
International Journal of Fatigue 161 (2022) 106879

Available online 28 March 2022
0142-1123/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Effects of hybridization on the tension–tension fatigue behavior of 
continuous-discontinuous fiber-reinforced sheet molding 
compound composites 

M. Bartkowiak a,*, W.V. Liebig a, J. Montesano b, K.A. Weidenmann c 

a Karlsruhe Institute of Technology, Institute for Applied Materials – Material Science and Engineering, Kaiserstr. 12, 76131 Karlsruhe, Germany 
b Composites Research Group, University of Waterloo, Department of Mechanical and Mechatronics Engineering, 200 University Ave. West, N2L 3G1 Waterloo, Canada 
c University of Augsburg, Institute for Materials Resource Management, Am Technologiezentrum 8, 86159 Augsburg, Germany   

A R T I C L E  I N F O   

Keywords: 
Hybrid composites 
Continuous-discontinuous reinforcement 
Damage 
Effects of hybridization 
Crack density 

A B S T R A C T   

This study is focused on the fatigue of sheet molding compounds (SMC) with a discontinuous (DiCo) glass fiber- 
reinforced core and continuous (Co) unidirectional ([0/DiCo/0]) or cross-ply ([0/90/DiCo/90/0]) carbon fiber- 
reinforced face layers. Tension-tension tests were conducted on the constituents (i.e., DiCo and Co SMC) and 
hybrid specimens. Hybridization effects were larger under cyclic than under monotonic loading. Constraining 
effects resulted in enhanced high fatigue strength of the Co plies in [0/DiCo/0]. [0/90/DiCo/90/0] was more 
sensitive to fatigue than [0/DiCo/0] due to localized damage starting from 90◦-ply cracks. The S-N behavior of 
the hybrid was approximated from the behavior of DiCo SMC.   

1. Introduction 

Discontinuous fiber-reinforced sheet molding compounds (SMC) 
have been well-established as non-structural and semi-structural com
ponents in the automotive industry. SMCs offer the possibility to 
manufacture complex shaped parts through compression molding pro
cesses, which cannot be realized with continuous fiber reinforcements. 
Design freedom resulting from the flowability of SMC combined with 
low production costs makes this material system attractive for high 
volume production automobiles. However, their mechanical properties 
are considerably lower than those of continuous fiber-reinforced com
posites due to their limited fiber length, which prevents their use in 
structural components. One approach to overcome this disadvantage is 
the combination of discontinuous fiber-reinforced SMC with a load- 
optimized continuous fiber reinforcement [1]. An example for an 
application of such a hybrid material system is a subframe made of 
continuous and chopped carbon fiber-reinforced SMC combined in a co- 
molding process [2]. Another application in the automotive sector in
volves the use of chopped glass and carbon fiber SMC combined with 
unidirectional carbon fiber reinforcement to fabricate a windshield 
surround [3]. The structural complexity of hybrid continuous- 
discontinuous fiber-reinforced composites presents challenges in the 
design and dimensioning of parts. Damage evolution is influenced by 

interactions between the different constituents of the hybrid, leading to 
a material behavior that cannot be predicted based on the mechanical 
properties of the constituents. Detailed knowledge of these interactions 
and their influence on mechanical behavior is required for efficient 
application of continuous-discontinuous fiber-reinforced composites. 

Within the past few years, several researchers have worked on 
continuous-discontinuous fiber-reinforced SMC materials in the context 
of design, manufacturing, simulation and characterization to contribute 
to a fundamental understanding of these hybrid material systems [1] 
and study the effects of hybridization on their mechanical properties 
[4–6]. The definition of the hybridization effect, which was coined by 
Hayashi [7], originally described the failure strain enhancement of 
unidirectional carbon fibers when combined with more ductile glass 
fibers. Generally, a hybridization effect can describe the enhancement of 
a distinct property of the hybrid with respect to one of the components 
serving as a reference or a deviation of the property from a rule of 
mixtures [8]. Trauth and Weidenmann [4] studied the effects of hy
bridization of SMC composites with a discontinuous glass fiber- 
reinforced core and continuous carbon fiber-reinforced face plies. 
They reported an increase of 171 % and 151 % in tensile and 
compressive moduli of elasticity, respectively, and an increase of 204 % 
in tensile strength, compared to the baseline discontinuous SMC con
stituent. Furthermore, Trauth [6] showed that flexural stiffness and 
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strength of continuous-discontinuous SMC were 370 % and 101 % 
higher, respectively, compared to discontinuous SMC. Hybridization 
also had a positive effect on the maximum force and energy in puncture 
tests [5]. 

