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3D computational simulations of fatigue of hybrid carbon/glass fiber reinforced composites is carried out
using X-FEM and multifiber unit cell models. A new software code for the automatic generation of unit
cell multifiber models of composites with randomly misaligned fibers of various properties and geomet-
rical parameters is developed. With the use of this program code and the X-FEM method, systematic
investigations of the effect of microstructure of hybrid composites (fraction of carbon versus glass fibers,
misalignment, and interface strength) and the loading conditions (tensile versus compression cyclic load-
ing effects) on fatigue behavior of the materials are carried out. It was demonstrated that the higher frac-
tion of carbon fibers in hybrid composites is beneficial for the fatigue lifetime of the composites under
tension–tension cyclic loading, but might have negative effect on the lifetime under compression-com-
pression, and has mixed effect for the tension–compression cyclic loading. Further, it was observed that
while the fiber misalignment has some potential for increasing the fracture toughness of the hybrid com-
posites, it speeds up the fiber damage and leads to the shortening of fatigue life.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction lifetime both in air and in water compared with all-glass samples,
High reliability and extended lifetime of wind turbines are the
important pre-conditions for the successful development of the
renewable energies in Europe. While the traditional fiberglass/
polymer composites still remain the most widely used materials
for wind turbines, the interest to alternative, stronger, stiffer and
lighter composite fibers, first of all, carbon fibers, is growing [1].
However, the lighter, stiffer and stronger carbon fibers have also
their weaknesses, first of all, high price (as compared with glass)
and relatively low compression strength. That is why hybrid com-
posites containing both glass and carbon fibers attracted an inter-
est of industry and scientists [2,3]. In the best case, it is expected
that the hybrid composites could combine the strong sides of glass
and carbon fibers, at the same time, compensating for their weak-
ness. According to the analysis of costs and benefits of replacement
of glass fibers by carbon fibers for a 8 m blades carried out by Ong
and Tsai [4], the full replacement would lead to 80% weight sav-
ings, and cost increase by 150%, while a partial (30%) replacement
would lead to only 90% cost increase and 50% weight reduction.

The reliability and lifetime of wind turbine blades are deter-
mined by the fatigue damage resistance of wind blade materials.
In a number of works, the fatigue behavior of hybrid composites
has been studied. Shan et al. [5], and Shan and Liao [6] observed
that glass–carbon hybrid composites samples demonstrate higher
also under static and dynamic fatigue loading. Burks et al. [7] dem-
onstrated in their model that ‘‘carbon fiber reinforced composites
perform better in fatigue loading, in comparison to glass fiber rein-
forced composites, due to the fact that the state of stress within the
matrix material was considerably lower for carbon fiber reinforced
composites eliminating (or at least prolonging) fatigue damage ini-
tiation’’. Wu et al. [8], considering the glass-basalt hybrid compos-
ites, noticed that the hybrid effect can reduce the variability of the
fatigue life.

Redon [9] studied micromechanisms, and the effects of mis-
alignment and thermal dissipation on the fatigue of hybrid com-
posites, and observed, among others, frictional sliding between
carbon and glass fiber bundles in on-axis specimens. For off-axis
loading, the main energy dissipation mechanism was the inelastic
shear deformation of polymer matrix. The sensitivity of the fatigue
lifetime to the fiber misalignment is higher at the higher angle be-
tween the fibers and loading. It is of interest that the author ob-
served the localization of heat generation in the composites just
prior to the failure. Bach [10] did not observe any positive effect
of replacement of 30% glass by carbon fibers in glass fiber rein-
forced polyesters, either as coupons or in bolted joints, and con-
cluded that there is no benefit in adding carbon fibers (however,
the report was published in 1992). In the quite recent studies, Bor-
tolotti [11] tested hybrid, pure glass and pure carbon samples used
in used in the spar caps and in the trailing edge reinforcement.
From the experiments, it was concluded that the best performance
of the composites (longest tensile fatigue lifetime, highest stiff-
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ness) is observed in pure carbon fibers for all load ratios; however,
there was very large scattering of results for tension–compression
loading. At the high compressive loading however, the hybrids led
to lowest S–N curves. Summarizing, one can state that the hybrid
composites have a high potential for using as highly durable and
damage resistant materials in wind turbines. However, their per-
formances depend on a number of microstructural and loading
parameters, and these effects should be analyzed both experimen-
tally and theoretically.

