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ABSTRACT 
Carbon fiber reinforced polyetheretherketone (CF-PEEK) samples were fabricated using mater-
ial extrusion. These additive manufactured green bodies are later processed to their final 
application as ceramic matrix composites (CMC) by the liquid silicon infiltration (LSI) route. 
Past studies showed that the application of material extrusion for the fabrication of CMC 
requires an additional stabilization-step after 3D-printing in order to prevent the remelting of 
CF-PEEK during the high temperature process of pyrolysis. The thermally induced crosslinking 
of the CF-PEEK parts ensured shape accuracy and avoided remelting during the pyrolysis 
afterwards but is limited by the melting temperature of PEEK (Tm � 343 �C). The study 
revealed a correlation between the annealing conditions time and temperature and the 
degree of crosslinking. Based on the analytical results from differential scanning calorimetry 
(DSC), a kinetic model was calculated, allowing predictions in dependence of the annealing 
temperature and time. Rheological and shape stability investigations of thermally annealed 
specimens verified the analytic results. The main findings of the study highlight an increasing 
degree of crosslinking with increasing annealing temperature and time.
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1. Introduction

Ceramic matrix composites (CMC) combine the 
advantages of monolithic ceramics, e.g. high specific 
strength and moduli, chemical resistance and high 
temperature stability, with the damage tolerance due 
to fiber reinforcement. They are therefore often 
applied for high-performance applications [1–7]. In 
many cases, carbon fibers are used due to their 
excellent mechanical and high temperature proper-
ties [3,8,9]. However, the high hardness and abra-
sion resistance make subtractive post-processing and 
the whole manufacturing of CMC exceedingly 
expensive [4]. Hence, new processes are necessary to 
reduce post-processing and associated costs. For this 
purpose, alternative green body manufacturing 

techniques were introduced, e.g. additive manufac-
turing. Additive manufacturing combines the advan-
tages of fabricating highly complex parts, reduces 
waste, load customized designs, easy scalability and 
tool-free fabrication [10–15]. Among the several 
additive manufacturing techniques, especially mater-
ial extrusion technologies, fused filament fabrication 
(FFF) allows short and long fiber reinforcements. A 
schematic image of a part produced via FFF is illus-
trated in Figure 1. Many papers were published in 
the last years in this field, indicating the high poten-
tial of this technology [16–24].

Most of non-oxide CMC are manufactured by a 
multi-step process, starting with the green body fab-
rication of carbon fiber reinforced polymer (CFRP). 
Usually thermosets, especially phenolic based 
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powders and liquids/fluids, are used [25]. During 
the shaping process, the polymeric thermoset under-
goes irreversible covalent crosslinking, rendering it 
non-meltable and conferring a stable shape. 
However, during the last years, the use of thermo-
plastic-based matrices for CMC applications 
increased [26–32].

In order to finally manufacture a CMC based on 
additively manufactured CFRP, the CFRP will be first 
pyrolyzed and then converted by liquid silicon infil-
tration (LSI) to obtain the final C/C-SiC part. This 
process requires the use of polymeric matrix precur-
sors with a carbon yield after pyrolysis (1000 �C, 
nitrogen) of at least 30 wt.%, which drastically limits 
the number of potential thermoplastic candidate 
materials. Previous investigations identified polyether-
etherketone (PEEK) as well as carbon fiber reinforced 
PEEK (CF-PEEK) as suitable [26–30], due to the high 
carbon yield of PEEK after pyrolysis in nitrogen of 
about 40–50 wt.% [34–37]. Furthermore, PEEK is 
employed in numerous medical applications, includ-
ing tissue engineering, and is a well-established mater-
ial for additive manufacturing processes [38–44]. 
However, most studies focused primarily on topics 
like biocompatibility, degradation, mechanical proper-
ties and processibility of additive-manufactured PEEK 
and derived composites.

The challenge of using PEEK and other thermo-
plastics for the LSI process is the reversible melting 
behavior. Consequently, it is necessary to stabilize the 
thermoplastics before the pyrolysis to avoid remelting 
and to obtain shape accuracy. Figure 2 demonstrates 

the schematic LSI process, including the process con-
ditions and the additional stabilization step realized 
by thermally induced crosslinking. This additional sta-
bilization step is the main focus of this study.

