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 A B S T R A C T

Fiber Patch Placement is a flexible and efficient manufacturing approach for producing locally reinforced 
composite structures, enabling precise alignment of unidirectional fiber patches along principal load paths. 
However, processing and design methods focus primarily on polymer matrix composites without addressing 
the specific constraints and needs for patched ceramic matrix composites. Therefore, this study presents a 
novel methodology for processing and optimization of locally reinforced carbon/carbon–silicon carbide (C/C–
SiC) manufactured via Liquid Silicon Infiltration. An inverse method is introduced to indirectly identify the 
anisotropic stiffness properties of unidirectional fiber patches from experiments on cross-ply laminates. Based 
on these material parameters, a gradient-based optimization framework employing differentiable finite element 
analysis is developed to determine optimal patch placement for structural reinforcement. The approach is 
validated on a plate with a central hole under tensile loading, where the optimized patch layout is successfully 
manufactured using a two-step curing process. The results demonstrate stiffness improvements of up to 59% 
with a weight increase of only 14%.

1. Introduction

Ceramic matrix composites (CMC), especially carbon/carbon-silicon 
carbide (C/C-SiC) composites, are high-performance materials used in 
aerospace, automotive, and energy sectors [1]. Such C/C-SiC compos-
ites offer low density, good thermal shock resistance, and improved 
fracture toughness compared to monolithic ceramics, as along with 
strong mechanical performance at elevated temperatures [2,3]. These 
characteristics make them suitable for use in challenging environments 
where traditional materials may not perform adequately.

A fast and cost-effective method for manufacturing C/C-SiC compos-
ites is the three-step process called Liquid Silicon Infiltration (LSI) [2]:

1. A carbon fiber reinforced polymer (CFRP) part is produced in 
common CFRP-processes such as Resin Transfer Molding (RTM), 
autoclave processing, or filament winding. The preferred matrix 
materials are phenolic resins due to their relatively high carbon 
yield during the subsequent pyrolysis step.

2. The phenolic resin is then transformed into amorphous carbon 
through pyrolysis at temperatures above 900 ◦C under an inert 
atmosphere. The transformation causes a significant mass loss 
of approximately 50 wt.-% [4] typically causing translaminar 
segmentation cracks in cross-ply laminates [5].

3. Finally, pores and cracks are filled with liquid silicon at high 
temperature. The infiltration of liquid silicon occurs via capillary 
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forces. Immediately upon contact with the carbon matrix, a SiC 
layer forms at the interface. After the silicon infiltration process 
is complete, any unreacted silicon remains as free silicon within 
the capillaries.

RTM and autoclave-based processes still require manual lay-up of 
CFRP preforms. This is especially challenging for complex geometries, 
as it complicates the draping process and usually leads to significant 
material waste due to trimming. As fiber production represents a 
major share of the overall energy consumption in the LSI process, 
minimizing fiber usage is essential [6]. Load-path optimized design 
is an effective approach by placing fibers only where they contribute 
to structural performance. Additionally, a significant reduction of the 
overall weight can be realized. Achieving such optimized designs re-
quires high flexibility in fiber placement. Automated Tape Laying (ATL) 
and Automated Fiber Placement (AFP) are established technologies 
in aerospace manufacturing but face limitations when dealing with 
small structures, complex fiber orientations, and small curvature radii. 
A novel method offering greater flexibility is Fiber Patch Placement 
(FPP). In this approach the structure is assembled from unidirectional, 
spread fiber patches. Each patch can be arbitrarily oriented, allowing 
the realization of highly complex fiber architectures.

There are two approaches to manufacturing FPP structures: The 
first approach involves building a complete laminate entirely from 
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fiber patches. Such patch-based laminates typically consist of several 
hundred to thousands of individual patches. The second approach 
uses a significantly lower number of fiber patches, placing them only 
in critical locations on an existing base laminate where additional 
reinforcement is needed. This local reinforcement strategy improves 
the mechanical performance of the component with minimal additional 
weight and is the focus of the present study.

