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Abstract 
This work represents one of the first attempts to directly link industrially relevant carbonization rates of 50k 
carbon fiber tows to resulting multiaxial composite performance. Carbonization rates were systematically varied 
to produce three carbon fiber variants, which were then processed into carbon fiber reinforced polymer (CFRP) 
laminates and tested under biaxial compression-shear loading using a fixed-clamped Iosipescu configuration. 
While uniaxial tensile properties of the single carbon fibers differed only marginally, biaxial testing of CFRP 
revealed differences in peak transverse compressive and shear stresses. CFRP reinforced with fibers carbonized 
at slow and medium rate retained higher biaxial strength compared to the fastest carbonization condition.  
The failure morphology evolved from predominantly shear-dominated cracking to mixed shear-splitting 
behavior and finally to splitting-dominated failure with increased carbonization rate. The results provide a basis 
for application-oriented carbon fiber manufacturing and for defining acceptable carbonization rates toward more 
efficient production. 
 
Keywords: Biaxial compression-shear loading, Carbon fiber, Carbon fiber reinforced polymer (CFRP), 
Carbonization, Puck inter-fiber failure criterion 
 
1 Introduction 
 
PAN-based carbon fibers are indispensable for 
lightweight structures, yet their broader adoption 
beyond high-tech markets remains constrained by the 
inherently complex, energy-intensive, and costly 
manufacturing process [1]. Life cycle assessments 
and process analyses identify the thermal conversion 
steps as the dominant contributors to energy demand, 
with stabilization and carbonization accounting for 
over 94 % of energy-related costs and thus 
representing the primary levers for cost reduction 
[2]-[5]. Consequently, several approaches have been 
proposed to increase the efficiency of PAN-based 
carbon fiber production, including improved oven 
and furnace design [6], heat recovery [4], [7], 
precursor and comonomer adaptation [8]-[10], and 

alternative conversion strategies based on 
microwave-, plasma-, or laser energy input [11]-[13]. 

From an industrial perspective, the most 
attractive efficiency measures are those that can be 
implemented on existing production lines with 
minimal additional investment. This makes 
systematic optimization of process parameters such 
as temperature, residence times, and tow tension 
particularly relevant. However, any acceleration of 
the conversion process must ultimately be evaluated 
against the property requirements of the final 
composite application. This is especially important 
for high-volume sectors such as the automotive 
industry, where robust laminate performance and 
damage tolerance are at least as relevant as high 
single-filament strength [14], [15]. 
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Most studies on accelerated PAN conversion 
focus on fiber-level relationships between processing, 
structure, and properties, while the effect of defined 
processing parameters on the mechanical response of 
the resulting composite laminates remains less 
frequently addressed. In particular, studies that trace 
industrially relevant carbonization rates of large-tow 
fibers through to composite-level failure behavior are 
scarce. This gap is critical because composite design 
is not governed by fiber tensile properties alone. 
Under transverse compression and in-plane shear, 
matrix-dominated deformation, fiber-matrix interaction, 
and inter-fiber failure can strongly influence the  
load-bearing capacity of unidirectional laminates. 
Biaxial loading is therefore especially relevant for 
assessing whether changes induced during 
carbonization are reflected in the structural 
performance of the composite. Combined (σ2, τ21) 
loading can cause non-linear stress redistribution and 
changes in inter-fiber failure mode, making uniaxial 
properties alone insufficient for evaluating failure 
behavior under realistic multiaxial stress states [16]. 
Against this background, the present work investigates 
how carbonization rate and the resulting fiber 
properties influence the biaxial mechanical response 
of corresponding carbon fiber composites. By using 
industrially relevant processing rates for a 50k tow and 
evaluating the resulting composites under combined 
transverse compression and shear, this study 
establishes a direct link between carbonization 
conditions and composite-level performance. 