In this paper, we seek to analyze the fatigue resistance of hybrid
composites and the effects of the hybridization and interaction be-
tween different fibers, fiber misalignment and loading conditions
on the fatigue behavior. In order to do it, we develop 3D computa-
tional unit cell model of hybrid composites with misaligned fibers
and carry out systematic numerical simulations of the composite
degradation under different loading conditions. In the computa-
tional model, we use the effective fiber–matrix interface concept
(allowing to take into account the interface degradation and dam-
age) and apply the extended FEM approach. To analyze the effect of
microstructural parameters, such as interface material properties,
misalignment of fibers, fiber types and distribution in the compos-
ites as well as of different loading conditions on the fatigue perfor-
mance of hybrid fiber reinforced composites.
2. 3D computational model of hybrid fiber reinforced
composites (HFRC)

2.1. Automatic generation of 3D models of hybrid misaligned fiber
reinforced composites

A special Python based software code has been developed for
the automatic generation of 3D multi-element unit cell FE models
of hybrid fiber reinforced composites [12]. The program allows
varying the fiber orientation (random, aligned, aligned at some an-
gle to the loading direction), radii, arrangements of the fibers. All
the fibers are randomly arranged in the matrix, and its location is
decided by the two center points on top and bottom face, respec-
tively [13]. The coordinates of the points are generated using the
Mersenne Twister random number generator. Each fiber is associ-
ated with a misalignment angle, which is also generated using
the random number generator. The range of the angle is set to be
0–10�.

In order to model the interface damage, including the non-
plane, rough nature of the fiber/matrix interfaces, we used the
effective interface concept introduced in [12,14–16]. The material
layer surrounding the fiber and taking into account the fiber
surface roughness and modified properties of matrix in the close
Fig. 1. 3D unit cell models of hybrid composites (a) unidirectional (carbon/glass volume
with fibers cut by the borders.
vicinity of the fibers is represented as a ‘‘third material’’. The inter-
face has layer thickness but quite smaller when compare with the
fiber diameter [17].

Fig. 1 shows examples of several unit cells models of hybrid
composites: aligned, misaligned, with fibers cut by the cube bor-
ders. Here, the so-called ‘‘carbon/glass volume ratio’’ is defined as
the ratio of the carbon fiber volume to that of the glass fibers vol-
ume in the unit cell.

2.2. Numerical implementation of fatigue analysis

In this model, two stages of fatigue crack growth (onset of crack
growth and crack propagation) are considered (see also [18]). A
pre-fatigue step is used to introduce initial defects in the model.
The model is subjected to a quasi-static loading. Maximum princi-
pal stress criterion is involved to govern the initiation of defects
[17,19].

Then, the fatigue modeling procedure is activated. The crack
propagation is described using the Paris law [20].

The criterion of the onset of fatigue crack is NO
c1ðDGÞc2 P 1. Here, N0

denotes the number of cycles to the onset, c1 and c2 are material
constants while DG represents the range of strain energy release
rate [18].

The fatigue crack growth rate is described by a power law:
da
dN ¼ c3ðDGÞc4 , where da/dN represents the crack growth rate (fati-
gue crack length growth per loading cycle), c3 and c4 are material
constants.

The linear elastic fracture mechanics (LEFM) approach and the
extended-FEM method [21–24] are employed in the crack propa-
gation analysis. The strain energy release rates are calculated by
the Virtual Crack Closure Technique (VCCT) [25–27].

2.3. Fiber and matrix properties

The following properties of matrix, glass and carbon fibers and
the effective interface layers of hybrid composites have been used
in the simulation [28–33]:

Matrix (Epoxy): Young’s modulus of 1.9 GPa, Poisson’s ratio of
0.37; tensile strength of 68 MPa, compression strength of 88 MPa.

Carbon fibers: radius 4 lm, Young’s modulus of 276 GPa, Pois-
son’s ratio of 0.37; tensile and compressive strengths are
3000 MPa and 2800 MPa, respectively.