The optimal placement of such local reinforcement patches is typi-
cally computed with evolutionary algorithms, as the problem is non-
convex and gradients are not readily available. Mathias et al. [7] 
represent patches via splines and optimize the shape, orientation, and 
position of the patch to reinforce a composite structure with a circular 
hole. The solution shows improved performance over a circular patch, 
but is limited to a single patch. Zehnder et al. [8] also focus on a 
single patch, which is represented as a parametric curve in this case. 
They developed a CAE-pipeline including kinematic draping to map a 
patch on a curved structure and optimize the global stiffness. Similarly, 
Fengler et al. [9] perform a multi-objective patch optimization with 
kinematic draping including experimental validation and Kashfuddoja 
et al. [10] employ a library of patch for local repair with patches. In 
contrast to these evolutionary approaches, Schläpfer and Kress [11,12] 
model patches with ghost-layers and compute analytical sensitivities 
of the objective function w.r.t. to the thickness of these ghost-layers. 
This enables them to employ a gradient based optimization of eigenfre-
quencies of panels with cut-outs [11] and optimization of strength of 
hole-plate specimens including experimental validation [12]. However, 
their approach is limited to predefined discrete patch orientations of the 
ghost layers. Particularly relevant for FPP structures are the optimiza-
tion methods by Rettenwander et al. [13] and Kussmaul et al. [14], as 
they focus on placing several equal patches. Rettenwander et al. [13] 
optimize stiffness by deriving continuous fiber paths with an efficient 
gradient-based approach and employ a multi-linearization method to 
derive patch positions and orientations. This is corroborated by a con-
current thickness optimization and experimental validation of a sample 
plate. Kussmaul et al. [14] developed a holistic computational frame-
work for patched laminates. They place patches sequentially accounting 
for local effects by a shear-lag-submodel [15] as well as kinematic 
draping.

The objective of this study is to process and optimize locally re-
inforced FPP structures made from C/C-SiC, as the existing litera-
ture focuses on polymer matrix composites only. First, we propose 
an inverse method to identify the mechanical properties of individual 
patches from cross-ply laminate tests, as unidirectional layups cannot 
be tested directly due to limitations of the LSI process. Next, we present 
a novel, efficient gradient-based optimization method for determining 
optimal patch locations and orientations utilizing a differentiable fi-
nite element solver. This approach allows concurrent optimization of 
multiple patches (opposed to sequential placement) while directly ac-
counting for manufacturing constraints (opposed to subsequent multi-
linearization). This approach is demonstrated on a plate with a central 
hole, and a two-step curing process is developed to enable the manufac-
turing of the optimized patched plate. Finally, the optimized design is 
validated by comparing its stiffness and damage behavior against that 
of conventional cross-ply laminates.

2. Inverse identification of patch stiffness

C/C-SiC materials typically have a symmetric cross-ply layup to 
prevent thermal distortion during processing, provide good mechanical 
properties in various loading directions, and to achieve the desired 
microstructure with segmentation cracks during processing. Conse-
quently, manufacturing unidirectional C/C-SiC laminates is quite chal-
lenging and their properties do not necessarily represent those of a 
single ply within a cross-ply laminate. Therefore, we need to indirectly 
infer the anisotropic stiffness parameters Exx, Eyy, Gxy, �xy of individual 
unidirectional plies from experiments on cross-ply samples.

2.1. Manufacturing of C/C-SiC samples

To determine the material properties, C/C-SiC plates were fab-
ricated by manually stacking twelve layers of phenolic resin-based 
unidirectional carbon fiber prepreg (SIGRAPREG C U285-0, SGL Carbon 
SE, Germany) per plate. The fiber volume content of the prepreg in 
its uncured stage is 46%. Two different laminate configurations were 
used for tensile testing. The first configuration is a symmetric cross-ply 
laminate [0/90/0/90/0/90]s, denoted in short form as [0/90]3s. The 
second configuration, also a symmetric cross-ply laminate, followed a 
[0/0/90]2s stacking sequence, resulting in a higher proportion of fibers 
oriented in the 0◦ direction.

After stacking, the laminates were placed between two steel plates 
and sealed within a vacuum bag. Curing was carried out in an autoclave 
at 170 ◦C and 10 bar, with a heating rate of 3.3K min−1 and a dwell time 
of one hour. After curing, the plates were pyrolyzed up to 900 ◦C in 
a nitrogen atmosphere at a heating rate of 1.5K min−1. Subsequently, 
the plates were re-infiltrated with phenolic resin Bakelite PF 0433 SW 
(Bakelite Synthetics, Germany) using an RTM mold. The resin was 
injected into the mold at 10 bar and cured at 130 ◦C for 1.5 h. A second 
pyrolysis step was then performed in a nitrogen atmosphere, reaching 
1600 ◦C, again at a minimum heating rate of 1.5K min−1. Following the 
second pyrolysis, the porous carbon structures were infiltrated with 
molten silicon at 1600 ◦C under a vacuum of 3mbar, while continuously 
purged with Varigon H2 (Linde plc, Germany). Both pyrolysis and 
silicon infiltration processes were carried out in a high-temperature 
graphite furnace Tomac+ (Fraunhofer ISC, Germany). The average 
thickness of the manufactured plates was 3.5 mm, corresponding to an 
average thickness of 0.3 mm per layer. Test specimens were extracted 
from the plates using water jet cutting. For tensile testing, tabs made 
of glass fiber reinforced plastic (GFRP) were bonded with epoxy resin 
to ensure proper gripping.

