools such as 
infrared, induction, and thermal fluid heating. In this study, 
composite parts were formed with tools heated by thermal 
fluid heating. In order to keep the consolidation tempera-
ture steady, the tooling enclosure was insulated with glass 
wool. Also, 25-mm-thick mica insulation plates were placed 
between the tools and press ram table for reducing heat loss 
by conductive heat transfer. According to measurements of 
temperatures on the die system, male and female tools were 
warmed up by a heating boiler to form melted blanks at 
crystallization temperatures between 227 and 249 °C. The 
die heating channels’ positions and flow rate of the heating 
fluid were calibrated to minimize the temperature gradient 
through die surfaces. Stamp forming was executed under 

Fig. 1   a Time/pressure–temperature diagram of the autoclave cycle. b Lay-up of the corresponding vacuum bagging c in an autoclave and result-
ing d consolidated TP sheet
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195 bar hydraulic pressure for approximately 2 min. To cut 
up excess material, the bench trimmer process was applied.

In Fig. 3, the design image of the composite forming 
experimental setup is shown. Here, composite sheets are 
transported between stations by a conveying system con-
trolled by servo motors. Firstly, the composite plate placed 
in the frame is transported to heaters and kept there until 
the desired temperature level is reached. Afterwards, it is 
quickly applied to the die system and the forming process is 
completed. By choosing the closing speed of the dies as fast 
as possible, the heat loss in the composite plates are mini-
mized. After the last baking molds are completely closed, 
they are kept under high pressure to consolidate the part.

2.3.2 � Gripping of the blank

One of the essential parameters that affect the quality of 
the formed TP composite sheet is the fixing methodology. 

The general application at the stamping operation is the 
fixing of sheets with the help of springs instead of the 
secondary die system, i.e., the blank holder system. Dur-
ing the closing of the male and female dies, blank hold-
ers may prevent sliding of the sheets. This phenomenon 
may lead to separation between fibers particularly for UD 
composites. According to the final product design, initial 
positions and amounts of springs as well as their stiffness 
are critical parameters to obtain well-formed parts without 
any defects like wrinkling, folding, and separations [34]. 
Bolted-union grippers, metal grippers, and springs can be 
used to attach the blank to the frame of the mechanism. 
In addition to the gripping system, the initial blank geom-
etry also needs to be studied to obtain flawless parts. In 
this study, in terms of length and stiffness, four different 
springs were used to hold composite sheets. Figures 4 and 
5 present different fixations of the blanks that were cut in 
complex and rectangular shape, respectively.

Fig. 2   a Thermocouple loca-
tions, where r indicates the 
radius, b basic process flow, and 
c corresponding time/tempera-
ture diagram
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2.4 � Numerical modeling of the stamping operation

The commercially available AniForm software, which is 
specialized on stamp forming simulations of composites, 
was used. Besides the springs definition (amount of springs 
and their stiffness) for the fixing of composite sheets, the 
software performs forming simulations under non-isother-
mal conditions in which heat is transferred between com-
posite sheets and forming tools. This feature also allows the 

determination of the crystallinity in the material depending 
on the time. The composite forming simulation used the 
applicable Nakamura model which indicates non-isothermal 
kinetics [35, 36]. Since the Avrami assumption is only valid 
for instantaneous growth after activation and uniformity of 
the germ location as well as given crystal growth morphol-
ogy and isothermal crystallization conditions, Nakamura 
developed the integration of non-isothermal crystallization 
of polymeric materials [35–37]. The corresponding equation 

Fig. 3   Picture of experimental 
setup

Fig. 4   Complex geometry, setup-A

Fig. 5   Rectangular geometry, 
setup-B
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is presented as Eq. (1), where K(T) is the Nakamura kinet-
ics crystallization function at temperature T  and �(t) is the 
degree of phase transformation at time t.

Since PEKK is a semicrystalline material, Nakamura 
extends the Avrami model for non-isothermal cases while the 
degree of crystallization is identified by this method [35, 38].