The effects of hybridization may also depend on the loading condi
tions since distinct damage mechanisms may manifest (e.g., quasi-static 
or fatigue). Therefore, results obtained under monotonic loading con
ditions, such as those reported in the previous studies, cannot simply be 
transferred to the case when cyclic loading is applied. While the fatigue 
damage behavior of discontinuous glass fiber SMC [10–12], unidirec
tional carbon fiber-reinforced composites [13–16] and cross-ply lami
nates [17–19] is largely understood, investigations on the fatigue 
behavior of continuous-discontinuous fiber-reinforced SMCs were 
mainly limited to material systems with glass fibers serving both as 
continuous and discontinuous reinforcement [20–22]. Due to the low 
difference in failure strain of both components, effects of hybridization 
were not particularly pronounced and the hybrid composites only 
showed a moderate resistance to fatigue. To date, no studies have re
ported the fatigue behavior of hybrid materials consisting of discontin
uous glass fiber SMC with continuous carbon fiber reinforcements. To 
the knowledge of the authors, only two reported studies addressed the 
fatigue behavior of hybrid composites combining continuous carbon and 
glass fibers reinforcements [23,24]. Dickson et al. [23] showed, that 
hybrid composites combining unidirectional glass and carbon fibers in 
an alternating layer configuration (carbon fiber volume ration of 25 %, 
50 % and 75 %) showed a higher fatigue ratio compared to both of the 
components. The fatigue ratio was defined by the fatigue strength at 106 

cycles divided by the ultimate tensile strength. Hofer et al. [24] studied 
quasi-isotropic glass/carbon hybrid composites and found the tensile 
fatigue behavior to be comparable to that of entirely carbon fiber rein
forced composites, when using a carbon to glass ratio of 2:1. The results 
suggest that reinforcing discontinuous glass fiber SMC with continuous 
carbon fibers might lead to a material system with promising fatigue 
properties. 

The current study is focused on analyzing the effects of hybridization 
on the fatigue life and damage evolution of a discontinuous glass fiber- 
reinforced SMC and continuous carbon fiber material system with an 
UPPH resin system. Two different material configurations were inves
tigated, which consist of a discontinuous glass fiber SMC core and either 
unidirectional ([0/DiCo/0]) or cross-ply ([0/90/DiCo/90/0]) carbon 
fiber-reinforced face plies. The first configuration corresponds to the 
material system analyzed by Trauth et al. [4–6] under monotonic 
loading conditions. The second configuration was additionally analyzed, 
as it is potentially useful for applications subjected to multiaxial loading. 

2. Materials and specimen geometries 

2.1. Materials and manufacturing 

Continuous and discontinuous semi-finished sheets were manufac
tured on a conveyor plant type HM-LB-800 (Schmidt and Heinzmann) at 
the Fraunhofer Institute for Chemical Technology, Pfinztal, Germany. 
An unsaturated polyester-polyurethane hybrid (UPPH) two-step curing 
resin system [9] served as matrix for both continuous and discontinuous 
SMC, which allowed for a continuous homogeneous matrix phase in the 
hybrid continuous-discontinuous fiber-reinforced SMC plaques. The 
reader is referred to [4] for detailed information on the composition of 
the resin system itself. To manufacture the discontinuous semi-finished 
material, the resin was applied to an upper and lower carrier foil. E-glass 
fiber strands were then chopped to 25.4 mm bundles and dispersed onto 
the lower foil in random orientation. The nominal fiber volume content 
was 26 % (nominal fiber weight content: 43 %). The fibers were sand
wiched between the two foils and the material went through a calen
daring zone before being rolled up and allowed to mature for several 
days. Continuous carbon fiber semi-finished material with a nominal 
fiber volume content 53 % (nominal fiber weight content: 64 %) was 

manufactured by feeding unidirectional carbon fiber non-crimp fabric 
instead of chopped glass fibers to the conveyor belt. Heating and cooling 
sections were installed at the end of the SMC manufacturing line to start 
the curing process by increasing the temperature to 80 ◦C and then stop 
the cross-linking reactions by cooling the material down to room tem
perature again. The temperature profile was chosen in a way that the 
first reaction of the two-step curing was completed after this 
manufacturing step, thereby increasing the viscosity, which allowed for 
better handling and cutting. 

After maturation, the semi-finished material was cut into plies, 
stacked and compression molded into plaques of 800 mm length and 
250 mm width on a hydraulic press (COMPRESS PLUS DCP-G 3600/ 
3200 AS by Dieffenbacher). The temperature of the mold was set to 
145 ◦C. A constant force of 2500 kN was applied during a mold-closing 
time of 112 s. In this regard, to manufacture discontinuous glass fiber- 
reinforced SMC plaques, the stack was placed into the rectangular 
mold with a mold coverage of 50 % to enforce preferential flow during 
compression molding. The resulting preferential fiber orientation leads 
to higher mechanical properties in the direction of flow [4]. Continuous 
carbon fiber-reinforced SMC plaques were manufactured with a mold 
coverage of 100 %. The compression molding process of the hybrid 
continuous-discontinuous fiber-reinforced SMC plaques followed the 
same strategy for each layer, which is depicted in Fig. 1. 

Depending on the desired configuration, one or two continuous semi- 
finished sheets (with a 0◦ or 0/90◦ non-crimp fabric serving as rein
forcement) were placed into the mold (100 % mold coverage) followed 
by a stack of discontinuous SMC (50 % mold coverage) and another one 
or two (0◦ or 90◦/0◦) continuous sheets (100 % mold coverage). The 
cross-sections of the different materials investigated in this study are 
depicted in Fig. 2. 