2.2. Mechanical characterization of C/C-SiC samples

Tensile tests were performed according to DIN 658-1 using a Zwick 
Z010 10 kN (Zwick GmbH, Germany) universal testing machine equi-
pped with wedge grips. A 10N preload was applied and the tests 
were carried out at a speed of 1.5mmmin−1. For the [0/0/90]2s and 
[0/90]3s samples, the 0◦ fiber orientation was aligned with the load 
direction. Sample displacement was measured using Digital Image Cor-
relation (DIC) with a 12M GOM system (Carl Zeiss AG, Germany). 
Young’s modulus was determined between 2MPa and 15MPa using 
linear regression.

The Iosipescu shear tests were carried out according to ASTM 
C1292-16 on a Zwick Roell Kappa 050DS 50 kN (Zwick GmbH, Ger-
many) universal testing machine with a preload of 10N and a speed of 
1.5mmmin−1. The [0/90]3s samples were oriented to induce in-plane 
shear. For the shear tests, the strain measurements were taken from 
a central area of the specimen that was 1mm wide and 9mm high 
using the same DIC setup as for tensile testing. The shear modulus was 
calculated in the range from 2MPa to 15MPa by linear regression.

Six specimens were tested for both the tensile laminate configu-
rations ([0/90]3s and [0/0/90]2s), as well as for the Iosipescu shear 
tests. Table  1 presents the determined material properties for the two 
different fiber stackings. Due to signal noise at small displacements, 
it was not possible to reliably determine the Poisson ratio using DIC. 
Therefore, the Poisson ratio in the loading directions of 0◦ and 45◦
relative to the fiber orientation are taken from Shi et al. [16].

2.3. Evaluation

To compute the anisotropic stiffness of individual patches from 
cross-ply laminates, we minimize the error between a computed lam-
inate stiffness and the observed laminate stiffness with respect to the 
properties of an individual patch.
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Table 1
Material properties for the two different tested laminates.
 Laminate E

exp
xx G

exp
xy �

exp
xy  

 [0∕90]3s 67.69GPa 8.93GPa 0.02 [16]  
 [±45]3s – – 0.064 [16] 
 [0∕0∕90]2s 92.06GPa – –  

We denote the linear elastic orthotropic material model for a planar 
stress state 
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with Cauchy stress �, orthotropic patch stiffness C, and infinitesimal 
strain ". The orthotropic material may be rotated in-plane by an angle 
� via a rotation operation employing a rotation matrix 

R(�) =

⎛⎜⎜⎝

cos2 � sin2 � 2 sin� cos�

sin2 � cos2 � −2 sin� cos�

− sin� cos� sin� cos� cos2 � − sin2 �

⎞⎟⎟⎠
. (2)

Assuming that plies in a laminate of patches with individual rotation 
angles �i experience identical strains, we may compute the effective 
stiffness of a laminate with N layers as 

C
eff =

1

N

N∑
1

R(�i)CR
⊤(�i). (3)

The engineering constants of this laminate are then obtained from the 
corresponding entries of the compliance tensor Seff = Ceff

−1 as 

Eeff
xx =

1

Seff
11

, Eeff
yy =

1

Seff
22

, Geffxy =
1
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33

and �effxy = −
Seff
12

Seff
22

. (4)

Now, we seek the set of patch parameters Exx, Eyy, Gxy, �xy that 
minimizes the relative error between effective laminate properties and 
observed experimental stiffnesses for the corresponding laminates. The 
objective function is formulated as relative root mean squared error
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where the effective elastic properties are evaluated according to Eqs. (3) 
and (4) as functions of Exx, Eyy, Gxy, �xy. The optimization problem

min
Exx ,Eyy ,Gxy ,�xy

e(Exx, Eyy, Gxy, �xy) (6)

s.t. 1GPa < Exx < 400GPa

0.1GPa < Eyy < 200GPa

0.1GPa < Gxy < 300GPa

− 10 < �xy < 10

is then solved with a differential evolution algorithm in SciPy [17,18] 
with a tolerance of 10−10.