Simulation models were created by importing surface 
models of dies, frames, and blanks such that the timeframe 
of analyses was minimized and the process was accelerated. 
In the carried out simulations, corresponding to the experi-
mental system, the frame was first moved down to 52 mm 
and the composite plate was placed on the male mold. After-
wards, the female mold was closed with a speed of 300 mm/s 
and a pressure of 195 bar was applied on the plate. The 
temperature, which is another important forming process 
parameter that depends on the geometry of tools and heat-
ing methodology, can vary across die surfaces. However, 
since the software capability is not appropriate for reflecting 
this variation, simulations were carried out under constant 
260 °C in accordance with the temperature during the form-
ing as observable in Fig. 2. Another important key point 
in the simulations is to obtain equivalent results with the 
experiment. Therefore, properties such as heat conduction 
and friction between mold surfaces and composite plates can 
be defined as material properties while similar characteris-
tics between composite layers can also be prescribed. The 
friction coefficient in the composite layups was taken as 0.2 
while 0.25 was chosen for the forming tools and composites 
upper as well as lower surface. In addition, to characterize 
the permanent forming behavior of the composites, several 
mechanical tests are required. Required experimental find-
ings like bias-extension characteristics at different tempera-
tures, in-plane shear characterization which is obtained from 
torsion tests and/or picture frame tests, can be fed to the soft-
ware. Relevant data were obtained from the manufacturer of 
Toray Cetex TC1320 PEKK, Toray Industries.

The material behavior in the simulations is composed of 
combined fiber and matrix deformations. The deformation 
of the matrix is defined by a cross-flow formulation which is 
the shear rate dependent viscosity model. The corresponding 
Cauchy stress � can be expressed by Eq. (2):

where � is the viscosity which depends on the equivalent 
shear rate 𝛾̇ , J is the Jacobian of the deformation gradient, 
and D is the rate of the deformation tensor. Correspondingly, 
the shear rate viscosity is provided by Eq. (3):

(1)�(t) = 1 − exp

⎛
⎜
⎜
⎝
−

t

∫
0

K(T)d�

⎞
⎟
⎟
⎠

(2)𝜎 =
2𝜂(𝛾̇)

J
D,

where �0 and �∞ are viscosity values at specified minimum 
and maximum shear strain rate values which are experimen-
tally obtained. m and n are material constants that control the 
model fitting performance. In the simulations, �0 = 4.84 Pas, 
�∞ = 0.29 Pas, m = 135 , and n = 0.046 were used.

According to a myriad of analyses and experimental 
studies [39], two simulation models were run in detail as 
can be seen in Fig. 6. Hence, setups presented in Figs. 4 and 
5, i.e., positioning of the springs, were tested and compared 
by AniForm.

2.5 � Characterizations

As can be observed in Fig. 7, test samples were cut by a 
waterjet for the purpose of observing selected regions 
with regard to effects of the forming operation and process 
parameters. In this research, compression tests were applied 
to samples obtained from the sheet before the thermoform-
ing operation and from the RIB part which was formed in 
order to determine and compare their mechanical proper-
ties. A servo controlled Instron 5985 tensile/compression 
test machine was utilized for these measurements. Defor-
mations were measured by strain gauges which had a resist-
ance of 350.0 ± 0.2 Ω with a 2.125% gauge factor at room 
temperature. The compression test speed was selected as 
1.3 mm/min as described in the ASTM D6641 standard 
while samples were prepared accordingly. For thermal analy-
ses, 1 × 1 cm2 samples were obtained from specific points 
depicted in Fig. 7 and labeled as DSC1–DSC6 by scraping 
the polymer from the resulting surface. DSC analyses were 
performed to determine the crystallinity of the composite 
[40]. In this study, the weight of DSC samples was approxi-
mately 10 mg. Measurements were performed with a heat-
ing rate of 10 °C/min under nitrogen flow while aluminum 
pens were used. Remarkably, the amount of amorphous and 
crystalline regions of the material provides information 
about the quality of the TP composite. Furthermore, during 
DSC, glassy and melting temperatures of the samples were 

