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Abstract

Carbon fibre-reinforced polymers (CFRP) based on woven or non-crimp fabrics are widely used in various
industrial sectors such as automotive, aerospace, and wind energy. The demand for repair concepts for these
high performance materials is strongly increasing. A new chemical-physical repair method of CFRPs was de-
veloped, based on the local removing of the thermoset matrix by energetically activated oxide semicon-
ductors, and the subsequent patch integration and matrix refilling. In the scope of this repair method the
design of load-adjusted textile repair patches is a major task. In this paper the design of a textile patch to
regain the composites performance is analysed by simulation. Therefore, a finite element (FE) simulation ap-
proach based on the domain superposition technique (DST) is used. This approach enables the modelling
of a textile reinforcement structure on the mesoscale, while the matrix is modelled on the macroscale. This
leads to a high level of detail by a relatively low computational effort.

Keywords: composite repair method, patched composites, domain superposition technique (DST), finite el-

ement method (FEM), composite failure modelling

1 Introduction

The efforts to reduce CO, emissions are driven,
among many other things, by lightweight construc-
tions. The use of carbon fibre-reinforced polymers
(CFRP) is gaining importance in several fields of
application due to its excellent mechanical proper-
ties at little weight. The damage of these composite
materials, such as delamination, debonding, fibre or
matrix breakage, is an increasing concern. There-
fore, the demand for appropriate repairing concepts
is getting in the focus of investigation. Mostly dam-
aged components are replaced and rarely repaired.
A currently applied repair procedure is the scarf
method. The damaged area is removed by mechani-
cal abrasion (e.g. milling) and a metal sheet or car-
bon fibre patch is inserted [1, 2]. A new chemical-
physical repair method for CFRP by the use of oxide
semiconductors (OSC) was previously presented
[3]. In this method the thermoset matrix is locally
removed by applying an OSC in the damaged area.
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The matrix is completely removed by heat-indicated
activation of the catalyst. Afterwards the damaged
fibres are removed and a load-adjusted repair patch
is inserted. The composite structure is reconstruct-
ed by refilling with the thermoset matrix.

Designing the required load and geometry adjusted
repair patches based on finite element (FE) simula-
tions to regain the composite performance is envis-
aged due to a reduced trial-and-error design phase.
For the simulation the domain superposition tech-
nique (DST) offers many advantages. All reinforce-
ment layers are considered individually and the best
geometry for each layer of the repair patch can be
designed. Moutoussamy et al. [4] applied the DST
for the simulation of steel rebars in concretes. Jiang
and Hallet [5, 6] presented the DST for the simula-
tion of woven textile reinforcements in composites.
Pure mesoscale and microscale models of compos-
ites as shown in [7, 8] are characterised by complex
modelling and high computational effort and are
particularly useful for unit cell simulations.
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2 Experimental

2.1 Materials

The reinforcement structure used for the investiga-
tions was a twill woven fabric (KDK-8004 by Car-
bon Werke Weifigerber GmbH & Co KG) made of
12K (800 tex) carbon fibres. The fabric properties
are shown in Table 1. The breaking force and elon-
gation at break were determined according to ISO
4606 [9].

The resin used for the composite production was
EPIKOTE Resin MGS RIMR 135 with EPIKURE
curing agent MGS RIMH 134 (by HEXION Inc.)
with the properties shown in Table 2. For the deter-
mination of standard composite properties, the ten-
sile test (according to DIN EN ISO 527-4 [10]) and
an inter-laminar shear test (according to DIN EN
2563 [11]) were performed. The results are shown
in Table 3.

2.2 Repair Method

For the local matrix degradation in the damaged
area oxide semiconductors (OSC, i. e. Cr,0;, CeO,,
NiO, TiO,) were used [3]. By utilizing a mask the
OSC powder was applied on the composite and ac-
tivated with an IR-lamp. The best results could be
achieved with Cr,O;, where the matrix degradation

Table 1: Properties of the reinforcement structure
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of a 2 mm thick composite takes about 8-10 min.
Figure 1 shows the experimental set up for the local
matrix degradation.