Table 2
Orthotropic elastic properties of a single patch.
 Exx Eyy Gxy �xy  
 136.10GPa 1.44GPa 8.69GPa 0.954 

2.4. Results and discussion

The minimization leads to a final relative root mean squared error 
of 1.3% for the patch parameters listed in Table  2. These parameters 
lead to the orientation dependent engineering constants illustrated with 
polar plots in Fig.  1 for different load cases. The black points indicate 
the measured properties in the respective direction. They highlight a 
good agreement between effective parameters computed from the patch 
parameters and observed stiffnesses.

The proper choice of experimental setups, especially including an 
unbalanced [0/0/90]2s cross ply setup, provides a strong indication 
that the solution to the optimization problem appears well posed 
with a unique solution. This is supported by the observation that the 
differential evolution algorithm consistently results in the same set of 
parameters regardless of the initial random sampling. However, the 
weighting of relative errors influences the outcome slightly. Weighting 
each error equally seems a natural choice, but might be adjusted to put 
more emphasis on specific elastic constants.

3. Gradient-based patch optimization

As a test case, we consider a plate with an elliptical hole, as depicted 
in Fig.  2. The plate is subjected to uniaxial tension in the vertical 
direction, with clamped regions at top and bottom. The base plate is 
fabricated from a [0/90]2s cross-ply base-layup and additional rein-
forcement patches, which should be placed on both sides of the plates 
for symmetry. The objective is to optimize the placement and orienta-
tion of the reinforcement patches to maximize the overall stiffness of 
the structure. The patch size is fixed at 30mm by 10mm, representing a 
compromise between manufacturing feasibility and geometric fidelity.

In this design, the elliptical hole interrupts the momentum flux 
through the plate. This causes stress concentrations and poses a chal-
lenging problem for finding optimal reinforcement patch configura-
tions. Due to symmetry, it is sufficient to model only a quarter of the 
plate, which is indicated in dark gray in Fig.  2.

3.1. Methodology

We describe a patch configuration of N patches by tuples {xp, yp, �p}, 
where the tuple summarizes the location and orientation of each patch. 
For each patch, we create two ghost patches mirrored along the x-axis 
and y-axis, respectively. These ghost patches account for symmetry in 
the patch configuration by ensuring that any patch crossing a symmetry 
plane is accurately contributing to the stiffness (see Fig.  4(a) for an 
example). Hence, there are N independent tuples, but p ∈ [1, 3N] due 
to the ghost patches.

Given a patch configuration, we want to determine the stiffness of 
the test geometry and the gradient of the stiffness w.r.t. to the patch 
configuration for subsequent optimization. Hence, the computational 
domain is meshed with second order 6-node triangle elements and 
patches are projected in a smooth manner onto the elements using 
Gaussian weights 

wp = e
−�2

(
�̂2p+�̂

2
p

)
(7)

with

�̂p = max

(
0, |�p| − L

2
+

√
ln 2

�

)
(8)
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Fig. 1. Polar plots comparing effective stiffness computed from single patch properties (see Table  2) with the observed experimental data for different experimental 
setups.

Fig. 2. Test geometry with dimensions and load case. The position of each 
patch is described via a tuple (xp, yp, �p) denoting the two coordinates of the 
patch’s center and its orientation angle, respectively.

�̂p = max

(
0, |�p| − W

2
+

√
ln 2

�

)
, (9)

where �p and �p describe locations in a local patch coordinate system 
(see Fig.  2). The weighting smooths the reinforcing effect of patches, 
assigning wp = 1 within a patch, wp = 0.5 at the edge of the patch and 
gradually reducing to wp → 0 outside the patch, as illustrated in Fig. 
3 for a slice across a patch with W = 10mm The Gaussian weighting 
ensures that integrating the patch weight over the entire domain equals 
the patches surface area. The parameter � controls the smoothing region 
and is set to � = 0.5 in this work.

Fig.  4 illustrates the projection of three exemplary patches to the 
quarter plate via the smoothed weighting approach. In the example, 
one patch crosses a symmetric boundary, which is accounted for by 
the weights of its ghost patch.

Fig. 3. Exemplary weight distribution across a patch with W = 10mm for 
different choices of �.

After the projection, the local thickness of the plate is computed 
from the [(0/90)2s] base layup and the contributions from reinforce-
ment patches according to 

t̃ = 8t0 + 2t

3N∑
p=1

wp (10)

with a thickness t0 =0.3mm for each layer in the base layup and 
t =0.2mm average thickness in the patches. The reinforcement patches 
are compressed more during the two-step curing process (see Sec-
tions 4.1 and 4.2) and are thus assumed to be thinner on average.  The 
stiffness is computed as 

C̃ =
1

t̃

(
8t0C

0 + 2t

3N∑
p=1

wpCp

)
(11)

with the effective stiffness of the base layup C0 and the stiffness of a 
patch Cp, which accounts for rotation.