2.2. Specimen preparation 

Tensile test specimens were extracted via water jet cutting from both 
the charge and the flow region of the plaques and in the flow direction of 
the discontinuous material. In the evaluation of the data, no distinction 
was made between charge and flow region specimens, since they show 
similar mechanical behavior under tensile loading. This has already 
been pointed out by Trauth and Weidenmann [4]. End tabs made of glass 
fiber multi-axial fabric and epoxy (PREGNIT GMBE by Krempel GmbH) 
were bonded to the Co SMC, [0/DiCo/0] and [0/90/DiCo/90/0] spec
imens using the acrylic adhesive DP810 (3 M) following the recom
mendations in DIN EN ISO 527-5 [25]. The specimen width was 15 mm, 
the total length was 170 mm and the clamping length was 100 mm. A 
similar width was chosen according to DIN EN ISO 527-5 [25] for all 
material systems for the purpose of comparability even though this 
standard gives recommendations for unidirectional reinforced compos
ites only. The geometry deviates from recommendations for discontin
uously reinforced composites in DIN EN ISO 527-4 [26]. The length was 
shorter than recommended in both standards, which was chosen to 
allow the results to be compared with the existing literature [4]. How
ever, Trauth [6] demonstrated that a reduction of the length and width 
did not lead to a relevant change of mechanical properties of discon
tinuous SMC. The thickness of each specimen was measured before 
testing (Table 1). In addition, four each of the [0/DiCo/0] and [0/90/ 
DiCo/90/0] specimens were analyzed to measure the individual ply 
thicknesses. The average ply thickness was based on ten measurements 
along the specimen length in the center of a carbon fiber tow (Table 1). 

2.3. Microstructure analysis 

The microstructure in discontinuous fiber-reinforced SMC is inho
mogeneous over the thickness, due to the plug-like flow [27]. The ma
terial in the center exhibits little shear and fibers remain to be arranged 
in straight bundles. In contrast, high shear stresses in the surface layer 
close to the mold lead to splicing of the bundles and increasing fiber 
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curvature. As pointed out by Trauth [4], this effect is higher at the 
interface region of a continuous and discontinuous ply of hybrid SMC 
than in the surface layer of solely discontinuous reinforced specimens 
near the mold. Microstructural investigations carried out in this study 
showed an increasing amount of bundle splicing and curvature with 
increasing number of continuous carbon fiber plies. Fig. 3a depicts a 
sectional view on the center plane (relative to the thickness direction) of 
five specimens extracted from different positions on [0/90/DiCo/90/0] 
plaques, which are depicted in Fig. 3b. Moving from left to right (from 
the charge region to the flow region), the amount of spliced fiber bun
dles and fiber curvature increases. The characteristic microstructure of 
discontinuous SMC is observed only within a small area in the center of 
the plaque thickness. In the flow region, no intact bundle structure 
remained throughout the whole thickness of the discontinuous ply. 

3. Experimental methods 

Monotonic tensile tests at quasi-static and fatigue strain rates and 
tension-tension fatigue tests were carried out according to ISO 13003 
[28] and DIN EN ISO 527-1 [29], respectively, on a Zwick Roell 1478 
servo-hydraulic testing machine (modified with an additional servo 
cylinder). The machine was equipped with a load cell (type 1220AJ by 
Interfaceforce) with a capacity of 100 kN. The ambient test temperature 
was 21 ◦C. Specimens were hydraulically clamped with a clamping 
distance of 100 mm. A capacitor, which measured the displacement of 
the flange of the actuator was used for displacement control during 
tensile tests. The quasi-static strain rate was 2•10-4 s− 1 and the fatigue 
strain rate was approximately 2•10-1 s− 1. Since strain was not measured 
directly on the specimens during the tests at fatigue strain rate, the 
specified value was approximated based on the failure strain of the 
materials and the test duration (0.1 s according to ISO 13003 [28]). 
Tension-tension tests (R = 0.1) were carried out under load control with 
a frequency of 5 Hz. An infrared camera was used to ensure that cyclic 
loading resulted in a temperature increase of less than 10 ◦C. An axial 
clip-on extensometer (type EXA 50-5) by Sandner Messtechnik GmbH 
with a gauge length of 50 mm, a measuring displacement of ±5 mm and 
a measuring error of ±0.2 % was used for strain measurement. The 
sampling rate of the extensometer was 1000 Hz. The cycle-dependent 
dynamic stiffness Edyn(N) was determined from the stress–strain 

Fig. 1. Schematic illustration of the compression molding process of a [0/DiCo/0] plaque. Continuous semi-finished sheets are placed into the mold with 100 % mold 
coverage, whereas the discontinuous semi-finished material exhibits preferential flow in 0◦-direction, due to a mold coverage of only 50 %. Black arrows indicate the 
movement of the upper mold and the flow direction of the semi-finished material. 

Fig. 2. Schematic representation of the cross-sections of the material systems examined.  