 
2 Materials and methods 
 
2.1 Specimen preparation and testing 
 
Carbon fiber reinforced polymer (CFRP) laminates 
were manufactured by filament winding using three 
carbon fiber variants, each produced with a different 
carbonization rate. To this end, a large tow (50 k) 
commercial PAN-precursor, was processed unaltered 
using the carbon fiber pilot scale line at Carbon Nexus 
(Deakin University, Australia) [17], [18]. The PAN-
precursor was stabilized, using four center-to-ends 
oxidation ovens, for a total residence time of 72 min, 
at temperatures ranging from 220 to 250 °C, and with 
tension in the range of 6,500 to 8,500 cN. Following 
stabilization, the tows were collected and, at different 
rates, individually passed through low-temperature 
(LT) carbonization at temperatures between 400 and 
800 °C with a constant tension of 4,500 cN as well as 
high-temperature (HT) carbonization at temperatures 

between 1,100 and 1,400 °C with a constant tension of 
7,000 cN. The various processing rates during LT- and 
HT-carbonization were selected to represent a broad, 
industrially relevant processing window and resulted 
in residence times of 15, 5 and 2.5 min, referred to as 
slow, medium, and fast. After HT-carbonization, an 
additional tow collection was performed to ensure 
consistent subsequent electrolytic surface treatment 
and epoxy-based sizing between tows carbonized at 
different rates. In this context, the line speed matched 
that of stabilization, resulting in a residence time of  
6 min each. Figure 1 and Table 1 summarize the fiber 
properties achieved. A detailed description of the fiber 
manufacturing process, including the resulting fiber 
properties and microstructure, will be reported in a 
separate publication. Therefore, the present study 
focuses on the composite-level biaxial response and 
discusses the observed differences in relation to the 
applied carbonization rates. 
 
 
 
 
 

Figure 1: Volumetric mass and linear density (a) as 
well as mechanical properties determined by single-
fiber and tow testing (b) of PAN-fibers after LT- and 
HT-carbonization at varied residence times. 
 

(a) 

(b) 
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Table 1: Testing results of carbon fibers carbonized at 
different rates (values are given as mean ± standard 
deviation). 

 Fiber type 
 Slow Medium Fast 

Tensile 
strength 
[GPa] 

3.62 ± 0.30 3.69 ± 0.16 3.62 ± 0.18 

Tensile 
modulus 
[GPa] 

246.38 ± 5.16 246.40 ± 1.57 237.87 ± 9.30 

 
The produced carbon fibers were wound in a 

near-0° winding pattern onto 40 x 40 x 5.5 cm 
rectangular winding mandrels using a Bolenz & 
Schäfer FWA 2/4/1 filament winding machine. In-line 
impregnation was achieved via a resin bath, with the 
resin system consisting of EPIKOTE™ Resin MGS 
RIMR 935 and EPIKURE™ Curing Agent MGS 
RIMH 937, mixed at a mass ratio of 100:38. After wet 
winding of four layers, the entire winding mandrel was 
removed and the laminate was consolidated by 
vacuum bagging using the following stack-up on each 
side: winding body, Polytetrafluoroethylene  
(PTFE, Teflon) release film, deposited carbon fibers, 
peel ply, perforated release film, second peel ply, 
perforated metal plate to promote uniform pressure 
distribution, breather fleece, and vacuum bag.  
The assembly was evacuated for 16 h and subsequently 
cured at 100 °C for 1.5 h. After full cure, the laminate 
was demolded by cutting along the shorter edge and 
separating it from the mandrel. The fiber mass fraction 
was determined by microwave ashing and was 
comparable for all laminates, with an average value of 
69.2 ± 1.1 wt.%. Test specimens were then machined to 
the final geometry using a high-precision DATRON 
neo CNC milling machine, ensuring uniform 
dimensions and clean, parallel edges. 

Biaxial characterization was performed according 
to Svidler et al., using a new fixed-clamped Iosipescu 
concept [16]. Here, a combined in-plane stress state 
 (σ2, τ21) is generated in the notch region by 
superimposing a transverse normal load with the 
conventional Iosipescu shear loading. The methodology 
follows the principle that a combined tension or 
compression and shear stress state can be produced in a 
firmly clamped Iosipescu specimen. For this purpose, the 
unloaded specimen areas are rigidly restrained, forcing 
stress concentration and controlled failure localization 
into the notch region. This stress and strain localization 
was previously validated for the same specimen 
geometry and test setup by finite element simulations and 
GOM ATOS measurements [16]. In this configuration, 

the biaxial loading condition can be described by a 
distortion ratio (Ωε= ε2/γ21) and the corresponding 
stress ratio (Ωσ= σ2/τ21) [16]. In the present work, the 
actuators were controlled to impose a fixed distortion 
ratio of Ωε= -1 between the transverse normal strain 
and the in-plane shear strain. For an undamaged 
linear-elastic response, this loading path corresponds 
approximately to a stress ratio of Ωσ≈ -1. It therefore 
represents a combined transverse-compression and 
transverse-parallel-shear loading state with nominally 
equal absolute values of normal and shear stress 
(σ2≈ -τ21). The resulting stress ratio was subsequently 
evaluated from the recorded normal and shear force 
signals. The loading case, associated with a nominal 
stress ratio (Ωσ≈ -1) was selected for three reasons: 