(3)𝜂(𝛾̇) =
𝜂0 − 𝜂∞

1 + m𝛾̇1−n
+ 𝜂∞,

Fig. 6   TP composite forming simulation
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also observed. For this analysis, a Perkin Elmer Diamond 
DSC device was used and crystallinities of the samples 
were determined according to the ISO EN11357 standard. 
In addition to the DSC analysis, TGA which is another criti-
cal thermal analysis technique for studying TP composites 
was applied on different samples labeled as TGA1–TGA6 
as indicated in Fig. 7 by use of a TA Instruments Q500 with 
a heating rate of 10 °C/min under nitrogen atmosphere. The 
approach provides information about physical properties of 
the material such as decomposition and thermal stability. 
Within this regard, TGA was performed on the composites 
before and after the stamp forming. In addition, micro-cut 
characterization is an important technique for considering 
the quality of materials. Void amount, fiber–matrix bond 
quality, and thickness distribution of the formed part are 
essential parameters which are required to be analyzed in an 
optic microscope. Microstructure images of the RIB part and 
the blank were prepared based on classical metallographic 
methods (cutting-grinding-polishing). Critical regions of 
the RIB part were selected. An Olympus GX-53 Inverted 
Microscope was used for this purpose. Scanning electron 
microscopy (SEM) was carried out using a FEI Quanta 200 
FEG device. Samples were coated with a gold/palladium 
thin film before examining the microstructure.

3 � Results and discussion

3.1 � Mechanical and thermal properties 
of the aerostructure

Characterization of mechanical properties of TP composite 
materials to be used in structural parts of aircrafts requires 
a number of mechanical tests.

As can be seen in Fig. 8, samples that are taken from 
formed RIB parts have higher strength than consolidated 
sheets prior forming operations which was measured as 

330 MPa lying slightly lower than the value of 337 MPa pro-
vided by the manufacturer. This observation occurs due to 
reduced voids as well as pores, strain hardening, and increas-
ing density, which arise through the stamp forming process 
[41]. As a result of the measurements, chord module (slope 
of the curves) values of the parts were also determined. The 
chord modulus values of the CT1 and CT2 samples in the 
upper plane of the shaped part were calculated as 44.08 and 
45.94 GPa, respectively. However, this value was determined 
as 46.09 GPa for the CT3 sample which was placed on the 
side of the aerostructure. Calculations were performed from 
the compressive strain between 1000 and 3000 µm/µm as 
depicted in Fig. 8. One of the essential features of TPs is the 
controlling of mechanical properties via heating and cool-
ing regimes. Selected conditions for tools like temperature, 
forming speed, and/or transferring period of sheets affect 
crystallization kinetics and its ratio in the microstructure. In 
order to determine this relation between strength and crys-
tallization, DSC and TGA tests were applied to the sheet 

Fig. 7   Selected regions of the RIB for characterization tests. M1–M4 are used for microscopic analyses while CT1–CT3 are utilized for com-
pression tests

Fig. 8   Compression test results of test samples taken from the part
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(before the thermoforming operation) and RIB part (after the 
thermoforming operation) to determine and compare their 
properties. Note that the RIB part is a standard aerostructure 
used as a forming element of wings.

There were a number of noteworthy results observed 
when DSC results of the RIB parts were studied. The ther-
moforming operation does neither change polymer nor fiber 
content. Therefore, it can be concluded that the thermoform-
ing operation was successful with regard to the material. 
Additionally, crystallinity is a critical parameter for TP com-
posites since it provides a general opinion about the process. 
Before the thermoforming operation, the blank has some 
crystallinity; however, when the TP composite reached the 
process temperature range, polymer chains move more freely 
reducing intermolecular forces. While under pressure, poly-
mer chains come into close contact, promoting intermolecu-
lar bonding between them. Afterwards, during cooling under 
the tool, polymer chains lose their mobility, and as a result, 
the material solidifies and retains the shape of the mold [42]. 
Correspondingly, the crystallinity of the TP demonstrates 
the reliability of the thermoforming process [43]. Moreo-
ver, these bonds provide enhanced mechanical strength and 
toughness. Thus, DSC analysis provides indirect information 
about mechanical properties of the material.