Previously, two methods of crosslinking PEEK 
were reported [45]. The first method was thermally 
induced crosslinking at 400 �C, and the second 
method was proton-beam crosslinking. Thermo- 
oxidative ageing of PEEK was explained by the forma-
tion of radicals, leading to crosslinking [46]. During 
the last years, many publications investigated the 
influence of thermal treatments on PEEK and CF- 
PEEK, respectively, but most of them dealt with tem-
peratures above the melting temperature of PEEK 
[46–51]. Nevertheless, in order to further process 
additively manufactured complex CFRP parts, the 
thermal crosslinking must be carried out below the 
melting temperature of PEEK (Tm � 343 �C) to main-
tain shape accuracy. On the other hand, the tempera-
ture must be high enough to initiate a crosslinking 
effect of the CF-PEEK. Figure 3 illustrates a schematic 
process window as a function of the crosslinking.

The main aim of this study is therefore to deter-
mine the influence of the final thermal annealing tem-
perature in combination with a variation of annealing 
time on the shape stability for the following LSI pro-
cess to complete the conversion of additively manu-
factured parts to a CMC. Thus, the results of the 
investigated methods determine the crosslinking 
effects of PEEK as a function of the thermal annealing 
parameters. Additionally, the used analytic methods 
allowed to generate a kinetic model predicting the 
relation of crosslinking due to the thermal annealing 
temperature and time. Regarding the final processed 
part, the target was to avoid remelting in combination 
with the shape accuracy of the PEEK-based CFRP in 
order to fully benefit from the advantages of additive 
manufacturing.

2. Materials and methods

2.1. CFRP manufacturing

A commercial carbon fiber reinforced PEEK 
(CF-PEEK) filament (Desktop MetalVR ) with a dens-
ity of 1.39 g/cm3, a diameter of 1.75 mm and a fiber Figure 1. Schematic of the fused filament fabrication [33].

Figure 2. Schematic LSI process combined with the additional stabilization step and the typical process conditions.
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volume content of 13% was used for the CFRP 
manufacturing by FFF. The additively manufactured 
specimens were printed with an FFF printer 
(Funmat HT Enhanced, Intamsys, China). Each 
sample had a single layer height of 150 mm and 80% 
infill. The printing direction was ±45�, without any 
bottom and top layer, respectively. The printing 
speed was 25 mm/min, and the nozzle temperature 
was set to 410 �C. Figure 4 shows the different sam-
ple geometries for the analytical methods. The DSC/ 
TGA samples had a diameter of 5.5 mm and a 
height of 1.7 mm, appropriate to the used crucibles. 
The weight of the samples was in the range of about 
34–36 mg. The printed discs for rheological meas-
urements had a diameter of 25 mm and a height of 
1.2 mm. For optical verification and shape stability 
tests, cone-shaped samples with a diameter of 
15 mm and a height of 20 mm were manufactured.

2.2. Thermal induced crosslinking

The thermally induced crosslinking was carried out 
after the additive manufacturing step using a small 
convection furnace, having a precise temperature 
control, with a low heating rate of 2 K/min in air 
(NAT 15/65, Nabertherm, Germany). The final 

temperature varied between 315 �C, 320 �C, 325 �C, 
330 �C and 335 �C, whereas the dwell time was 
changed from 6 h, 12 h, 24 h to 48 h. Compared to 
other furnaces, the direct heat radiation of the heat-
ing elements was avoided due to the setup with the 
metallic interior lining of the furnace.

2.3. Differential scanning calorimetry (DSC)

The influence of the annealing temperature and dur-
ation on the degree of thermally induced crosslink-
ing was investigated by DSC (STA 449 F3 Jupiter, 
Netzsch Ger€atebau GmbH, Germany) measurements 
in nitrogen atmosphere, using 85 ml aluminum cru-
cibles for an improved heat transfer, according to 
the program illustrated in Figure 5. The sample geo-
metries were chosen according to Figure 4. The 
thermally induced crosslinking partially reduced the 
remelting of the thermoplastic PEEK. Therefore, 
DSC was used to analyze the melting enthalpy 
(DHm) and the glass transition temperature Tg. The 
Tg was determined at the turning point of the 
second heating curve. Ehrenstein et al. [52] reported 
that the first heating cycle reveals information about 
the thermal and mechanical history, often men-
tioned as processing or manufacturing information, 

Figure 3. Schematic process window within the thermal limitations.