First, this represents a practically relevant mixed 
(σ2, τ21) stress state for UD-reinforced composites.  
It combines shear-driven damage with a compressive 
normal component that alters crack growth and frictional 
sliding along potential fracture planes. The underlying 
study explicitly discusses that transverse compression 
and transverse parallel shear have a stabilizing 
influence compared with transverse tension-shear 
loading. At the same time, it changes the shear-stress 
direction and fracture development in the 
measurement range. 

Secondly, for the present material set, the 
loading case with a nominal stress ratio of Ωσ≈ -1 was 
expected to provide enhanced differentiation 
between fiber variants. This loading condition 
combines transverse compression R⊥

(-) and transverse-
parallel shear R⊥||, making the response sensitive to 
both shear damage and splitting behavior. Compared 
with load cases dominated mainly by matrix 
cracking, this mixed stress state is expected to 
involve stronger load sharing through the fibers [19]. 
Differences introduced by the varied fiber 
carbonization conditions can therefore become 
visible in the measured peak stresses and fracture 
characteristics. In addition, transverse compression 
can suppress tensile crack opening and promote 
frictional sliding along developing fracture planes, 
further increasing the relevance of fiber network 
stability for the failure [19]. 

Thirdly, the stress combination (σ2, τ21) is 
particularly relevant for the verification of advanced, 
physically based failure criteria for fiber-reinforced 
composites. Failure under this mixed transverse 
compression-transverse parallel shear state delivers 
not only a characteristic point on the fracture curve 
but also the corresponding fracture-plane angle θfp. 
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During testing, forces in both axes were 
increased quasi-statically under displacement 
control while maintaining the targeted distortion 
ratio of Ωε= -1 until abrupt load drop and global 
specimen failure. In analogy to the reference work, 
the (σ2, τ21) curves can exhibit a slightly undulating 
progression attributable to friction effects in the 
mechanical transmission of applied forces, 
therefore, smoothing by quadratic approximation 
was used for graphical clarity, whereas peak 
stresses defining failure were evaluated consistently 
from the recorded signals [16]. Local deformation 
in the notch region was monitored using strain 
gauges applied on both specimen faces (±45° 
rosette for shear strain and a longitudinal gauge 
aligned with the normal-loading axis).  
To guarantee stable signals, proper surface 
preparation, adhesive curing, and lead wire 
protection were ensured. The strain gauges enabled 
simultaneous capture of γ21 and ε2 as well as 
verification of the intended combined loading 
condition. In total, seven specimens were tested per 
fiber type. Outliers were identified using the  
1.5 × interquartile range criterion and excluded 
from the evaluation, affecting at most one specimen 
per test series. After testing, fracture surfaces and 
damage patterns were documented using a ZEISS 
Smartzoom  5 digital microscope, providing high-
resolution optical fractography to support failure 
mode classification and to correlate macroscopic 
fracture appearance with the measured peak stresses 
under the nominal (Ωσ≈ -1) loading condition. 

The transverse compressive strength 
required for the calculation of the fracture angle was 
determined by compression tests in accordance with 
DIN EN ISO 14126 using a Zwick Z250 universal 
testing machine. For each fiber type, five specimens 
were tested, and the resulting mean values were 
used for evaluation. 
 
2.2 Improved failure analysis of fiber-reinforced 

composites 
 
To interpret the differences in failure behavior 
between the fibers produced at varying 
carbonization rates, the biaxial stress results were 
analyzed using the advanced inter-fiber failure 
(IFF) concept introduced by Puck [19]. The fracture 
conditions for the different fracture modes A, B, 
 and C, illustrated in Figure 2, are defined by 
Equations (1), (2), and (3). 
 