Glass fibers: radius 8 lm, Young’s modulus is 72 GPa, Poisson’s
ratio is 0.26; tensile and compressive strengths are 2500 MPa and
1500 MPa, respectively.

The threshold and critical strain energy release rates of differ-
ent material phases and different fracture modes are as follows
ratio: 1:3), (b) misaligned (carbon/glass volume ratio: 1:1), (c) multi-fiber FE model



Fig. 2. Comparison of the S–N curves of HFRC with different carbon/glass ratios.
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[34–38]: Matrix: GIth = 0.36 kJ/m2, GIC = 0.103 kJ/m2, GIIth = 0.24 kJ/
m2, GIIC = 0.648 kJ/m2, GIIIth = 0.306 kJ/m2, GIIIC = 0.850 kJ/m2; Glass
fiber: GIth = 0.21 kJ/m2, GIC = 0.682 kJ/m2, GIIth = 0.651 kJ/m2,
GIIC = 2.245 kJ/m2, GIIIth = 0.994 kJ/m2, GIIIC = 2.923 kJ/m2; Carbon
fibers: GIth = 0.919 kJ/m2, GIC = 3.169 kJ/m2, GIIth = 4.995 kJ/m2,
GIIC = 12.183 kJ/m2, GIIIth = 4.526 kJ/m2, GIIIC = 16.161 kJ/m2;
GMInterface: GIth = 0.058 kJ/m2, GIC = 0.161 kJ/m2, GIIth = 0.738 kJ/m2,
GIIC = 2.05 kJ/m2, GIIIth = 0.893 kJ/m2, GIIIC = 2.35 kJ/m2; CMInterface:
0.144 kJ/m2, GIC = 0.379 kJ/m2, GIIth = 0.476 kJ/m2, GIIC = 1.70 kJ/m2,
GIIIth = 0.712 kJ/m2, GIIIC = 1.78 kJ/m2. Here, GMInterface is the glass–
matrix interface while CMInterface stands for the carbon–matrix
interface. As a first approximation, we used the four material con-
stants c1, c2, c3 and c4 from [18]: c1 = 2.8461 � 10�9, c2 = �12.415,
c3 = 2.44 � 106 and c4 = 10.61.

The thickness of this layer was taken as r/10, where r stands for
the radius of carbon/glass fiber [39]. In so doing, we used also the
analysis by Williams et al. [40], who observed that ‘‘the modulus
data as a function of distance from the fiber surface’’ and this ‘‘dis-
tance’’ is depend on the fiber properties (carbon or glass). When
the ‘‘distance from the fiber surface’’ is larger than 1 lm, Young’s
modulus is practically equal to that of matrix. In our current model,
the interface layers surrounding the fibers were assigned average
properties between the fibers and matrix. The models were subject
to uniaxial static or cyclic loadings along the Z (vertical) direction
(uniform on the upper face of the box). The numerical simulations
are carried out using the finite element commercial software
ABAQUS/STANDARD (version 6.11). The C3D8R element, a 3D
8-node linear brick, reduced integration element, in conjunction
with the C3D4, a three-dimensional 4-node linear tetrahedron ele-
ment, were used in the FE analysis.
3. Computational simulations of fatigue evolution in hybrid
composites

In this section, we seek to study the effect of microstructure of
composites (fractions of different fibers, misalignment, interface
properties) and the loading conditions on the fatigue resistance
and lifetime using the computational models described in
Section 2.
3.1. Fatigue of hybrid composite: role of fiber mixing

A number of unit cells with different contents of glass and car-
bon fibers were generated, and subject to tension–tension cyclic
loading, displacement controlled, with stress ratio (defined as the
ratio of minimum loading to maximum loading) of R = 0.1. The unit
cell sizes are 42.3 � 42.3 � 125 lm. The total volume content of all
fibers was set at 44.9%. Varying the ratio of carbon/glass contents,
we vary also the total amount of fibers (given that the radii of glass
and carbon fibers differ).

Fig. 2 gives the S–N curves for the unit cells with different car-
bon/glass content ratios obtained in the simulations. The maxi-
mum stresses were normalized by the initial maximum stress of
pure carbon fibers reinforced composite, 484.22 MPa.