Table 1 
Average specimen and ply thickness.   

hSpecimen (mm) hDiCo (mm) hCo (mm) 

Co SMC 1.44 ± 0.027 – – 
DiCo SMC 1.74 ± 0.076 – – 
[0/DiCo/0] 2.89 ± 0.077 2.13 ± 0.084 0.32 ± 0.021 
[0/90/DiCo/90/0] 3.53 ± 0.120 1.96 ± 0.084 0.32 ± 0.028  
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response of the specimens. Edyn(N) corresponds to the secant modulus of 
the N-th hysteresis loop. Based on the dynamic stiffness, a damage 
variable was defined by: 

D(N) = 1 −
Edyn(N)

Edyn,4
, (4.1)  

which presents a measure for the stiffness degradation. The initial dy
namic stiffness Edyn,4 was determined within the fourth loading cycle, to 
exclude influences of the start-up behavior of the testing machine. 

The maximum number of cycles investigated was 2.6⋅106 cycles. 
Specimens that did not fail within the investigated cycle range were 
declared runouts. Failure was defined by separation of the specimen. 

In addition to the continuous tests, interrupted tension–tension fa
tigue tests were carried out with DiCo SMC, [0/DiCo/0] and [0/90/ 
DiCo/90/0] specimens to further analyze damage evolution during cy
clic loading. For this purpose, the edges of the specimens were sanded 
and polished prior to testing to ensure that the microstructure was 
clearly visible under an optical microscope. The tests were interrupted in 
steps of one decade of cycles (i.e., 10 cycles, 100 cycles, 1000 cycles, 
etc.) to inspect the test specimen edges. During each interruption, 
specimens were unclamped for microscopic investigations and then re- 
clamped to subject them to further cyclic loading up until the next 
scheduled interruption. This procedure was repeated until final failure 
of the specimens. Microscopic images were taken from both specimen 
edges before testing and after each load step to analyze the weighted 
crack length in the DiCo ply. According to Quaresimin et al. [30], the 
weighted crack was defined by: 

ρw =

∑n
i=1Lc,i

LGhDiCo
, (3.1)  

with the total number of cracks n, the length of the i-th crack Lc,i, the 
gauge length LG, and the thickness of the discontinuously reinforced ply 
hDiCo. 

4. Results 

4.1. Monotonic tensile tests 

Results of the tensile tests at quasi-static and fatigue strain rates are 
given in Table 2. Tensile strength was strain rate-dependent for all 
investigated materials, with DiCo SMC showing the most pronounced 
strain rate-dependence. 

4.2. Tension-tension fatigue tests 

4.2.1. S-N data 
Fig. 4 depicts the stress-life data of all tested specimens. The fatigue 

strength of DiCo SMC decreased by approximately 10 % UTSF per 

Fig. 3. (a) Position of five specimens extracted from a [0/90/DiCo/90/0] plaque for microstructural investigations and (b) sectional view on the specimens’ 
microstructure obtained from CT scans. Images were taken from the center plane with regard to the thickness direction. 

Table 2 
Ultimate tensile strength at quasi-static (UTSS) and fatigue strain rate (UTSF). x 
represents the mean value of five specimens, µ is the standard deviation and CV 
the coefficient of variation.   

UTSs UTSF  

x 
(MPa) 

μ 
(MPa) 

CV 
(%) 

x 
(MPa) 

μ 
(MPa) 

CV 
(%) 

Co 1002  142.2  14.2 1140  168.8  14.8 
DiCo 197  15.0  7.6 237  14.5  5.9 
[0/DiCo/0] 445  22.0  4.9 456  26.5  5.8 
[0/90/DiCo/ 

90/0] 
382  23.2  6.1 405  52.9  13.1  
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decade of cycles, which is typical for conventional SMC composites 
[11,31,32]. The fatigue ratio, which in this study was defined as the 
stress at which all specimens were declared runouts divided by UTSF, 
was 0.37 for the DiCo SMC and 0.55 for the Co SMC. [0/DiCo/0] spec
imens exhibited a fatigue ratio of 0.6, which was greater than both of its 
constituents, and single runouts at stresses as high as 75 % UTSF. The 
maximum stress at which all tested [0/DiCo/0] specimens were runouts 
was 209 % higher than the maximum stress at which all tested DiCo SMC 
specimens were runouts. In contrast UTSF of [0/DiCo/0] specimens was 
only 92 % higher than UTSF of DiCo SMC. The fatigue ratio of [0/90/ 
DiCo/90/0] specimens was 0.4, which was comparable to DiCo SMC. 
The maximum stress at which all [0/90/DiCo/90/0] specimens were 
runouts was 86 % higher than the maximum stress at which all tested 
DiCo SMC specimens were runouts, whereas UTSF increased by 71 % 
compared to DiCo SMC. 

Since the predominant mechanisms leading to failure of a composite 
are effective only in a limited range of applied maximum strain [13], 
there is merit for expressing fatigue-life data in terms of strain instead of 
stress, to better evaluate hybridization effect. For this purpose, 
maximum stresses were converted to initial maximum strains by using 
the average initial dynamic stiffness given in Table 3. 

The resulting strain-life diagrams are depicted in Fig. 5. The solid 
lines represent S-N curves, which were approximated by using the 
restricted form of the power law function log(ε) = A − Blog(N). The 
paramteres A and B were obtained via linear regression. While [0/DiCo/ 
0] specimens showed a behavior similar to that of Co SMC under 
monotonic loading, cyclic loading at an initial maximum strain of 1.1 % 
resulted in a behavior similar to that of DiCo SMC. At high numbers of 
cycles (>5⋅105), initial maximum strain values of [0/DiCo/0] specimens 
were above those of Co and DiCo SMC. 