Figure 4. Sample geometries for the DSC/TGA and rheological analysis and the optical verification.
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whereas the second cycle is used for the determin-
ation of material characteristics. Thus, for the final 
thermal analysis, the second heating step was essen-
tial for the analysis of the thermally induced 
crosslinking.

2.4. Kinetics

For the kinetic analysis of the thermal crosslinking, 
the melting enthalpy obtained after annealing was 
analyzed. The kinetic analysis was based on the data 
of the DSC measurements using a commercial soft-
ware (Kinetics Neo, Version 2.6.7.8, Netzsch GmbH, 
Germany). The respective models are explained in 
section 3.2. The degree of conversion (DC) was cal-
culated as the ratio of the difference between the 
total melting enthalpy (DHm,total) and the residual 
melting enthalpy (DHm,residual) to the total melting 
enthalpy, shown in Equation (1).

DC ¼
DHm, total − DHm, residual

DHm, total
(1) 

2.5. Rheology

The rheological measurements (MCR 702 
Multidrive, Anton Paar, Germany) were performed 
to determine the storage and the loss modulus, 
respectively. The tests were carried out with an 
oscillating plate-plate geometry at a temperature of 
400 �C in nitrogen atmosphere. The frequency was 
set to 10 Hz, and the amplitude sweep was per-
formed in the range of 0.01–100%. The normal 
force was set to a value of 2 N.

2.6. Thermogravimetric analysis (TGA)

The final carbon yield, calculated as shown in 
Equation (2), was determined by thermogravimetric 
analysis (TGA) (STA 449 F3 Jupiter, Netzsch 
Holding, Germany) in nitrogen atmosphere up to 
1050 �C and a heating rate of 10 K/min in accord-
ance with the final temperature of the pyrolysis used 
in the LSI process. The mass (T) is the mass of the 

sample as a function of the temperature, in this case 
after 1050 �C.

Carbon yield ¼
massðTÞ

initial mass
�100% (2) 

2.7. Sol-gel

To quantify the degree of crosslinking, the gel con-
tent of the thermally annealed samples was deter-
mined by extracting with concentrated sulfuric acid. 
Each sample (� 35 mg) was placed in 20 cm3 con-
centrated sulfuric acid at room temperature for 
240 h under continuous stirring at low rates. 
Afterwards, the acid was decanted and the remain-
ing gel was washed three times with distilled water. 
Finally, the samples were dried in a vacuum furnace 
at 75 �C for 24 h and the remaining gel mass was 
determined.

2.8. Shape stability

To verify the shape stability of the samples, the ther-
mally annealed cone-shaped samples were com-
pared. The specimens were first thermally annealed 
at the temperatures mentioned in section 2.2. 
Afterwards, they were heated up to 450 �C with a 
heating rate of 5 K/min and held at that temperature 
for one hour in a furnace with atmospheric air 
(NAT 15/65, Nabertherm, Germany). The softening 
and melting behavior of the pretreated parts were 
observed, and the heights were measured afterwards 
to quantify the effect of the thermal annealing.

3. Results and discussion

The effect of thermal treatments of PEEK and the 
occurring mechanism were explained in several pre-
vious studies [46,48–51,53,54]. It was described as a 
combination of oxidative chain scission reactions, 
chain branching reactions and crosslinking reac-
tions, depending on the temperature, the duration 
and the atmosphere of the annealing. While the age-
ing and crosslinking of PEEK were much more 
affected in air atmosphere than in nitrogen.

In order to verify the hypothesis that the cross-
linking degree of thermally annealed PEEK below 
the melting temperature is expected to increase with 
rising temperature and duration of the thermal 
annealing step, several analytical investigations were 
carried out.

Unless otherwise specified, the number of sam-
ples per parameter combination is one.

Figure 5. Schematic of the DSC cycle.
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3.1. Differential scanning calorimetry (DSC)

Representative DSC curves are shown in Figure 6
for the as-printed sample and samples annealed at 
335 �C. Figure 6 illustrates that increasing annealing 
times led to a gradual shift of the melting peak tem-
peratures from 345 �C (as-printed) to 304 �C 
(annealed at 335 �C, 48 h).