The S–N curves on Fig. 2 exhibit two regions. The plateau-like
region I of high stresses and short lifetimes is apparently controlled
by the static damage mechanisms. The part taken by this region in-
creases with increasing the volume fraction of carbon fibers in the
hybrid composite. In the region II, controlled by the fatigue degra-
dation of the material, applied stress is quickly reduced with
increasing the required lifetime. One can see that the higher the
content of glass fibers in the composite and the lower the carbon
content, the steeper the reduction of the applied stress as a func-
tion of lifetime. The composites with the highest volume fraction
of carbon fibers have the highest stress and longest lifetime under
tension–tension (T–T) cyclic loading, while the parameters for the
pure glass composites were the lowest.

The pure carbon fiber reinforced composite demonstrate the
maximum stress 32.2% higher than those with pure glass
reinforcement.

This conclusion confirmed by experiments by Phillips [41]. In
his work, the lifetime of composite with 50/50 glass/carbon and
pure glass were compared. The stress for the lifetime 106 was
100% times higher for 50/50 composite than for pure glass. In
our results, the difference was 85% higher. Thus, our simulations
correspond well to these experiments.

The conclusions about the best performances of pure carbon
composites and the positive effect of replacement of glass by car-
bon for cyclic tensile loading is confirmed by the experiments by
Bortolotti [11] as well.

Fig. 3 shows the fatigue crack development in a composite with
3:1 carbon/glass ratio. The crack is initiated in a carbon fiber
(Fig. 3a), and just after that, other fibers located close to the broken
carbon fiber also become damaged (Fig. 3b). At the same time, the
crack penetrates into the fiber–matrix interface and then to the
matrix. This damage sequence seems to be controlled by the dis-
tances between the broken carbon fiber and the intact fibers near-
by (Fig. 3c–e). The fibers which are closer to the broken fiber are
damaged earlier. Finally, the cracks meet and join together in the
matrix. The effect of the distances between fibers on the damage
mechanisms and the sequence of damage suggests the possibility
to influence the damage resistance of hybrid composites by bun-
dling or clustering of fibers [30].

One can notice that while the damage evolution starts at the
carbon fibers (due to their much lower critical strain as compared
with that of glass fibers), the higher fraction of carbon fibers still
leads to the better S–N curves and longer lifetime of the composite.
Apparently, the high stiffness of carbon fibers leads to the higher
resistance to the applied stresses. After the damage evolution
starts (by failure of a fiber, probably, carbon fiber), the stiffness
of the unit cell is reduced, and the strain (at the same stress or
force) is reduced as well, the applied strain on the composite be-
comes lower, thus, reducing the likelihood of further carbon fiber
failure.

3.2. Damage growth in interfaces

In order to get a more clear view of the damage evolution in dif-
ferent phases of the composites, we plotted the damage versus
loading cycle for fibers, interface and matrix. Fig. 4a shows the



(a) cycle number: 
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(b) 7.23×105 (c) 5.15×106 (d) 9.86×106 (e) 1.75×107 

Fig. 3. Crack evolution in a hybrid composite (with carbon/glass volume ratio 3:1).
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curves for the hybrid composite with carbon/glass volume ratio of

1:3. The damage parameter is defined as D ¼ Sfail

Stotal
, where Sfail de-

notes the projection of the crack surface for different material
phases on the horizontal X–Y plane, Stotal is the initial total pro-
jected area. For comparison, Fig. 4 presents also the curves for case
of the same microstructures, but with two times softer interface
(i.e., with Young modulus of one half of the ‘‘normal’’ averaged
interface: EW�Inter ¼ 1

2 EN�Inter ¼ 1
4 ðEMatrix þ EFiberÞ. To simplify the

comparison, the data on the horizontal axis were all normalized
by the cycle-to-failure of interface layer. From the Fig. 4a, one
can see that the damage initiates in the carbon fibers, then starts
to grow in the interfaces and go over to other neighboring fibers,
and later develops in the matrix. This corresponds to the direct
observations presented in Section 3.1, Fig. 3.

For the composite with softer interface (i.e., that with lower
Young modulus, but the same fracture toughness), the curves for
damage in fibers and matrix are similar to those with stiffer inter-
face, but the damage in interface curves are, as expected, different.