In contrast, [0/90/DiCo/90/0] specimens showed higher fatigue 
strains under monotonic loading compared to [0/DiCo/0] specimens. 
However, the performance under cyclic loading decreased significantly. 
Initial maximum strain values at 2.6⋅106 cycles ranged within those of 
Co and DiCo SMC. 

4.2.2. Post-mortem damage analysis 
The main damage mechanisms observed in [0/DiCo/0] specimens 

under cyclic loading were similar to those observed under monotonic 
loading, but differed in terms of their number and the sequence of their 
occurrence. The specimens showed splitting cracks and fiber fracture in 
the Co plies, delamination between the DiCo and Co plies, as well as 
matrix cracks and fiber bundle pull-out in the DiCo ply (Fig. 6). The 
density of splitting cracks was higher in specimens tested under cyclic 
load than in those tested monotonically. The crack density in the DiCo 
ply was also higher across the entire specimen length than in mono
tonically loaded specimens. The proportion of different damage mech
anisms was very distinct from specimen to specimen. 

Runout specimens showed almost no signs of damage in the Co plies 
except detached stitching fibers and some splitting cracks at the spec
imen edges, whereas a large amount of matrix cracks over the entire 
specimen length and local formation of crack networks were observed in 
the DiCo ply (Fig. 7). These matrix cracks are difficult to see on unpo
lished specimens with the naked eye but can be identified by the local 
whitish discoloration of the DiCo ply. 

The damage pattern of [0/90/DiCo/90/0] specimens was dependent 
on the maximum stress. Fig. 8 shows a specimen that was tested at 75 % 
UTSF showing large scale delamination of the 0◦ carbon fiber plies, 
whereas the interface between the 90◦ ply and the DiCo ply remained 
largely intact. Fiber fracture occurred at different positions across the 
entire specimen length. The density of splitting cracks was higher than 
in monotonically loaded specimens. Several matrix cracks could be 
observed across the specimen length, but the crack density was lower 
compared to [0/DiCo/0] specimens. 

For specimens tested at lower maximum stresses, damage was more 
localized. The specimen depicted in Fig. 9 was tested at 55 % UTSF. Fiber 
fracture, splitting cracks and delamination between the 0◦ and the 90◦

plies occurred in the region of final failure. In contrast, only few splitting 
cracks were observed across the rest of the specimen length together 
with partial delamination of a misaligned 0◦ carbon fiber tows at the 
specimen edge. In the DiCo ply, hardly any matrix cracks were observed 
apart from the site of ultimate failure. 

4.2.3. Damage evolution 
The damage variables of representative Co SMC, DiCo SMC, [0/ 

DiCo/0] and [0/90/DiCo/90/0] specimens, which were tested at 
different maximum stresses, are depicted in Fig. 10. DiCo SMC speci
mens showed a common trend with a high initial increase within the first 
5 % of fatigue life, a damage parameter D of 0.1 after 50 % of fatigue life, 
and D > 0.13 before final failure. Only the specimen tested at 79 % UTSF 

showed a deviant behavior. The curved obtained for Co SMC were less 
smooth due to several jumps that resulted from fiber cluster fracture. In 
general, D increased more gradually compared to DiCo SMC and was 
below 0.5 after 50 % of fatigue life. Due to the stochastic nature of the 
fiber cluster breaks, the values of D deviated strongly before final failure. 
For [0/DiCo/0] specimens, the initial increase of D was less pronounced 
than for DiCo SMC and its value after 50 % of fatigue life was approxi
mately half the value obtained for DiCo SMC. For [0/90/DiCo/90/0] 
specimens, higher cross-specimen variations were observed but the 
behavior was generally comparable to that of DiCo SMC. 

Microscopic investigation carried out within interrupted fatigue tests 
revealed, that damage evolution in the DiCo ply of [0/DiCo/0] speci
mens was similar to that usually observed in solely discontinuously 
reinforced SMC [11]. Matrix cracks predominantly oriented normal to 
the loading direction were the main damage mechanism responsible for 
stiffness degradation. The number of matrix cracks increased with 

Fig. 4. S-N data of the material systems examined in this study. Results from 
tensile tests at fatigue strain rate are depicted on the y-axis. Runouts are marked 
with arrows. The number behind the arrows indicate the corresponding number 
of runout specimens. 

Table 3 
Average initial dynamic stiffness of all examined materials including the 
respective standard deviation.   

Co SMC DiCo SMC [0/DiCo/0] [0/90/DiCo/90/ 
0] 

Edyn,4 

(GPa) 
103.9 (µ =
2.1) 

13.9 (µ =
0.8) 

36.48 (µ =
1.9) 

30.19 (µ = 1.0)  
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increasing numbers of cycles, which is depicted in Fig. 11. Fiber fracture 
occurred locally at the specimen edges at an early stage of fatigue life (N 
= 102) and initiated delamination (N = 103). A pronounced stiffness 
reduction between 104 and 105 cycle occurred due to coalescence of 
cracks and pseudo-delamination, marked by red arrows, observed in the 
lower right panel of Fig. 11, prior to final failure, which occurred outside 
the gauge length. 