After locally removing the matrix and the damaged
fibres a reinforcement patch is inserted. The geome-
try and load-adjusted design of the patch is very im-
portant to regain the composite performance. In the
last step the matrix was refilled using an epoxy resin
and the SCIMP-method (Seeman Composites Resin
Infusion Molding Process).

energy
source

treatment
distance

mask oxide

semiconductor :
specimen

Figure 1: Experimental set up for local matrix degra-
dation

2.3 Simulation Method

The simulation model for the load-adjusted patch
design has to fulfil crucial requirements, i.e. the rep-
resentation of the textile reinforcement structure, a

Area weight Fibre density [fibres/cm] Breaking force* [N/cm] Elongation at break* [%]
(g/m?] warp weft warp weft warp weft
650 4 4 2740 2680 2.2 2.2
*ISO 4606
Table 2: Properties of the resin system
Density Young’s modulus Tensile strength Compressive Elongation at
(g/cm’] (GPa] [MPa] strength break
g [MPa] [%]
1.18 3.2 75 90 8-16
Table 3: Properties of the composite
, . Elongation . Inter-laminar
Young's modulus | Breaking force* Tensile strength*
(GPal [N/cm] at break* [MPa] shear strength**
(%] [MPa]
warp weft warp weft warp weft warp weft
38 34 8970 8400 1.28 1.23 446 410 42.1

*DIN EN ISO 527-4, ** DIN EN 2563
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high adaptability for the patch geometry modelling
and a reasonable modelling and computational ef-
fort. For this, analysis methods which neglect the re-
inforcement layer stacking cannot predict the re-
quired stress- and strain distribution. The domain
superposition technique (DST) introduced by Jiang
et al. [5] is very promising for the modelling of re-
pair patches. Thereby the textile reinforcement
structure is modelled on the mesoscale embedded
in a solid element mesh of the matrix, whereby the
number of elements and the model size are reduced.

Textile Reinforcement Model

The textile reinforcement structure was modelled
on the mesoscale, where the yarns were represented
by shell elements. In order to achieve a realistic rep-
resentation of the yarn geometry and to avoid pene-
trations the shell element thickness was adapted
(Figure 2a). Figure 2b shows the geometry model of
the twill woven fabric, generated in accordance with
the method described in [12] for digital element
chains. The dimensions were determined by analys-
ing a micro-section. For the mechanical behaviour
of the reinforcement yarns a user defined material
model was used in LS Dyna [13]. Furthermore, the

equal shell thickness

Figure 2: Mesoscale model of the textile reinforce-
ment: (a) yarn cross section by adjusting the shell
thickness, (b) mesoscale model of twill woven fabric
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low bending stiffness of the yarns was taken into ac-
count by layered shell elements with adjusted mate-
rial properties of the single layers. This mesoscale
modelling approach is easily adaptable to various
reinforcement structures and can also be used for
drape or forming simulations.

Composite model

The shown model of the textile reinforcement was
embedded in a matrix mesh. By using the DST, the
matrix was not modelled explicitly, instead a global
mesh was used. Under tensile load of the patched
composites the delamination mode I (shear) and
mode II (tearing or twist) occur. The failure of the ma-
trix was realized in the matrix material model by im-
plementing a tensile and a shear stress based failure
criterion. The required inter-laminar shear stress pa-
rameters are determined according to standard DIN
EN 2563:1997. Furthermore, the fibre pull-out was re-
alised in the model with cohesive elements (nullshells).
The nullshells were kinematically constrained to the
matrix mesh and the elements of the reinforcement
structure were coupled to the nullshells with defined
interface normal and shear failure stresses.

Figure 3 shows exemplarily a composite model with
two layers of twill woven fabric and the matrix mesh
(blue). In a previous simulation step the two textile
layers are compacted to get the final composite
thickness and to represent the interaction of the
yarns. With this kind of simulation approach it be-
came possible to model single layers of the textile
reinforcement and the interaction with the matrix.
Thus, the optimal geometry and overlap length of
the repair patch can be designed to restore the com-
posite performance completely.

Figure 3: Scheme of the composite model

The simulation model, especially the elastic and fail-
ure behaviour of the composite, was validated with
the tensile test according to DIN EN ISO 527-4 and
the open-hole tensile test. The dimensions of the
open-hole specimens were 50 mm x 150 mm with
an open hole diameter of 20 mm. The dimensions
of the specimen differ from ASTM D5766/D5766M
in order to use them as reference for the benchmark
of the repair method.
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2.4 Repair Patch Design

For the design of the repair patch a uniform stress
distribution and the transferable stresses are most
important. Under tensile load the delamination mode
I (shear) and mode II (tearing or twist) and thus in-
ter-laminar shear stress occurs. Thus, the transmitta-
ble inter-laminar shear stress in the patched area
must be at least as high as the tensile strength of the
composite.