With the thickness and stiffness assigned, we employ the differen-
tiable Finite Element solver torch-fem1 to compute the nodal displace-
ments ui and forces fi. This enables the evaluation of the strain energy, 
defined as W =

1

2

∑
i uifi, which serves as a measure of the global 

average stiffness of the part. Based on this, the optimization problem is 
formulated as 

max
{xp ,yp ,�p}

N
p=1

W

W 0
+ �

V

V 0
, (12)

where W 0 is the strain energy of the base plate, and V  and V0 represent 
the total volume of the patched plate and base plate, respectively. 

1 https://github.com/meyer-nils/torch-fem.
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Fig. 4. Illustration of the weights for an exemplary patch configuration of three patches on a symmetric quarter model of the plate. One patch crosses a symmetric 
boundary demonstrating the effect of weighting a ghost-patch, which is shown with reduced opacity in (a).

The second term acts as a regularization term to penalize patches 
placed outside the desired geometry, with the penalty factor � linearly 
ramped from 0.0 to 100.0 during the optimization process. The opti-
mization problem is solved using a gradient decent approach (ADAM 
with learning rate 0.1 and 1000 iterations) using PyTorch’s automatic 
differentiation. Given the non-convex nature of the problem and the 
potential for multiple local optima, we perform at least ten independent 
optimizations, each starting from a different random patch configu-
ration generated via Latin Hypercube Sampling, and report the best 
results.

3.2. Results and discussion

The unreinforced base plate consisting of a [0/90]2s cross-ply layup 
features a component stiffness of 23.69 kNmm−1. The normalized first 
principal stress �I∕�0, with the nominal stress at the clamping �0, is 
illustrated in Fig.  5. It shows stress concentrations near the clamping 
and the ellipse’s vertices, with a maximum stress concentration factor 
of 6.53 near the elliptical hole.

Adding a single patch (N = 1) to the quarter plate – corresponding 
to a total of eight patches due to symmetries – increases the overall stiff-
ness by 16%, while the weight increases only by 1.6%. This makes the 
local reinforcement significantly more effective than the base laminate. 
The best result obtained via multi-start gradient descent optimization is 
shown in Fig.  6(a). In this configuration, the patches primarily reinforce 
the regions near the clamps.

For N = 2 (16 patches in total), the best solution places patches at 
the two regions with highest stress concentration: near the clamps and 
at the ellipse’s vertices (see Fig.  6(b)). This configuration is robust, as 
it is reached for many restarts with different random initial conditions. 
The resulting stiffness is improved by 24%, with a corresponding 
weight increase of only 3.3%.

For N = 4 (32 patches in total), the configuration shown in Fig. 
6(c) increases stiffness by 48%, while the weight increases by 6.5%. 
The solution closely resembles the N = 2 case, but with three patches 
stacked near the clamping region.

For N = 8 (64 patches in total), several local optima with com-
parable performance but reduced robustness emerge. One of the best 
solutions, depicted in Fig.  6(d), achieves a 65% increase in stiffness at 
the cost of a 13% increase in weight. Although still more efficient than 
the base laminate, the stiffness-to-weight gain is lower than in the cases 
with fewer patches.

All solutions tend to prioritize reinforcing the clamping regions over 
the stress concentration zones near the elliptical hole, despite higher 
stress at the hole. This is because the clamped areas appear four times 
in the symmetric geometry, while the hole-related stress concentrations 
occur only twice. Consequently, more patches are required to reinforce 
the clamps. In contrast, a single patch at the hole adds two layers of 

Fig. 5. Normalized first principal stress of the non-reinforced base plate (N =

0, 23.69 kNmm−1, Volume: 30 020mm3). Light gray lines indicate the direction 
of the first principal stress. Note: For better visibility of these directions, the 
reader is encouraged to consult the high-resolution electronic version of the 
manuscript and utilize the zoom function.

reinforcement in the critical region due to symmetry, making it a more 
efficient reinforcement. In addition, patches placed at the hole are able 
to redirect the stress away from the hole, while stress concentrations 
near the clamping cannot be avoided. Hence, patches are most efficient 
close to the clamped region.

The optimization problem is non-convex, so a multi-start strat-
egy is employed to identify optimal solutions. Leveraging automatic 
differentiation in torch-fem, the gradient-based optimizer achieves ap-
proximately six iterations per second on an Apple M1 chip — orders of 
magnitude faster than a comparable genetic algorithm implemented in
PyGAD.