When Tables 3 and 4 are examined, it can be observed 
that the crystallinity of the PEKK RIB composite is nearly 
20% while this value is lower in certain regions as shown 
in Table 3. Note that the contact pressure of the RIB part 
during forming differs throughout the radius and web sur-
face parts such that this difference may cause variations 
in the crystallinity. These observations are also supported 
with void amounts observed in microstructure images (as 
presented in Section 3.2) since the crystallinity of the TP 
decreases with increasing void amounts which shows that 
these results are consistent. Considering Table 3, the maxi-
mum crystallinity reaches up to 20.33% for the DSC5 point 
measured from the top surface of the samples whereas the 
minimum crystallinity was determined as 16.53% from the 
DSC6 sample located at the side. A significant parameter 
which affects the crystallinity ratio is the cooling rate of 
the parts during the forming operation. It is well known 
that the crystallinity decreases with increasing cooling 

rates for some TP polymers [44]. This situation can only 
occur when the temperature between tool and TP com-
posite is relatively high. As aforementioned, the tools’ 
temperature can variate from inletting the heating fluid to 
the outlet. This leads to a crystallization variation in the 
TP composite parts [44]. The cooling rate can also vari-
ate due to the thermal conduction which is affected by the 
applied force (contact pressure) on the samples. Generally, 
the contact pressure on the side walls of the samples is less 
than the flat regions of the dies. Therefore, it is expected 
that the cooling rate is much higher for flat regions in 
comparison to the side walls due to the contact pressure 
effect [44]. Furthermore, the glass transition temperature 
in Table 3 is comparable to Table 1 while the melting 
temperature is slightly decreased.

Another important aspect about quantities supplied 
from the RIB part is the determination of the crystalliza-
tion ability of the part along its thickness. As mentioned 
before, especially in the forming processes of TP compos-
ites, differences between mold temperatures and ambient 
temperature as well as temperature differences between 
mold systems significantly affect these crystallization 
values. This can lead not only to crystallization rates on 
selected planes but also to different values in their crystal-
lization along the thickness [43]. In Table 4, crystallization 
ratios along the thickness of the DSC4 sample, which are 
in agreement with this argument, are presented. After the 
polymer was excavated from upper and lower surfaces, 
they were divided into two pieces with approximately the 
same thickness throughout the part thickness.

TGA results are presented in Table 3 and Fig. 9. Before 
stamp forming negligible weight losses until 400  °C 
occur, implying that all volatiles evaporated during the 

Table 3   DSC and TGA results 
of the RIB. Td,5% and Td,max 
represent temperatures at 5% 
and maximum weight loss, 
respectively

Sample Resin con-
tent (%)

Tg (°C) Tm (°C) Crystallinity (%) Td,5% (°C) Td,max (°C) Char yield (%)

DSC1 34 158.1 330.7 19.3 568 573 13.4
DSC2 34 158.5 331.6 18.3 565 571 13.1
DSC3 34 152.4 330.7 21.2 564 570 13.0
DSC4 34 155.3 330.5 20.0 567 576 15.8
DSC5 34 160.3 329.7 20.3 570 577 13.3
DSC6 34 158.5 329.7 16.5 568 576 13.5

Table 4   DSC results of the RIB through the thickness

Region Resin con-
tent (%)

Tg (°C) Tm (°C) Crystallinity (%)

Top 34 157.9 330.6 20.0
Middle 34 155.2 329.6 17.4
Bottom 34 157.0 328.2 17.2



5047The International Journal of Advanced Manufacturing Technology (2024) 132:5039–5052	

consolidation of the sheet in the autoclave. Results also show 
that samples exhibit a one-step degradative behavior which 
was also revealed by a derivative thermogravimetric (DTG) 
analysis presented in Fig. 9b. A characteristic mass release 
of about 15% takes place which starts at 510 °C and ends 
at approximately 710 °C which is an indication for the high 
thermal stability of this TP in contrast to TS matrices [45]. 
This process might start with the rupture of the weakest 
bonds amid aromatic groups while the major volatile release 
might contain phenol [45, 46]. After the stamp forming pro-
cess, it can be observed that temperatures at 5% and maxi-
mum weight loss are slightly decreased while the char yield 

increased. However, no correlation between the location of 
the samples and TGA results is detectable.