The same tendency was observed for the melting 
enthalpy. Prolonged annealing times led to lower 
overall melting enthalpy values visible as reduced 
melting peak areas. Figure 7 presents the influence 
of annealing time and temperature on the melting 
enthalpy. The highest annealing temperature 
(335 �C) had the largest effect and steepest negative 
slope with a negligible melting enthalpy after 48 h. 
Moreover, it is obvious that the melting enthalpy 
decreased with increasing annealing time. The same 
effect was detected for the peak of the melting tem-
perature of CF-PEEK in Figure 8.

Pascual et al. [46] reported the same effects for 
higher annealing temperatures above the melting 
point of PEEK at 400–450 �C and much shorter 
durations (30–300 s). The study showed that the 
crystallinity as well as the peak of melting tempera-
ture of PEEK decrease with degradation time and 
temperature. The same trend was also reported by 
Day et al. [50], and was confirmed for lower tem-
peratures and expanded annealing times. Pascual 
et al. [46] explained that the decreasing crystallinity 
as well as the peak of melting temperature resulted 
from intermolecular branching of the original poly-
meric structure leading to crosslinking. The thermo- 
oxidative ageing of PEEK causes the formation of 
radical species close to ether bonds and keto groups, 
which then result in further reactions involving 
inter- and intramolecular processes [46]. These 

chemical mechanisms cause crosslinking and inter-
molecular reactions, which were already well 
explained and summarized in previous studies in 
the melting state of PEEK [34,51,55]. Courvoisier 
et al. investigated PEEK in the rubber state in the 
temperature range of 180 �C–320 �C at different 

Figure 6. Representative DSC curves of the samples annealed at 335 �C during different annealing times and untreated “as- 
printed” sample.

Figure 7. Melting enthalpy as a function of the annealing 
temperature and time with experimental points and linear 
approximation.

Figure 8. Peaks of melting temperature from DSC measure-
ments as a function of the annealing temperature and time 
with experimental points and linear approximation.
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oxygen partial pressures from 0.21 to 50 bars. They 
concluded that the oxidation of PEEK leads to a 
large predominance of crosslinking over chain scis-
sions, resulting in a sharp increase of Tg, whereas 
the Tg decreases with the number of chain scissions. 
Moreover, the increased temperature accelerated the 
oxidation kinetics of PEEK. It was also explained 
that the thermal annealing formed an oxidized layer 
leading to reduced molecular mobility, thus prevent-
ing the annealing phenomenon of crystallization 
[56], resulting in a reduction of the melting 
enthalpy. In contrast to these studies, Zhang and 
Zeng [57] reported the opposing effect for the peak 
of melting temperature shift. They investigated the 
effect of thermal treatment of PEEK in the tempera-
ture range from 332 to 347 �C. PEEK powder was 
annealed for certain temperatures and annealing 
times in the range of 1–72 h in air. For annealing 
times of 4 h, they concluded that the melting point 
shifted to higher values for the samples annealed 
below the melting temperature, whereas the samples 
annealed above the melting temperature revealed 
two separate melting endotherms. The lower 
annealed samples (below the melting temperature) 
were not further considered in the study. In our 
study, the 2nd DSC heating curves were analyzed 
due to changes in the CF-PEEK samples and to 
extinguish the thermal history of the annealing pro-
cess. Analyzing the 1st heating cycle (not shown 
here) like Zhang and Zeng did, the same results and 
trends were observed.

In comparison to these studies, the annealing 
temperatures in this study were consistently below 
the melting temperature to avoid remelting of the 
samples. The results for DSC data of annealed CF- 
PEEK listed in Table 1 indicate that there is a 

critical lower limit of the temperature initializing a 
crosslinking effect. The temperatures investigated in 
this study were above this critical lower limit. 
However, a crosslinking effect at 319 �C with an 
annealing time of 24 h, postulating a thermally 
induced crosslinking for PEEK under certain condi-
tions, was previously reported [58]. Based on the 
data of the current study and of Cebe [58,59], the 
lower temperature limit was assumed to be around 
310 �C to initiate a crosslinking effect. Besides the 
temperature, the thermally induced crosslinking is 
also affected by the time. Below a critical annealing 
time <12 h, there was nearly no reduction of the 
melting enthalpy. Hence, a minimum annealing 
time is additionally required for the crosslinking 
reactions of PEEK.