In this case, the carbon fibers fail much earlier than in the case
with stiffer interfaces. The two times softer interface accelerates
the damage of carbon fibers by 54.38%. This is an interesting obser-
vation: while the softer interfaces lead to the proportionally short-
er lifetimes in matrix, glass fibers and interfaces, its effect on the
carbon fibers is much stronger. Apparently, the damage evolution
in carbon fibers is very dependent on the interface stiffness.

Fig. 5 shows cross-section views of the damaged hybrid com-
posites with normal and soft interface. In both cases, cracks are
formed first in a carbon fiber and then develops into the interface,
matrix and in neighboring glass fibers. The main difference is that
the crack grows directly into the matrix in the material with stiffer
interface (Fig. 5a), and turns into the interface layer if the interface
layer is soft (Fig. 5b).

Let us compare the interface damage growth rate under cyclic
loading for different structures of hybrid composites. Fig. 6 shows
the interface damage parameter as a function of the number of
loading cycles, for pure carbon, pure glass composites and hybrid
Fig. 4. Damage parameters evolution under tension–tension loading of hybrid FRCs with
damaged, 2.41 � 106), (b) soft interface (similarly, normalized by 1.17 � 106).
composites with carbon/glass ratios 1:3, 1:1, 3:1. The horizontal
axis is normalized by the lifetime of the interface in pure carbon
fiber reinforced composite, 4.27 � 107. One can see that the inter-
face damage growth increases in the following order: pure glass-
hybrids 1:3–1:1–3:1 -pure carbon. The interface damage growth
rate is highest for the glass and lowest for pure carbon reinforced
composites. The interfaces in carbon reinforced composites can
sustain 60% more loading cycles than that of glass reinforced
composites.
3.3. Fiber misalignment effects in composite fatigue

Here, we study the effect of the fiber misalignment on fatigue
behavior of hybrid fiber reinforced composite. We consider the
unit cell models with ideally aligned fibers (Fig. 7I) and randomly
misaligned fibers (Fig. 7II). In order to exclude all other effects,
the volume content (42.3%), carbon/glass ratio (1:1) and fiber
arrangements (on the lower horizontal side of the unit cell box)
were kept the same in both models.

The misalignment angles of fibers in the 2nd model were ran-
domly varied between 0� and 10�. The models are subjected to ten-
sion–tension cycle loading (with stress ratio of R = 0.1) along the Z
(vertical)-direction.

Fig. 8 shows the normalized S–N curves for the unit cells with
aligned and misaligned fiber distribution. The data are normalized
by the initial maximum stress of the aligned hybrid FRC composite,
374.43 MPa. One can see that the misalignment clearly reduces the
lifetime of composites, especially at the applied loading of the or-
der of 0.3. . .0.7 of critical maximal stresses, and lower. The lifetime
is reduced due to the misalignment by up to 60–65%.

It is of interest to compare this with the results by Mandell and
Samborsky [31]. In their experiments, the stress corresponding to
106 cycles lifetime decreases due to an addition of 10� misalign-
ment by 17.9%. In our simulations, at the same lifetime, the stress
decreases by 22.2%. Given rather rough estimation of input data, it
can be said that these experiments confirm our results.
(a) normal interface (normalized by the cycle number at which the interface is fully



Fig. 5. Micromechanisms of the interface properties effect of hybrid composites (a) normal interface, (b) soft interface.

Fig. 6. Interface damage parameter evolution as a function of carbon/glass ratio.

Fig. 8. S–N curves of hybrid composites with aligned and unaligned fibers.
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Fig. 9 shows the fatigue crack morphology in aligned and misa-
ligned models, respectively. One can see that the cracks in carbon
fibers look differently: while in the aligned composite, the crack
surface in carbon fibers is smooth and horizontal (Fig. 9a), one
can see the strong crack deviations along the fiber length (proba-
bly, shear controlled) in carbon fibers in the misaligned model
(Fig. 9b). Thus, one can expect intensive (shear controlled) crack
deviations and much more rough fracture surface, as a result of
the fiber misalignment in the composites. Redon [9] also observed
that the fiber misalignment leads to more energy consuming crack
propagation, subject to the strong inelastic shear effects. Still,
while the fiber misalignment has some potential for improving
the composite performances (e.g., fracture toughness enhance-
ment by crack deviations and fracture surface roughening), it has
generally a negative effect of the fatigue lifetime, as noted above
and also demonstrated in [30]. Fig. 10 shows the damage parame-
ter evolution for the different material phase for the aligned
(Fig. 10a) and misaligned (Fig. 10b) hybrid composites. It can be
seen that the carbon fibers are damaged much earlier and the
Fig. 7. FEM unit cell models of (a) aligned and (b) mis
damage growth goes much more quick in the composites with
the random fiber misalignment, than in the composites with
aligned fibers. The difference of the damage in carbon fibers in a
misaligned and aligned composite is about 25%.