3.2 � Micro‑cut analysis of specified regions

Micro-cut analysis results are presented in Figs. 10 and 
11. As can be observed, voids caused by separation 
between layers, trapped air bubbles during the laying and 
the autoclave process or fiber folding during the shaping 
are quite rare. The void amount was determined to lie 
between 0.82 and 1.46% while the maximum void length 
was 0.15 cm.

Fig. 9   a TGA and b DTG results before and after stamp forming

Fig. 10   Microstructure images 
of different regions of the RIB 
part
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Another important parameter of the forming process of 
TP parts is the thickness distribution in the parts. Especially 
in the stages of bringing complex geometries such as edge 
bending and curvature to the part, it is a serious challenge 
to obtain a homogeneous thickness distribution due to the 
properties of the part at relevant temperatures. In this sense, 
a different approach has to be used in comparison to die 
tolerances used in routine sheet metal forming processes. 
Die tolerances are a matter of precision in order to avoid 
formation of previously mentioned defects in the composite, 
which expand under the influence of heat and transform 
into fluid form. According to the carried out measurements, 
thickness distributions of formed parts of specified regions 
are complying with blank and tool tolerances. Hence, the 
forming operation was successful with regard to the visual 
aspect. Results of the thickness measurements are presented 
in Table 5. Thickness measurements were performed at 
three different regions with the exception of M3 and M7 
since both regions are located at the radius. Therefore, 
more measurements were performed for these locations 
as depicted in Fig. 11. In addition, Fig. 12 presents an 
exemplary SEM image of the M3 radius for higher resolution 
purposes where varying UD PEKK plies and no voids are 
discernible.

3.3 � TP composite forming simulation results

The use of qualified software for the evaluation of TP 
composites’ forming processes in a computing environment 
is of great interest [47]. In modeling studies developed 
similarly for sheet metal forming processes [48], it is of 
major importance to define material properties for forming 

simulations. Studies are carried out in the literature, especially 
in software such as LS-DYNA, Abaqus FEA, Pam-Stamp, 
and AniForm. In this study, AniForm developed directly 
for composite forming processes was used. Performance 
comparisons of the relevant software are available in 
the literature. Results show that AniForm provides an 
enhancement in estimating dimensional properties for the 
fixed part as mentioned in the literature [49].

In this present research, firstly, suspended studies were 
carried out with the initial plate geometry and springs, which 
directly affect final dimensions of plates shaped in TP com-
posite forming processes and defects such as wrinkles. These 

Fig. 11   Regions a M3 and b M7 
located at the radius for which 
thicknesses were measured

Table 5   Thickness 
measurement results

Thickness (µm) T1 T2 T3 T4 T5 T6

M1 2024.03 2034.59 2041.60 X X X
M2 2016.97 2027.57 2020.68 X X X
M3 1920.94 1915.76 1896.81 1951.45 2001.15 2006.60
M4 1999.42 1994.09 2008.22 X X X
M5 1995.95 1995.89 1992.37 X X X
M6 1980.00 1983.57 1971.35 X X X
M7 2040.12 1986.66 1963.34 1947.06 1985.06 X
M8 1920.21 1909.63 1899.11 X X X

Fig. 12   SEM image of M3
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properties are ultimately adjusted according to the geometry 
of the part to be produced while each region must act in a 
controlled manner at the point of filling the material into 
the mold during the forming. In addition to the starting part 
shape, connection points of relevant springs and the stiff-
ness of used springs also play an important role. Note that 
the two different part geometries and the used connection 
method within the scope of this study were described in 
Sections 2.3 and 2.4.