Other studies have often described an increase in 
Tg as a result of crosslinking reactions [56]. In gen-
eral, the glass transition temperature shown in 
Figure 9 increased with higher annealing tempera-
ture and time. Taking the present results into 
account, the hypothesis of the increasing degree of 
crosslinking with expanded annealing temperatures 
and times was confirmed.

However, the Tg of the 335 �C, 48 h sample was 
lower compared to the value of the 335 �C, 24 h 
sample. (To clearly show the main tendency of the 
Tg in Figure 9 the value of 335 �C, 48 h was not 
considered for the linear approximation.) It is 
assumed that the competing mechanism of chain 
scission and chain branching is dominated by the 
chain scission leading to shorter polymer chains and 
consequently to a lower degree of crosslinking. 
However, this is in contrast to the results of the 
melting enthalpy and the melting peak shift but 
could be a hint for an upper limitation of the ther-
mal annealing process.

Moreover, as shown before in Figures 7 and 8, 
for low temperatures and a short annealing time of 
�12 h the Tg (Figure 9), as well as the melting 
enthalpy and the shift of melting peak were recog-
nizable but weakened. Regarding the oxidation- 

Table 1. DSC results of annealed CF-PEEK.

Annealing  
temperature

Annealing  
time

Melting  
enthalpy 

DHm

Melting  
temperature 

Tm

Glass transition  
temperature 

Tg
[�C] [h] [J/g] [�C] [�C]
as-printed – 13.56 344.7 154.5
315 6 12.87 342.8 154.2

12 12.50 341.5 154.7
24 11.32 337.0 155.8
48 8.56 329.7 156.8

320 6 12.28 341.8 154.8
12 12.09 339.4 153.7
24 10.02 334.2 156.8
48 7.22 325.5 159.2

325 6 12.23 341.1 153.6
12 11.63 337.5 154.3
24 9.12 331.5 156.0
48 7.20 316.4 161.0

330 6 12.05 339.7 154.3
12 9.39 336.4 157.3
24 7.95 325.4 158.2
48 4.50 311.4 163.0

335 6 11.34 338.1 156.0
12 8.02 330.6 157.5
24 6.40 317.7 160.9
48 1.00 304.0 158.6

Figure 9. Glass transition temperature as a function of the 
annealing temperature and time with experimental points 
and linear approximation (except of 335 �C, 48 h).
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based effects, it is evident that the influence of 
elevated annealing temperatures and extended times 
can be discerned.

3.2. Kinetic analysis

Almeida et al. [60] demonstrated qualitative predic-
tions for factors influencing the degradation of 
CF-PEEK composites, based on rheological measure-
ments. For solid state reactions, the degree of con-
version a is normally used in kinetic analysis, which 
shows the relative fraction of the reacted material. 
Thus, for example, before the beginning of the reac-
tion the value of conversion is zero, and after the 
end of the reaction the conversion is equal to one.

The kinetics of solid-state reactions is described 
by temperature dependence according to Arrhenius 
[61] with an activation energy Ea, as a differential 
equation (Equation 3).

da

dt
¼ A � f að Þ � exp

−Ea

RT

� �

(3) 

where f(a) is a function of conversion a depending 
on the type of reaction, A is a pre-exponential fac-
tor, T is the absolute temperature in Kelvin, and R 
is the ideal gas constant with the value of 8.314 J/ 
(mol�K).

These values present the enthalpy change during 
the isothermal measurements. The values decreased 
at the beginning faster, then slowly and finally 
asymptotically approaching their final value with 
zero melting enthalpy. This shape of the curves is 
characteristic of the nth order reaction:

da

dt
¼ A � 1 − að Þ

n
� exp

−Ea

RT

� �

(4) 

For the kinetic analysis of these experimental 
curves, the NETZSCH Kinetics Neo program was 
used with a model-based analysis for nth order reac-
tion. The experimental points were connected with 
the straight lines and interpolated points were calcu-
lated in order to have the curves with enough data 
points for the fit. As a result of the kinetic model, 
the optimal parameters A, Ea, and n in Equation (4)
were found. The model well describes the measured 
experimental data for all measured temperatures.