For the design of the repair patches the two layered
open-hole specimen was defined as a damaged com-
posite. Two different patch designs are discussed.
Patch 1 is a “step lap joint” with a ply per ply overlap
and patch 2 is an adapted patch with a higher struc-
tural integrity (Figure 4). Therefore, the original
structure and the patches were adapted to the ten-
sile load case [14]. The fibres oriented perpendicu-
lar to the tensile direction were removed from the
textile structure. In this case a symmetrical patch
design became possible without thickening the
composite. Furthermore, the number of load carry-
ing fibres was increased in the overlapping area.
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Figure 4: Different repair patch designs: (a) top view
(patch is blue), (b) section view: patch 1 and 2

3 Results and Discussion

3.1 Model Validation and Composite
Simulation

Simulation of the Tensile Test

The first validation case of the composite model is

the simulation of the tensile test without any holes
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according to DIN EN ISO 527-4. The simulation
shows excellent agreement with the experiments re-
garding tensile modulus, breaking force, and elonga-
tion at break (Figure 5a). Figure 5b shows the force-
elongation curves determined experimentally and
numerically under tension load. The failure of the
composite in the simulation is indicated by the slope
of the force curve at about 1.24% elongation at a force
of about 23 kN (tensile strength 460 MPa).

Simulation | Experiment
Young’s modulus 36.1 38.4
[GPa] (6.5%)*
Breaking force 9200 8976
[N/cm] (2.4%)*
Elongation at 1.24 1.28
break [%] (3.2%)*
Tensile strength 460 446
[MPa] (3.1%)*
*deviation to experiment
a)
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Figure 5: Tensile test simulation results: (a) simulati-
on and experimental data, (b) force elongation curve

Simulation of the Open-Hole Specimen

The second case is the simulation of the open-hole
specimen under tension load. Also a very good cor-
relation between the experiment and the simulation
results was achieved. The breaking force in the ex-
periment was about 23.1 kN and in the simulation
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about 22.5 kN. Figure 6a shows the von Mises stress
(equivalent stress) in the matrix just before and af-
ter the failure and Figure 6b shows the failed speci-
men from the experiment.

Figure 6: Simulation of the open-hole specimen: (a)
simulation (von Mises stress [MPa] in matrix), (b)
failed specimen

The simulation results show the applicability of the
selected simulation approach based on the DST. For
the investigated composite a very good agreement
between experiment and simulation in terms of ten-
sile and failure behaviour was achieved.

3.2 Simulation of Patched Composites

For the simulation of the patched composites two
models based on the open-hole specimen were creat-
ed. In a supplementary simulation step the geomet-
ric models of the patches are integrated in the exist-
ing model of the reinforcement. Figure 7 shows the
model of the textile reinforcement of patch design 2.
Figure 8 shows the non-uniform strain distribution
in the patched composite samples. The maximum
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Figure 8: Strain distribution in different patched spe-
cimens (total strain 0.5%): (a) patch design 1, (b) pat-
ch design 2

Figure 7: Patch 2 - mesoscale model of the textile (one half of the symmetric problem)
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strain profile across the middle surface of the speci-
men clearly indicates the local strain/stress peaks.
At a total elongation of the specimen of 0.5% al-
ready local strains of 1.69% (stress 52.3 MPa) in
patch design 1 and 1.32% (stress 48.8 MPa) in patch
design 2 occur in the specimen. These stress peaks
in the transition area indicate the beginning of the
failure. Compared to patch design 1, the stress peaks
are reduced significantly with patch design 2. This
can also be seen in the breaking forces of the speci-
mens. With patch design 1 the specimen breaks at a
load of 22.5 kN and with patch design 2 the speci-
men breaks at 40.8 kN. The advantageous stress and
strain distribution with patch 2 is caused by the
high structural integrity (2.4). In the patched area
(between 20-60 mm and 80-120 mm) the fibre vol-
ume fraction is higher, which results in a lower
strain (Figure 8b). The design of the transition zone
between the original structure and the repair patch
prevents the stress peaks. With patch design 2 ex-
cellent repair results can be achieved, the breaking
force under tensile load was about 89% of the un-
damaged reference specimen.

3.3 Repair Method

The local matrix degradation was successful [3]. An
optically evaluation shows that the specimen is lo-
cally resin free after local removing of the matrix.
The treated area is undamaged and unaffected by
the chemical-physical treatment of the process. Fig-
ure 9 shows the rectangular resin free area of the
open-hole specimen and a specimen with an inte-
grated repair patch after matrix refilling. The gener-
al suitability of the chemical-physical local repair
procedure was demonstrated.

a
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4 Conclusion

A novel repair method for CFRPs based on the local
matrix degradation was presented. For the design of
load- and geometry-adjusted repair patches the FE-
simulation was used. To take into account the struc-
ture of the textile reinforcement and the patch an
adaptable mesoscale model was applied. With the
domain superposition technique (DST) the compu-
tational effort was reduced, whereby the matrix was
not explicitly modelled. The simulation model also
considered the fibre and matrix failure as well as fi-
bre-matrix debonding. First simulations with differ-
ent patch geometries showed that about 90% of the
composite performance under tensile load can be
restored by the integration of a load-adjusted repair
patch. Thus, this method is suitable as a repair con-
cept for CFRP structures.
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