For Mode A: 
 

 �� τ21
R⊥||
�

2
+ �1-p⊥||

(+) R⊥
(+)

R⊥||
�

2

� σ2

R⊥
(+)�

2
+p⊥||

(+) σ2
R⊥||

=1 (1) 

 
For Mode B: 
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(-)σ2�
2
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For Mode C: 
 

 �� τ21

2�1+p⊥⊥
(-) �R

⊥||

�
2

+ � σ2

R⊥
(-)�

2
� R⊥

(-)

(-σ2)
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R⊥

(+) denotes the transverse tensile strength, R⊥
(-) the 

transverse compressive strength, and R⊥|| the transverse-
parallel shear strength. p⊥||

(+) and p⊥⊥
(-)  are the corresponding 

inclination parameters of the Puck criterion [19]. 
The IFF concept is often illustrated as an 

interaction curve in the σ2, τ21 plane, as shown in 
Figure 2. Under compressive σ2 and shear τ21 load, the 
failure curve lies on the left side of the diagram 
(Mode B/C), where the dominant mechanisms 
progressively shift from shear-dominated fracture to 
splitting-dominated fracture as the fracture-plane 
orientation rotates and the propensity for fiber-parallel 
cracking increases. The fracture-plane angle 
characterized as θfp and shown in Figure 2 was 
evaluated in accordance with the recommended IFF 
conditions using Equation (3) corresponding to 
Mode C for the investigated (σ2, τ21) loading case. 

Figure 2: Predicted fracture curve from Puck’s inter-
fiber fracture criterion [20]. 
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In Puck’s concept, IFF occurs on an inclined 
plane that is obtained by rotating the transverse 
material axes about the fiber direction, the rotation 
angle θfp is chosen such that the stress exposure of this 
action plane is maximized. For general multiaxial 
loading, this requires a numerical search over all 
admissible action-plane orientations, based on the 
transformed normal and shear stresses. For the present 
biaxial loading path, however, the stress state at failure 
lies in the transverse compression - transverse parallel 
in-plane shear region, where Puck provides an 
analytical expression for the fracture-plane angle. In 
this regime (Mode C), the normal stress on the fracture 
plane is related to the applied transverse stress σ2 as 
given by Equation (4). 
 
 σn�θfp�= σ2cos2�θfp�= -R⊥⊥

A  (4) 
 

Here, σn is the normal stress on the fracture 
plane and R⊥⊥

A  is the characteristic breaking resistance 
on action plane A. Rearranging Equation (4) yields the 
fracture-plane angle given in Equation (5). 
 

 θfp= arccos�R⊥⊥
A

-σ2
 (5) 

 
This explicitly links the fracture orientation to 

the breaking resistance and the applied transverse 
compressive stress at failure. The quantity R⊥⊥

A  is in 
turn obtained from the transverse compressive 
strength R⊥

(-) and the inclination parameter p⊥⊥
(-)  of 

Puck’s IFF criterion according to Equation (6). 
 

 R⊥⊥
A = R⊥

(-)

2�1+p⊥⊥
(-) �

 (6) 

 
In the present evaluation, the transverse 

compressive strength R⊥
(-) was derived from the 

experimental compression test results summarized in 
Table 2. The inclination parameter p⊥⊥

(-)  should ideally 
be identified from combined stress states. Puck 
recommends p⊥⊥

(-) = 0.15 as an initial estimate if no 
material-specific calibration data are available [19]. In 
the present study, p⊥⊥

(-) ≈ 0.53 was determined based on 
laminates with slow carbonized fibers. For the 
subsequent evaluation of all laminates, a rounded 
value of p⊥⊥

(-) = 0.50 was adopted. The influence of this 
assumption can be illustrated by a brief sensitivity 
analysis: for R⊥

(-)= 100 MPa and σ2= -80 𝑀𝑀𝑀𝑀𝑀𝑀, the 
predicted Mode C fracture angle increases from 42.5° 

for p⊥⊥
(-) = 0.15 to 49.8° for p⊥⊥

(-) = 0.50. However, the 
relative trend between the laminates investigated 
remains unchanged. For each measured failure point 
�σ2,f, τ21,f�, Eqs. (5) and (6) were used to calculate the 
theoretical fracture-plane angle θfp, which was then 
compared with the experimentally measured fracture 
angles to assess the suitability of the Puck-type 
description for the present material system. 