Figure 10 shows the curves for the kinetic model 
of the nth order reaction with the following 
parameters:

Based on the measured data and the kinetic ana-
lysis, a model for the prediction of the melting 
enthalpy in dependence of different temperatures 
and times was created. This model, shown in Figure 
11, is in accordance with the data of Figure 10 and 
extended for longer times. This model allows pre-
dictions to be made for any temperature and time 

but may lose accuracy for temperatures and times 
far outside the value range.

3.3. Rheology

Additional rheological tests were carried out to con-
firm the DSC results. The results are shown in 
Figure 12 for the samples annealed for 48 h. As 
illustrated in Figure 12, the storage modulus of the 
annealed samples was more than two magnitudes 
higher than that of the untreated sample. 
Furthermore, the higher the temperature at constant 
annealing times, the higher the storage modulus, 
except for the 335 �C, 48 h sample. This in turn is in 
agreement with the results of the glass transition 
temperature of this sample determined by DSC in 
Figure 9. Contrary to the previous results, the Tg 

and the storage modulus for these parameters 
decreased in comparison with the samples annealed 
at 330 �C for 48 h. The lower values can be 
explained by the competing mechanism that occurs 
during thermal treatments of PEEK close to its 
melting point. The reduced elastic response com-
bined with the lower glass transition temperature of 
the samples annealed at 335 �C for 48 h is associated 
with the predominance of chain scission reactions 
over possible competing crosslinking effects. To fur-
ther investigate the opposing effects of crosslinking 
and chain scission and the kinetics thereof, add-
itional analytical methods such as CP/MAS NMR, 
FTIR or Raman spectroscopy may prove useful to 

Figure 10. Experimental data for melting enthalpy with lin-
ear interpolation (dots) and kinetic model (solid lines) for nth 

order reaction with optimal parameters for different anneal-
ing temperatures.

Figure 11. Prediction of residual melting enthalpy as a func-
tion of time for different temperatures.
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investigate the resulting polymer structure in more 
detail in the following studies.

Compared to the untreated sample, the storage 
modules of the annealed samples showed higher 
values than the loss modules for each sample. 
Furthermore, the storage and loss modules diverge 
with increasing annealing temperature and time 
(not shown here). Thus, the elastic amount increases 
in the same way as the annealing temperature and 
time increase, indicating crosslinking effects, which 
led to higher network densities. The storage and 
loss modules showed an almost constant level up to 
a shear deformation of 1% before reaching the plas-
tic deformation, dropping afterwards.

Therefore, to compare the storage modules for 
each annealed specimen, the values at a shear 
deformation of 0.1% are shown in Figure 13.

The DSC results were confirmed by the rheo-
logical tests. The storage modules were less affected 
at low annealing temperatures and times than at 
higher ones. This is also in good agreement with the 
post-test rheological specimens shown in Figure 14. 
The deformation and melting behavior were 
strongly influenced by the annealing conditions. The 
as-printed specimen and each of the 6 h annealed 

specimens were (partially) melted and destroyed, 
whereas each of the 48 h annealed specimens was 
still in shape.

3.4. Thermogravimetric analysis (TGA)

It was shown for phenolic resins that the carbon 
yield after pyrolysis up to 1050 �C in nitrogen 
atmosphere increased with a higher degree of cross-
linking [25]. However, the detailed results of the 
thermogravimetric analysis in Table 2 did not con-
firm this tendency for the CF-PEEK samples investi-
gated in this study.

The curves of each sample are illustrated in Figure 
15. The carbon yields of the samples were in the 
range of 59.2–61.2 wt.% and showed no clear ten-
dency. Usually, the carbon yield correlates with the 
degree of crosslinking. The resulting network would 
be expected to have a similar effect on the carbon 
yield as shown by Wich et al. [25]. This might not 
always be the case – especially if the mechanism of 
PEEK degradation in this temperature region would 
not be crosslinking exclusively. The combination of 
scission and crosslinking leading to some amount of 
shorter polymeric chains (thus decreasing the total 
yield) as well as longer chains (results of crosslink-
ing) counteract this relation.

3.5. Sol-gel tests

Additional to the thermal analysis by TG/DSC and 
DMA, the chemical resistance of PEEK samples 
against concentrated sulfuric acid was investigated. 
Annealed samples thereby showed increased resist-
ance against the acid and only partly dissolved dur-
ing the trials. Untreated samples, on the other hand, 
were dissolved completely. This further underlines 
the chemical changes during annealing of samples 

Figure 12. Storage and loss modulus as a function of shear deformation at 400 �C of the samples annealed for 48h.