4. Validation

To demonstrate the effect of optimized local C/C-SiC patch re-
inforcements, the solution depicted in Fig.  6(d) was manufactured, 
analyzed and tested. To the authors’ knowledge, this represents the first 
demonstration of an optimized, locally patched C/C-SiC component 
with variable thickness.
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Fig. 6. Optimal patch configurations for patches with dimensions 30mm by 10mm.

Fig. 7. Schematic overview of the two-step curing process.

4.1. Manufacturing of C/C-SiC samples

To manufacture the base plates, eight layers of the carbon fiber 
prepreg were manually stacked to form a symmetrical cross-ply lam-
inate with fiber orientations at 0◦ and 90◦. After stacking, the laminate 
was placed between two steel plates and sealed within a vacuum bag. 
The curing process was carried out in an autoclave, with a temperature 
of 150 ◦C and an overpressure of 10 bar. The heating rate was set at 
3.3K min−1, and the dwell time was one hour. In the manufacturing 
of patched plates, uncured prepreg patches (30mm × 10mm) were 
applied onto cured CFRP base plates on both sides using a template 
according to the optimized pattern. These patched plates were sealed 
within a vacuum bag again, this time without additional steel plates. 
Curing of the patches occurred at an elevated temperature of 170 ◦C, 
maintaining the same overpressure, heating rate and dwell time as 
used for the base plates. Further steps involving pyrolysis, reinfiltration, 
and siliconization followed the methods described in Section 2.1. The 
final geometry of the samples was obtained through wire erosion. A 
schematic overview of the two-step curing process is shown in Fig.  7.

4.2. Morphology of C/C-SiC samples

Fig.  8 shows a patched CFRP plate (after second curing) and a 
siliconized patched C/C-SiC plate. After curing, the patch structures 
are clearly visible on the surface. Since no steel plates were used 
during the second curing step, the vacuum foil could conform closely 
to the patches, preserving the intended structure. The fine surface 
structure of the CFRP plate comes from the use of vacuum fleece and 
disappears following the first pyrolysis. After siliconization, the patch 
structure remains intact. The surface exhibits the typical gray to silvery 
color characteristic of C/C-SiC, which results from a combination of 
pure silicon and SiC. The small droplets observed on the surface are 

attributed to the density anomaly of silicon [19], since the silicon 
undergoes a volume expansion upon solidification, pressing the silicon 
out of the plate.

Fig.  9 shows a cross-section at the location with 18 layers, captured 
using a light microscope. In this image, the patches protrude vertically 
from the image plane, revealing the characteristic microstructure of 
C/C-SiC with distinct phases. These phases consist of carbon fibers 
embedded within an amorphous carbon matrix (light gray color), char-
acterized by a discrete block structure. These blocks are separated 
by segmentation cracks filled with free silicon (white color). At the 
interface between silicon and carbon, a SiC layer (dark gray color) 
has formed. Black regions within the blocks represent pores that were 
either too small to allow silicon infiltration or closed pores [20–22]. 
Black translaminar cracks are visible, resulting from thermal expansion 
mismatch coefficients between the phases during cooling [23,24].

The eight layers for the base plate are clearly identifiable. Despite 
the 0◦/90◦ laminate being only present in the base plate, segmentation 
cracks are visible in all layers attributed to the angled sectioning of the 
specimen.

Due to the similar fiber orientation in the patches distinguishing 
between layers is not possible. No delaminations between base plate 
and patches are visible, and layers remain firmly bonded by the carbon 
matrix. Segmentation cracks in the patched layers are translaminar sug-
gesting strong adhesion during pyrolysis. The shrinkage of the patched 
layers was restricted by the base plate and internal stresses in the matrix 
were relieved through segmentation cracking [5].

During processing, the patches lose their original straight shape 
and instead adopt a more rounded form. This phenomenon could be 
attributed to two factors. Firstly, the vacuum bagging film does not 
completely replicate the rectangular shape of the patches. Secondly, 
phenolic resin exhibits low viscosity at elevated temperatures prior 
to curing [25]. This reduced viscosity significantly facilitates fiber 
movement under increased pressure during the curing process.

Composites Part A 208 (2026) 109890 

6 



J. Riesner et al.

Fig. 8. Picture of the (a) patched CFRP plate after curing the patches and the (b) patched C/C-SiC sample after siliconization. The number of layers and their 
respective thicknesses with standard deviation in the ellipse and clamping areas are also shown.

Fig. 9. Light microscopy image of a cross-section of C/C-SiC with 18 layers. The patches are oriented perpendicular to the image plane.