 
3 Results and discussion 
 
Biaxial testing was conducted using the previously 
described fixed-clamped Iosipescu-based setup [16].  
The tests followed a loading path with a nominal 
stress ratio of Ωσ= σ2/τ21≈ -1, corresponding to a 
combined transverse compressive stress σ2< 0 
superimposed with in-plane shear stress τ21> 0 of 
equal nominal magnitude. Although the actuators 
were controlled to impose a fixed distortion ratio of 
Ωε=ε2/γ21= -1, the measured trajectories in the 
σ2 versus τ21 plane are clearly nonlinear as a result of 
stiffness degradation due to progressive damage.  
As total failure is approached, the actual stress ratio 
(Ωσ) departs from its nominal value. The load path 
bends toward the σ2 axis, indicating an increasing 
dominance of transverse compression. Locally, the 
instantaneous stress ratio therefore approaches 
values closer to Ωσ≈ -2. 

The measured peak stresses showed a similar 
trend among the three laminates as observed in the 
fiber tensile tests and transverse compression tests 
(Table 2 and 3). Specimens produced from carbon 
fibers of the slow carbonization rate reached the 
highest shear stress τ21,f= 33.39 MPa. However, their 
compressive stress σ2,f= -82.06 MPa was slightly 
lower than that of specimens containing fibers 
carbonized at a medium rate (σ2,f= -82.74 MPa). 
Nevertheless, failure at a lower shear stress of 
τ21,f= 30.80 MPa suggested that the shear transfer and 
resistance against shear-driven damage accumulation 
were reduced with a higher carbonization rate. 
Specimens with the fast carbonized fibers were 
inferior to both other variants, failing at 
σ2,f= -73.71 MPa and τ21,f= 29.21 MPa, which 
indicated an earlier onset of damage localization and a 
reduced ability to sustain coupled compression-shear 
loading (Table 3). Fracture surface inspection revealed 
a systematic change in failure morphology across the 
three variants. Specimens reinforced with slowly 
carbonized fibers showed predominantly  
shear-dominated failure in the notch region.  
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Similar shear-dominated features have been 
reported under purely compressive loading, despite 
differing fiber orientations [21], [22]. Specimens 
with fibers carbonized at medium rate exhibited a 
mixed shear-splitting mode, characterized by 
inclined shear fracture combined with a tendency 
toward splitting. 

In contrast, specimens with fast carbonized 
fibers failed predominantly by splitting, with crack 
propagation following the visible fiber bundles 
(Figure 3). This ranking aligns well with the 
measured strength hierarchy, since the transition 
from shear-dominated to splitting generally 
corresponds to a reduced achievable shear stress at 
failure, as splitting provides a preferential damage 
path that rapidly reduces the shear-carrying ligament. 
A comparable sensitivity of the dominant failure 
mode has been reported for laminated plates 
depending on the compression-shear load ratio, 
where a shift between buckling and stress-induced 
failure was observed [23]. This highlights that the 
dominant failure mode is governed by the applied 
loading state as well as the fiber quality, which in 
turn results from the manufacturing conditions. 

The measured fracture angles lie close to those 
reported for uniaxial compression [24], which is reasonable 
given the compression-shear load ratio applied [23], [24]. 
The fracture angles agreed reasonably well with the values 
calculated using the adopted inclination parameter 
p⊥⊥

(-) =0.50 (Table 3). Overall, the calculations predicted a 
3.0 % increase in θfp from fast to slow carbonized fibers, 
while the experiments showed an increase of 7.2 %.  

Composite samples with slow carbonized fibers       (a) 

Composite samples with medium carbonized fibers (b) 

Composite samples with fast carbonized fibers       (c) 

Figure 3: Failure of samples produced with slow (a), medium 
(b) and fast (c) carbonized fibers under biaxial loading. 

 

Table 2: Compression test results of CFRP samples 
manufactured from CF carbonized at different rates. 

 Samples based on fiber type 
 Slow Medium Fast 

Transverse 
compressive 
strength R⊥

(-) 
[MPa] 

104.14 ± 4.21 101.29 ± 4.25 87.99 ± 4.15 

 
Table 3: Biaxial testing results of CFRP Iosipescu 
samples manufactured from CF carbonized at 
different rates. 

 Samples based on fiber type 
 Slow Medium Fast 

Compressive 
stress σ2 
[MPa] 

-82.06 ± 5.15 -82.74 ± 2.50 -73.71 ± 1.55 

Shear stress τ21 
[MPa] 

33.39 ± 2.86 30.80 ± 1.78 29.21 ± 1.55 

Measured 
average fracture 
angle θfp [°] 

49.86 ± 1.77 53.00 ± 4.43 53.71 ± 4.42 

Calculated 
average fracture 
angle θfp [°] 

49.35 ± 1.53 50.28 ± 0.70 50.88 ± 0.50 
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Therefore, measured fracture angles appeared 
to follow the same trend, although the interpretation 
was complicated by high standard deviation and 
complex fracture patterns.  