Figure 13. Storage modules at a shear rate of 0.1% and 
400 �C as a function of annealing time.
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leading to a more stable polymer structure, as pro-
ven by the resistance against concentrated sulfuric 
acid.

An exact quantification of dissolution, however, 
was not possible due to the mixture of fiber sticks 
and the gel parts.

3.6. Shape stability by optical verification

The optical stability test confirmed the previous 
analytic results. The deformation of the parts and 

therefore the measured height decreased with 
annealing temperature and time due to the higher 
degree of crosslinking. Hence, the shape stability 
increased tremendously. In Figure 16, the cone- 
shaped specimens are displayed. Figure 16(a) shows 
the parts after the thermal annealing step. In terms 
of the shape, there were no obvious differences 
between the parts. The changes of the shape stability 
are summarized in Figure 16(b) after a melting test 
at 450 �C for one hour. The as-printed sample vis-
ibly remelted. The 6 h samples also revealed some 
geometric deformations.

In order to quantify the optical impressions of 
the shape changes, the heights of the cones were 
measured before and after the 450 �C step. The 
shrinkage and remelt characteristics of the parts are 
shown in Figure 17.

To account for minor variations in sample height, 
percentage shrinkage measurements before and after 
thermal annealing instead of absolute shrinkage 
were used. The optical impressions were confirmed 
by quantified measurements. The height shrinkage 
of the samples annealed at low temperatures and 
short times revealed a shrinkage of about 8%, 
whereas the samples annealed at temperatures near 
the melting point and times �24 h showed almost 
no shrinkage. Regarding the tool-free and near net 
shape processing, the geometrical stabilization is 
crucial.

4. Conclusion

In order to use additive manufacturing for the CFRP 
fabrication and PEEK as precursor for ceramic 
matrix composites, the study focused on the shape 

Figure 14. Specimens after the rheological tests at 400 �C.

Table 2. Residual mass measured by TGA up to 1000 �C in 
nitrogen, as a function of the annealing temperature and 
time.

Annealing time [h]

6 12 24 48

Thermal treatment [�C] 315 59.23 60.46 60.80 60.04
320 60.06 60.69 60.67 60.60
325 60.77 60.82 60.24 60.64
330 61.00 60.88 60.30 60.65
335 61.17 60.26 60.84 60.97

The as-printed (59.65%).

Figure 15. TGA curves of all samples up to 1050 �C in nitro-
gen atmosphere, showing the carbon yield as a function of 
annealing temperature and time.
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stabilization of the thermally induced crosslinking 
process of CF-PEEK below its melting temperature. 
The analytic measurements confirmed a rising influ-
ence on the stabilization of the CF-PEEK as a func-
tion of increasing annealing temperatures and times 
below the melting point of PEEK. The DSC results 
revealed an increasing Tg as well as decreasing melt-
ing enthalpy and a shift to lower melting points for 
increasing annealing temperatures and times. The 
rheological analysis confirmed that results by increas-
ing storage modules and decreasing loss modules 
with increasing annealing time and temperature. In 
previous studies, similar effects are often described as 
competing effects consisting of chain branching, scis-
sion and crosslinking. These competing mechanisms 
occurring at certain temperatures were in good agree-
ment with this study. Furthermore, the kinetic ana-
lysis indicated a thermally induced crosslinking 
process. Within the limitations given by the thermal 
requirements, the investigated annealing temperatures 
varied from 315 �C to 335 �C, while the annealing 

times were set from 6 h to 48 h. The main conclu-
sions of this study are therefore:

� The shape stabilization increases with annealing 
temperature and annealing time.

� The thermally induced crosslinking can be well 
described by a kinetic model with high accuracy 
of R2 ¼ 0.99.

� The initiating conditions for the crosslinking of 
CF-PEEK should exceed a certain temperature of 
at least >315 �C in combination with a sufficient 
annealing time of at least � 12 hours.

In view of rising costs for the post treatment and 
saving resources due to less produced waste and an 
increased sustainability, this technology has high 
potential. Controlling the process can highly impact 
the manufacturing of CMC parts in the future. 
Especially the near net shape fabrication of complex 
geometries opens new fields of applications.
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