The base plate exhibits an average thickness of 2.15 mm. In the 
patched regions, a thickness of 4.83 mm was measured near the clamp-
ing area for 18 layers and 4.26 mm near the elliptical region for 16 
layers. This corresponds to an average layer thickness of approximately 
0.27 mm for both the patches and the base plate. However, the thick-
ness measurements were taken at the locations of maximum height. 
Due to the rounded surface geometry, the actual average thickness 
is therefore expected to be slightly lower. Compared with the plates 
manufactured for the determination of elastic properties, the center-
holed plates show a reduction in thickness during the manufacturing 
process. This effect may be attributed to resin loss during processing. It 
is assumed that the absolute amount of resin lost during manufacturing 
remains approximately constant. Consequently, this loss has a more 
pronounced effect when fewer layers are present, resulting in a higher 
fiber volume fraction and thinner individual layers.

4.3. Mechanical characterization of center-holed C/C-SiC samples

Mechanical characterization of the center-holed plates was con-
ducted through cyclic tensile testing using a Zwick Roell Kappa 050DS 
50 kN universal testing machine. Samples were clamped using wedge 

grips. The testing procedure began with an initial load of 400N, which 
was increased incrementally by 400N after each cycle until the sample 
failed. A preload of 50N was applied, and specimens were unloaded to 
this level after each cycle. The loading and unloading speed was set 
to 2mmmin−1 up to a load of 2000N and then increased to 4mmmin−1. 
Sample displacement was measured via Digital Image Correlation (DIC) 
using a 12M GOM system. The average displacement from three virtual 
extensometers was used to determine the total displacement. Compo-
nent stiffness was calculated using linear regression between 50N and 
1200N for each cycle. In total, two reference (unpatched) plates and 
three patched plates were tested.

After each cycle, both component stiffness K and permanent dis-
placement u0 were evaluated. Fig.  10(a) shows the evolution of com-
ponent stiffness across the load cycles. Due to settling effects, stiffness 
evaluation began from the third cycle (1200N). The patched plates 
exhibited an average component stiffness of 38.8 ± 0.2 kNmm−1. Varia-
tions between individual cycles are attributed to signal noise at small 
displacements. By cycle 13 (5200N), stiffness had decreased to an 
average of 35.4 ± 1.2 kNmm−1, corresponding to a 9% reduction. In 
contrast, the initial stiffness of the unpatched plates was significantly 
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Fig. 10. (a) Component stiffness and (b) permanent displacement over load cycles for unpatched and patched center-holed C/C-SiC samples.

lower at 24.5 kNmm−1, decreasing to 20.9 ± 1.1 kNmm−1 by cycle 13, 
which corresponds to a 14% reduction.

Patch optimization resulted in an improvement in initial stiffness 
by approximately 58%, achieved with only a with a weight increase 
of 14%. This demonstrates good agreement with simulation results, 
as indicated by the dashed line in Fig.  10(a). Due to high process-
ing complexity, only a limited number of specimens could be tested. 
Nevertheless, the experimental data clearly indicate a consistent trend.

Fig.  10(b) illustrates the evolution of u0 over the load cycles. Per-
manent displacement u0 was evaluated after each cycle up to cycle 12. 
At the third cycle, the patched samples show negligible permanent dis-
placement, which gradually increases in subsequent cycles. All patched 
samples exhibit similar trends, reaching 0.025 ± 0.004 by cycle 12. In 
comparison, unpatched samples show a notably steeper increase with 
the cycles. Prior to failure, occurring between cycles 9 and 10, the u0
values for unpatched samples range between 0.036 mm and 0.047 mm.

Both patched and unpatched plates exhibited typical damage be-
havior of CMC materials under cyclic loading [26,27]. In CMCs, cracks 
typically initiate in the matrix due to its lower fracture strain compared 
to the fibers. These matrix cracks propagate toward the fibers and are 
deflected at the fiber–matrix interface, provided the interfacial fracture 
toughness is sufficiently low [28]. As the loading increases, the matrix 
crack density grows, reducing the effective cross-sectional area and thus 
decreasing component stiffness. A slight reduction in stiffness can be 
observed even after a few loading cycles. The increase in u0 can be 
largely attributed to friction and sliding effects in fractured regions. 
As matrix cracks open during loading, part of the displacement is 
not recovered during unloading. With continued cyclic loading, more 
cracks develop, and this effect becomes increasingly significant.