Deviations may be caused by defects or 
influences that are not fully captured by the 
idealized, homogeneous action-plane approach. In 
particular, specimen geometry and notch 
configuration can generate local stress states in the 
gauge region that deviate from the simplified (σ2, 
τ21) plane assumption. Since the same matrix system 
and composite manufacturing conditions were used 
for all laminates, matrix-related effects were 
assumed to remain constant; however, possible 
differences in fiber-matrix interaction caused by the 
varied carbonization rates may additionally affect the 
shear-dominated failure response.  

Finally, frictional and boundary effects in the 
clamped notch specimen, together with nonlinearities 
prior to peak load, can alter the effective load transfer 
and lead to a fracture path with a slightly different 
apparent inclination [20], [25]. This provides a 
physically consistent explanation for both the small 
discrepancy between measured and calculated fracture 
angles as well as the standard deviation. 

The combined evolution of fracture angles 
and fracture morphology confirms a transition from  
shear-dominated failure for laminates with slow 
carbonized fibers to mixed shear-splitting failure and 
predominantly splitting-dominated failure for 
laminates with fast carbonized fibers. This transition 
is accompanied by increasing fracture angles, while 
specimens containing fast carbonized fibers showed 
lowest peak stresses. Accordingly, larger fracture 
angles do not indicate higher load-bearing capacity, 
but rather a stronger contribution of splitting-related 
damage. The results show that the effect of 
carbonization rate must be assessed by both peak 
stresses and the associated failure mode. 

Prior to ultimate specimen failure, the recorded 
response curve of some specimens exhibited a 
characteristic increase in load-bearing capacity, 
although the final stress levels remained comparable. 
This behavior is also reflected in the averaged biaxial 
stress curves (Figure 4). The observed pre-failure 
strengthening may be related to progressive matrix 
shear deformation, local damage redistribution and 
minor fiber reorientation or waviness under combined 
compression-shear loading. Such mechanisms are 
consistent with the known sensitivity of UD composites 
to local fiber waviness and matrix shear deformation 
under compression-dominated failure [26].  

 
This is consistent with the initial material 

ranking, the results derived from the compression 
tests, as well as with the measured peak stresses and 
observed failure behavior in the biaxial tests. 
Overall, the curves, obtained by averaging over the 
maximum x-range, confirm the same general 
material ranking. Laminates containing slower 
carbonized fibers showed higher biaxial load-bearing 
capacity than laminates with faster carbonized fibers. 
 
4 Conclusion 
 
This work reviewed key strategies for improving the 
efficiency of PAN-based carbon fiber manufacturing 
and experimentally examined an accelerated 
carbonization approach by varying carbonization 
rates. While all fibers showed similar tensile 
properties and met typical automotive target values 
[27], [28], biaxial compression-shear tests along 
nominal stress ratio of Ωσ≈ -1 revealed differences at 
the composite level. 

Composites reinforced with slowly carbonized 
fibers reached the highest shear peak stresses and 
showed predominantly shear-dominated failure. 
Specimens with fibers carbonized at medium rate 
reached the highest transverse compressive peak 
stresses and exhibited a mixed shear and splitting 
failure mode. In contrast, specimens with fast 
carbonized fibers showed the lowest overall biaxial 
performance and failed mainly by splitting. However, 
the reduced mechanical performance of composites 
with fast carbonized fibers must be weighed against 
the increased productivity enabled by accelerated 
carbonization, particularly if the resulting properties 
are still sufficient for a specific application. 

Figure 4: Averaged (σ2, τ21) curves for composites 
reinforced with carbonized fibers at slow, medium, and 
fast rates. 
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The transition from shear-dominated to splitting-
dominated failure and the systematically changing 
fracture-plane angles demonstrate that fibers with similar 
tensile properties can lead to distinct multiaxial composite 
responses when produced under different carbonization 
schedules. Thus, the study provides a direct process to 
composite perspective and supports the definition of 
application-oriented carbonization rates. Further work will 
extend the mechanical database to additional loading cases 
and fracture toughness properties. The resulting data will 
be used to develop material cards for simulation-based 
component design and enable targeted prediction of 
composite performance already during the selection of 
fiber production process parameters. 
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