The microscopic investigation further showed that the weighted crack 
length in DiCo SMC increased with the number of cycles in the same 
manner as stiffness decreased. Evolution of weighted crack length in the 
DiCo ply of [0/DiCo/0] specimens was largely unaffected by the contin
uous reinforcement. Fig. 12 shows the absolute stiffness loss and the 
weighted crack length of three different DiCo specimens tested at 51 % and 

58 % UTSF as well as one [0/DiCo/0] specimen tested at 75 % UTSF. After 
around 10-1 of total fatigue life, the stiffness loss of the [0/DiCo/0] spec
imen deviates from the curves obtained for DiCo SMC specimens, due to 
fracture and delamination of the continuous carbon fiber plies. 

In [0/90/DiCo/90/0] specimens, a large amount of ply cracks 
formed in the 90◦ ply after only 10 cycles (Fig. 13). These cracks grew 
into the DiCo ply with additional loading and initiated delamination 
between the 0◦ and the 90◦ continuous plies. Coalescence of these 
propagating ply cracks led to separation of the specimen. The number of 
matrix cracks that formed within the DiCo ply independently of the 90◦

ply cracks was negligible compared to the crack density that was 
observed in DiCo and [0/DiCo/0] specimens. Fig. 14 shows the absolute 
stiffness loss and the weighted crack length of the [0/90/DiCo/90/0] 

Fig. 5. Strain-life data of (a) [0/DiCo/0] and (b) [0/90/DiCo/90/0] specimens including strain-life data of Co and DiCo SMC for comparison. Initial maximum 
strains were calculated by using the initial dynamic stiffness of the corresponding specimens. Solid lines depict strain-life curves obtained via linear regression. 

Fig. 6. (a) Top view and (b) side view of a [0/DiCo/0] specimen that was tested at 85 % UTSF.  
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Fig. 7. (a) Top view and (b) side view of a [0/DiCo/0] specimen (runout) that was tested at 60 % UTSF.  

Fig. 8. (a) Top view and (b) side view of a [0/90/DiCo/90/0] specimen that was tested at 75 % UTSF.  

Fig. 9. (a) Top view and (b) side view of a [0/90/DiCo/90/0] specimen that was tested at 55 % UTSF.  

M. Bartkowiak et al.                                                                                                                                                                                                                           



International Journal of Fatigue 161 (2022) 106879

8

specimen tested at 65 % UTSF compared to the results obtained from the 
three different DiCo SMC specimens tested at 51 % and 58 % UTSF, that 
have already been shown in Fig. 12. 

5. Discussion 

5.1. [0/DiCo/0] specimens 

Under monotonic loading, the damage behavior of [0/DiCo/0] 
specimens was clearly dominated by the Co plies, which failed first, 
resulting in additional stresses in the DiCo ply that ultimately exceeded 
its ultimate strength. Trauth and Weidenmann [4], who studied the 
same material system, observed a similar failure behavior. In contrast, 
mechanical behavior and damage evolution of [0/DiCo/0] specimens 
were dominated by the DiCo ply under cyclic loading, especially in the 
high cycle fatigue range. Below 1.1 % initial maximum strain (>103 

cycles), the strain-life curve of [0/DiCo/0] specimens matched the 
corresponding curve of DiCo SMC specimens almost exactly (Fig. 5a). 
This means that the Co plies were subjected to strains that exceeded the 
failure strain of non-hybrid Co SMC specimens. At high numbers of cy
cles (>5⋅105), [0/DiCo/0] specimens performed even better than both 
Co and DiCo SMC specimens with regards to fatigue ratio and initial 
maximum strain. While all examined [0/DiCo/0] specimens tested at 
0.74 % initial maximum strain were runout, all Co SMC specimens and 

almost all DiCo SMC specimens failed below 2.6⋅106 cycles due to fa
tigue. Similar conclusions resulted from an analysis of the damage 
behavior of [0/DiCo/0] specimens. Under monotonic loading, the Co 
plies failed first, whereas runout specimens were characterized by a 
large amount of matrix cracks in the DiCo ply and almost no signs of 
damage in the Co plies. The continuous reinforcement even supported 
the DiCo ply by bridging regions where matrix cracks formed networks, 
which would have otherwise led to final failure without the additional 
support. 

Enhancement of failure strain of the Co plies is assumed to have two 
main causes: (i) residual stresses, and (ii) a change in the damage evo
lution. Residual stresses originate from thermal cool down after curing 
during the compression molding process. Due to the mismatch in ther
mal expansion coefficients between the DiCo and Co plies, mechanical 
strains ΔεCo and ΔεDiCo generate in the plies that can be approximated 
by: 

ε(ΔT) = αCoΔT + ΔεCo = αDiCoΔT + ΔεDiCo. (5.1) 

The coefficient of thermal expansion of Co SMC was approximated 
by: 

αCo =
ECFαCFγCF + EUPPHαUPPH(1 − γCF)

ECFγCF + EUPPH(1 − γCF)
, (5.1)  