3.4. Effect of compressive cyclic loading on the fatigue lifetime in
hybrid composites

Compressive damage mechanisms in composites differ from the
tensile damage mechanisms.

One of the main compressive damage mechanisms in hybrid
composites can be fiber kinking or buckling [30,42–44]. In this sec-
tion, we seek to analyze the fatigue behavior of hybrid composites
under compression–compression and tension–compression cyclic
loading, using the multifiber unit cell models developed above.

3.4.1. Compression–compression loading
A number of unit cells with different carbon/glass ratios were

subject to cyclic compression–compression loadings and tested
aligned hybrid composites, general and top views.



Fig. 9. Crack formation in aligned (a) and misaligned (b) structures.

Fig. 10. Damage parameter in main phases plotted versus the life cycle number (a) composite with aligned fibers (normalized by the interface lifetime of 4.16 � 106) (b)
composite with misaligned fibers (normalized by the interface lifetime of 3.12 � 106).

Fig. 11. S–N Curves of different hybrid composites under compression–compres-
sion cyclic loading. Vertical axis is normalized by 314.54 Mpa.
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in numerical experiments. Assuming the fibers to be elastic and
describing the matrix behavior using the Ramberg–Osgood equa-
tion, we apply the Budiansky–Fleck model [42] to simulate the
compressive damage. Fig. 11 presents the S–N curves of hybrid
composites under compression–compression loading.

It is of interest to compare Figs. 13 and 6, obtained for compres-
sion–compression (C–C) and tension–tension (T–T) loading,
respectively. One can see that the hybrid composites with the
highest carbon/glass volume ratio (i.e., largest fraction of carbon fi-
bers) show the lowest maximum stress and fatigue lifetime under
C–C cyclic loading. It is the adverse tendency when compared with
the T–T loading results shown in Fig. 3.

Fig. 12 shows the fiber damage mechanism observed in simula-
tions. Kinking was found not only in carbon fibers but also in glass
fibers. Still, it was observed much more often in carbon fibers. As
different from the tension–tension loading, the fiber damage first
initiates in glass fibers, and not in carbon. Fibers which are closer
to the first damaged glass fiber are damaged next. Fig. 13 shows
the damage parameter evolution in different phases of the hybrid
composite with carbon/glass volume ratio of 1:1. Again, we can
see that carbon fibers get damaged earlier than the glass fibers.
Fig. 12. Kinking of fibers.
3.4.2. Tension–compression loading
In this subsection, we consider the fatigue behavior of hybrid

composites under tension–compression (T–C) cyclic loading, with
the stress ratio R = �1.

Fig. 14a shows the S–N curves for different hybrid composites
under tension–compression loading. One can see that the compos-
ite with the carbon/glass volume ratio 3:1 (high carbon content)
has the highest maximum stress but the shortest lifetime while
the composite with carbon/glass volume ratio 1:3 (low carbon con-
tent) has the lowest maximum stress and longest lifetime. We can
conclude that the fraction of the carbon fiber in the composites has
a strong effect on the fatigue performance of hybrid composites.

The evolution of the damage parameters in different material
phases is given in Fig. 14b. The data correspond to a hybrid
composite with 1:1 carbon/glass ratio under T–C cyclic loading.
The lifetime is normalized by the maximum interface lifetime,
which has the value of 1.43 � 106. One can see, again, that the car-
bon fibers under T–C cyclic loading start to get damaged earlier
and much quicker than the glass fibers. Again, we see that while



Fig. 13. Damage parameter evolution in 1:1 hybrid composite under compression–
compression loading (normalized by the interface lifetime: 3.74 � 106).