Geometric results of the forming simulations applied for 
the PEKK TP composite are presented in Fig. 13. As can 
be observed, although there is no complication in the upper 
plane areas with regard to wrinkles, minor wrinkle lines on 
the side walls and/or closest regions to side walls occur in 
the simulations for the full rectangular part (setup-B). These 
wrinkles are obtained in accordance with inhomogeneous 
pulls in each region during the filling of the material inside 
the mold. Moreover, the design in which geometric dimen-
sions after the shaping matched design dimensions was also 
obtained from the initial part geometry given in Fig. 13.

The wrinkle problem is one of the most significant com-
plications encountered in the shaping of TP composites. 
This situation mostly occurs in two different ways. One of 
them is in the form of significant fluctuations on the surface 

of the part, while the other occurs in the folds formed by 
the material thickness of CFs. This has a significant impact 
on the quality of the final part and necessitates that fiber 
orientations must be taken into account when the part is 
filled into the mold. When wrinkle values of the two shaped 
geometries are examined as depicted in Fig. 14, it is observ-
able that the wrinkle tendency is less in the part with a full 
rectangular section (particularly in the bending areas).

Another important feature to be observed in the per-
formed shaping simulations is the observation of possible 
separations between layers of the composite sheet. In gen-
eral, these decompositions can be observed in parts if fiber 
wrinkles exceed a certain critical value. This situation is 
directly dependent on the thickness of the layer related to the 
fiber and matrix ratio in the initial case. When wrinkle-level 
behaviors presented in Fig. 14 and the layer separation ten-
dency distributions shown in Fig. 15 are evaluated together, 
it is obvious that the relevant error is an expected result. It 
can be foreseen that wrinkles and related layer separations 
(delaminations) may occur especially in negative-angled 
wall parts. Moreover, they affect each other. However, in 
the analyses, it is observable that the distribution of defects 
depends on the initial part geometry. Remarkably, involved 
defects are less achieved in the flat rectangular part.

Fig. 13   Isometric views of 
simulations

Fig. 14   Wrinkling intensity of 
the formed parts
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4 � Conclusion

A series of experimental and numerical studies were 
performed on the forming processes of TP composites. 
Providing a systematic approach yields structural parts which 
fulfil mechanical as well as geometric design requirements. 
Corresponding exemplary results were presented for a RIB 
part of an aircraft. Simulations revealed that under certain 
circumstances (for instance, negative-angled wall parts) 
wrinkles and delamination can occur. As a result, these 
situations could be avoided in the aerostructure presented 
in this study. Table 6 provides a summarized overview.

Moreover, typical drawbacks like buckling, fiber breakage, 
or resin migration did not occur due to the chosen process 
parameters, i.e., stamping pressure and velocity. In contrast 
to many previous studies [38], UD composites were used 
in this work which are in general more prone to wrinkling. 

Nevertheless, wrinkling was avoided. Moreover, compression 
levels up to 550  MPa were determined. In addition, 
crystallinity which affect mechanical properties has been 
observed to vary regionally ranging from 16 to 21%. Hence, 
advantages of TP composites (recycling, reshaping, out-
of-autoclave manufacturing, thermal stability, etc.) might 
pave a way for future engineering and research applications 
in various sectors like aerospace or automotive industries 
especially when brake tools are taken into account while 
disadvantages like tooling costs and thickness limitations, 
which exist for thicker complex shapes due to the difficulty 
of achieving uniformity, should be taken into account.
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Fig. 15   Ply splitting intensity

Table 6   Summarized results of 
stamp forming TP composites

Advantages Disadvantages

Strength increases after stamp forming according to the 
crystallization

Crystallinity might be decreased at side walls 
due to different cooling rates and insufficient 
pressures

High thermal stability Wrinkles might occur at side walls and corners
Short cycle times for manufacturing Delamination may occur in negative-angled parts
Easy one-step forming of complex shaped parts High-quality surface finishes can sometimes be 

challenging due to high temperature require-
ments
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