Fig. 10. Damage variable of representative (a) Co SMC, (b) DiCo SMC, (c) [0/DiCo/0] and (d) [0/90/DiCo/90/0] specimens tested at different stresses. Data outlined 
in red represent runouts, for which Nf was replaced by 2.6⋅106 cycles. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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with the Young’s modulus of the carbon fibers ECF = 242 GPa [33] and 
the UPPH resin system EUPPH = 3.45 GPa [6], the carbon fiber volume 
content γCF = 0.64 (cf. Section 2) and the coefficient of thermal 
expansion of the carbon fibers αCF = 8⋅10− 8 K− 1 [34]. The coefficient of 
thermal expansion of DiCo SMC αDiCo = 1.6⋅10− 5 K− 1 and the UPPH 
resin system αUPPH = 6.1⋅10− 5 K− 1 were determined in a dilatometer test 
at the Institute of Engineering Mechanics, Karlsruhe Institute of Tech
nology. The temperature difference ΔT = -124 K resulted from cooling 
down the plaques to room temperature after compression molding at 

145 ◦C. Residual stresses must lead in an equilibrium of forces, which 
simplified, by applying Hooke’s law, yields to: 

ECoγCoΔεCo = − EDiCoγDiCoΔεDiCo. (5.2)  

γCo and γDiCo represent the volume fractions of the Co plies and the DiCo 
ply, respectively, and were determined by using the ply thicknesses 
given in Table 1. By inserting Equation (5.1), the initial strain in the Co 
plies can be calculated by: 

Fig. 11. (a) Stiffness degradation curve and (b)-(f) edge section of a [0/DiCo/0] specimen tested at 75 % UTSF after different numbers of cycles. Yellow arrows 
indicate matrix cracks, whereas red arrows indicate delamination between the Co and DiCo ply or pseudo-delamination within the DiCo ply. Ellipses in (c) mark 
regions of fiber fracture. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 12. (a) Stiffness loss and (b) weighted crack length of three DiCo SMC specimens and a [0/DiCo/0] specimen, that failed after similar numbers of cycles.  
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ΔεCo =
Edyn,4,DiCoγDiCo

Edyn,4,DiCoγDiCo + Edyn,4,CoγCo
αDiCoΔT, (5.3)  

in which ECo and EDiCo have been replaced by the initial dynamic stiff
ness Edyn,4,Co and Edyn,4,DiCo , since those values could be measured during 
the fatigue tests. Due to an almost linear stress–strain behavior of the 

examined materials, this assumption was found to be reasonable. 
Equation (5.3) yields ΔεCo = 0.059%, which is well below the strain 

enhancement depicted in Fig. 5a. Therefore, the higher exploitation of 
the carbon fibers’ mechanical performance must be mainly attributed to 
the altered damage evolution. In accordance to the hybridization effects 
described by Swolfs et al. [8], the comparatively ductile DiCo plies 

Fig. 13. (a) Stiffness degradation curve and (b)-(f) edge section of a [0/90/DiCo/90/0] specimen tested at 55 % UTSF after different numbers of cycles. Yellow 
arrows indicate matrix cracks, whereas red arrows indicate delamination. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 

Fig. 14. (a) Stiffness loss and (b) weighted crack length of three DiCo SMC specimens and a [0/90/DiCo/90/0] specimen.  
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bridged local fiber fracture of the more brittle Co SMC plies, reduced 
stress concentrations, which led to delayed occurrence of fracture in 
adjacent fibers and increased the critical size of fiber fracture clusters. 

The observations discussed allow a rough estimation of the fatigue 
behavior of [0/DiCo/0] specimens based on the properties of the com
ponents by using an empirical modeling approach. Knowing that the 
fatigue behavior of [0/DiCo/0] specimens is largely dominated by the 
DiCo ply justifies the following assumption: 

A stress applied to the hybrid material equals the fatigue strength of 
the hybrid at a specific number of cycles N, if it results in a stress in the 
DiCo ply, which equals the fatigue strength of DiCo SMC at the same 
number of cycles N. 

Under the assumption of equal strains in all plies, a linear elastic 
material behavior of all plies and a plane stress condition as well as 
neglecting the Poissons’ effect, Hooke’s law provides: 

σCo =
ECo

EDiCo
σDiCo. (5.4) 

With Equation (5.4) the homogenized stress of a [0/DiCo/0] spec
imen can be calculated by: 

σ[0/DiCo/0](N) = σDiCo(N)

(

γDiCo +
Edyn,4,Co

Edyn,4DiCo
γCo

)

. (5.5)  

Herein σCo, σDiCo and σ[0/DiCo/0] represent fatigue stresses and are 
functions of the number of cycles N. The tensile moduli of elasticity have 
been replaced by the initial dynamic stiffness for reasons already 
discussed. 