Fig. 14. S–N curve and damage parameter evolution of hybrid FRC under T–C loading
normalized by 302.21 Mpa.

Fig. 15. Different failure modes under tension loadin

Fig. 16. Observed damage mechanisms in a misaligned hybrid composite under
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the damage evolution in hybrid composites starts at the carbon fi-
bers (both in tensile and compressive loading), but then the higher
fraction of carbon fibers in the hybrids ensures the better S–N
curves and longer lifetime.

Fig. 15 presents some examples of failure models observed in
simulations. It was observed that cracks in glass fibers mainly ini-
tiate during the tension period, while cracks on the carbon fibers
form during the compression loading period. After a crack is
formed in a carbon fiber, it continues to grow during the tension
loading period (Fig. 15a) but the failure mode will be changed from
mode II (shear fracture, under compression loading) failure to
mode I (tensile fracture). Kinking has been observed in both carbon
and glass fibers again (Fig. 15b). Thus, our simulation results con-
firm the damage mechanism of carbon fibers by shear and kinking
observed by Hahn [44].

Further, it is of interest to analyze the combined effect of com-
pressive loading and fiber misalignment. Fig. 16a shows the crack
formation in a hybrid composite with misaligned fibers. Again, we
(a) S–N curves, (b) damage parameter evolution in 1:1 hybrid FRC. Vertical axis is

g period (a) and compression loading period (b).

T–C loading (a) and S–N curves (vertical axis is normalized by 256.36 MPa).
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see kinking in both carbon and glass fibers. The shear (mode II fail-
ure) can be also seen in carbon fiber. Comparing these results with
Fig. 15b (unit cell with aligned fibers), we can conclude that the
misalignment of fibers increases the crack deflection, and crack
surface roughness, and also accelerates the damage growth in fi-
bers. A hybrid composite with high fiber misalignment shows a
lower maximum stress and shorter lifetime than that with aligned
fibers (see also S–N curves, Fig. 16b).
4. Conclusion

Fatigue of hybrid carbon/glass composites is studied using the
computational experiments approach, based on 3D multifiber unit
cell models and X-FEM.

A Python based software code for the automatic generation of
unit cell FE models of hybrid composites with randomly misa-
ligned fibers is developed, and applied in simulations.

Systematic investigations of the effect of microstructure of hy-
brid composites (fraction of carbon versus glass fibers, fiber mis-
alignment, interface properties) and the loading conditions
(tensile and compression cyclic loading) on fatigue behavior of
the hybrid composites are presented.

In the computational studies, the following conclusions were
made:

� Under tensile–tensile cyclic loadings, composites with the high-
est volume fraction of carbon fibers show the best performances
and longest lifetime, while the parameters for the pure glass
composites were the lowest.
� Also under T–T loading, the following damage evolution was

observed: a crack is initiated in a carbon fiber, and, in some
cases, other microcracks can form in other (carbon or glass)
fibers located closely to the broken glass fiber. The fibers which
are closer to the failed fiber are damaged. The cracks can prop-
agate into fiber/matrix interface (if the interface is weak), or can
grow straight into the matrix. Finally, the cracks join together in
the matrix.
� The fiber misalignment has some potential for increasing the

fracture toughness of the hybrid composites, since the intensive
(shear controlled) crack deviations and much more rough frac-
ture surface can be expected as a result of the fiber misalign-
ment in the composites. Yet, the fiber misalignment speeds up
the fiber damage and clearly reduces the lifetime of composites.
Carbon fibers are damaged much earlier and the damage
growth goes much more quick in the composites with the ran-
dom fiber misalignment, than in the composites with aligned
fibers.
� The stiffness of fiber/matrix interface has a strong effect on the

lifetime of composites, especially on the strength and damage of
carbon fibers.
� Under compression–compression loading, hybrid composites

with the highest carbon/glass volume ratio (i.e., largest fraction
of carbon fibers) show the lowest maximum stress and fatigue
lifetime. In this case, the fiber damage initiates in carbon fibers.
Under tension–compression cyclic loading, after a crack is
formed in a carbon fiber, it continues to grow during the tension
loading period but the failure mode will be changed from mode
II (shear fracture, under compression loading) failure to mode I
(tensile fracture).
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