Fig.  11 shows the uniaxial strain field ("yy) obtained from DIC 
measurements for the unpatched and patched plates at 3600 N. For 
the unpatched plate, increased strain concentrations (indicated by red 
areas) are observed in the ellipse region, as well as in the notched area 
near the clamping. In both regions, a change in cross-section occurs, 
which leads to local increases in strain. For the patched plate, slight 
strain increases are also observed around the elliptical area. The highest 
strains are found between two patch clusters, where no patches are 
present in the pattern, and in the notched area near the clamping. In 
these regions, the change in cross-section also results in local strain 
concentrations. Between the two patch clusters, the change in cross-
section occurs in the thickness direction. Overall, the unpatched plates 

Table 3
Overview of the force at break, the specific force at break, the initial stiffness 
and the specific initial stiffness.
 Type Force at 

break
Specific force 
at break

Initial 
stiffness

Specific initial 
stiffness

 

 Patched 6063N 68Ng−1 38.8 kNmm−1 0.44 kNmm−1 g−1 
 Unpatched 3410N 44Ng−1 24.5 kNmm−1 0.31 kNmm−1 g−1 

exhibit significantly higher strains under the same load compared to 
the patched plates.

Table  3 summarizes the average force at break, specific force at 
break, initial stiffness, and specific initial stiffness with standard de-
viation for the center-holed C/C–SiC samples. Both unpatched plates 
fractured in the elliptical region, while all patched plates failed in the 
clamping area. The patched plates exhibited an average force at break 
of 6063 ± 598 N, significantly higher than that of unpatched plates, 
which failed at 3410 ± 215 N. Comparing the specific force at break, 
the patched plates demonstrated a 55% increase.

The localized application of patches not only increased component 
stiffness but also significantly enhanced the force at break. Patching led 
to substantial local thickening, with more than a doubling of thickness 
in critical areas. This thickening contributed to the reduction of u0, 
indicating fewer matrix cracks under equivalent loading conditions. 
This assumption is supported by the strain field results. Reduced matrix 
cracking improves load transfer between fibers and matrix, decreasing 
the likelihood of local fiber overloading in the vicinity of cracks [29]. 
Consequently, this lowers the probability of premature fiber failure. 
Ultimately, this contributes to a higher force at break in patched plates, 
with failure occurring in the clamping region. Since this region cannot 
be reinforced with patches, it remains the structural weak point.

5. Conclusion

This work presents methods for parameter identification, structural 
optimization, and processing for ceramic matrix composites manufac-
tured with the fiber patch placement process. As a validation example, 
a locally reinforced, center-holed C/C-SiC plate was optimized, manu-
factured and experimentally tested. The conclusion are summarized as 
follows:
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Fig. 11. Uniaxial strain field ("yy) of the (a) unpatched plate and (b) patched plate at 3600 N.

• The inverse parameter identification method enables the deter-
mination of single layer orthotropic elastic patch properties with 
an error of 1.3% even though the manufacturing is restricted to 
cross-ply laminates. The proper choice of experimental setups, 
especially including a unbalanced [0/0/90]2s cross ply setup, 
provides strong indication that the solution to the optimization 
problem is well posed.

• Gradient-based optimization of patch positions via a smoothed 
patch projection and a differentiable FEM solver increases the 
stiffness efficiently. The optimization accounts for hard con-
straints on symmetry and soft constraints on the domain.

• By sequentially curing the patched CFRP preform, the desired 
structure could be successfully realized using the LSI process. 
Microscopic analysis shows excellent adhesion between the rein-
forcement patches and the base plate.

• Cyclically increasing tensile tests demonstrate good agreement 
between experimental results (component stiffness: 38.8 kNmm−1) 
and numerical simulations (initial component stiffness:
39.05 kNmm−1). The use of patches increased initial stiffness by 
59% with a weight increase of only 14%. In addition to increased 
stiffness, an enhancement of strength was observed, mainly at-
tributed to the more than doubling of thickness in critical areas. 
Local reinforcement causes a shift in the failure location from the 
region of the ellipse to the clamping area. Given the significant 
manufacturing complexity, the experimental campaign was neces-
sarily restricted to small sample sizes. Although the results show 
consistent trends and strong agreement with simulations, these 
findings should be interpreted within the context of their inherent 
statistical limitations. 

The methods presented in this work for processing and optimizing 
locally patched C/C-SiC structures have shown promising results. The 
approaches appear to be suitable for both optimization and practical 
implementation. As a possible next step, future investigations could 
focus on optimizing not only for stiffness but also for strength. Ad-
ditionally, following the successful demonstration on two-dimensional 
structures, it may be worthwhile to consider fully patched components 
with more complex geometries, both in two and three dimensions.
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