The S-N curve of [0/DiCo/0] specimens can be approximated by 
using Equation (5.5), with σDiCo(N) representing the S-N curve of DiCo 
SMC. The result is shown in Fig. 15. The solid yellow line depicts the 
analytically determined S-N curve based on the empirical model 
described herein, while the solid purple curve depicts the experimental 
results. Model and experiment show good correlation for medium 
numbers of cycles. The model overestimates the fatigue life of [0/DiCo/ 
0] specimens in the low cycle fatigue range. Here, fatigue life is rather 
limited by its ultimate fatigue strength under monotonic loading, which 

is dominated by the Co plies. For high numbers of cycles (>5⋅105 cy
cles), the model underestimated the fatigue strength of [0/DiCo/0] 
specimens and hence presents a conservative estimate. Additionally, P- 
S-N curves with a failure probability of PS = 10 % and PS = 90 % were 
determined for both DiCo SMC and [0/DiCo/0] specimens to display the 
scatter range of the data. Analytical P-S-N curves of [0/DiCo/0] speci
mens were obtained by inserting the P-S-N curves of DiCo SMC speci
mens in Equation 5.2. Since scatter was more pronounced in [0/DiCo/0] 
compared to DiCo SMC specimens, the analytically determined P-S-N 
curves are closer together than the experimentally determined ones. In 
the case of DiCo SMC, scatter is mainly attributed to different fiber 
volume contents and fiber orientation distributions both across plaques 
and at different positions within a plaque [6,35]. For [0/DiCo/0] 
specimens, additional variations in fiber volume content in the Co plies, 
fiber misalignment, and undulations lead to even larger microstructural 
differences and thus increased scatter. 

Fig. 10 showed that stiffness degradation of [0/DiCo/0] specimens 
was less pronounced than that of DiCo SMC specimens. The Co plies 
supported the DiCo ply, as long as they were not overloaded. Therefore, 
if a fatigue criterion was defined by a critical amount of stiffness 
degradation instead of ultimate failure, the performance of [0/DiCo/0] 
compared to DiCo SMC specimens is further enhanced. 

5.2. [0/90/DiCo/90/0] specimens 

In comparison with [0/DiCo/0] specimens, [0/90/DiCo/90/0] 
specimens showed a less pronounced Co SMC-dominated behavior 
under monotonic loading (cf. Fig. 5b). Under cyclic loading, the initial 
maximum strain was significantly higher compared to Co SMC but still 
below that of DiCo SMC. Runouts were obtained for initial maximum 
strains similar to those of DiCo SMC and Co SMC. Hence, no effect of 
hybridization in terms of initial maximum strain was observed for 
[0/90/DiCo/90/0] specimens. Comparatively low stresses resulted in 
the formation of multiple ply cracks in the 90◦ Co layer within the first 
few cycles, similar to the behavior known for cross-ply laminates [36]. 
They occurred at a regular spacing and were considerably large with the 
ply thickness being approximately 0.32 mm. With increasing numbers of 
cycles, they grew into the matrix and triggered delamination bet 
ween the 0◦ and the 90◦ ply. The evolution of crack density that is typical 
for DiCo SMC (cf. Fig. 12) could not be observed in the DiCo ply of 
[0/90/DiCo/90/0] specimens. This means, that the full potential of the 
DiCo ply could not be exploited. The stiffness degradation behavior 
generally improved compared to DiCo SMC but was still inferior to that 
of [0/DiCo/0] specimens. 

6. Conclusions 

For a hybrid composite consisting of a discontinuous glass fiber SMC 
core and unidirectional carbon fiber reinforced face plies, effects of 
hybridization were more pronounced under fatigue loading than under 
monotonic loading. Compared to DiCo SMC, tensile strength of [0/ 
DiCo/0] specimens increased by 126 % and 92 % at quasi-static and 
fatigue strain rate, respectively. In contrast, fatigue strength of [0/DiCo/ 
0] specimens at 2.6⋅106 cycles increased by 209 % compared to DiCo 
SMC. This resulted from altered damage evolution with the damage 
behavior being dominated by the Co ply under monotonic loading and 
by the DiCo ply under fatigue loading. The strain-life behavior of the 
hybrid composite was superior to both of its constituents in the high 
cycle fatigue range, which means that a true hybridization effect with 
the hybrid exceeding the properties of each constituent is observed. 
Hybridization effects under cyclic loading were less pronounced, when 
the unidirectional continuous reinforcement was replaced by a cross-ply 
reinforcement. In the latter case, tensile strength at quasi-static and fa
tigue strain rate and fatigue strength increased by 94 %, 71 % and 85 % 
compared to DiCo SMC, respectively. The early initiation and growth of 
90◦ ply cracks resulted in stronger localization of damage and thus in 

Fig. 15. Analytical estimation of the fatigue life of [0/DiCo/0]. The purple 
lines depict the S-N curve of [0/DiCo/0] specimens (solid line) obtained from 
experimental results via linear regression and corresponding 10 % and 90 % P- 
S-N curves (dashed lines), whereas yellow lines depict the results obtained with 
an empirical modeling approach. The grey shaded areas distinguish between 
the predominant damage mechanisms in the corresponding stress ranges. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

M. Bartkowiak et al.                                                                                                                                                                                                                           



International Journal of Fatigue 161 (2022) 106879

12

reduced fatigue resistance. 
The results obtained in this study underline the potential of hybrid 

continuous-discontinuous fiber-reinforced SMC composites for applica
tions subjected to cyclic loading. While effects of hybridization were 
investigated exclusively under tension–tension load in this study, more 
application related loading conditions including cyclic bending at 
alternating frequency and temperature need to be considered for future 
studies. 
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