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A B S T R A C T   

An investigation into the damage accumulation and propagation behavior in carbon fiber reinforced polymer 
(CFRP) composites under complex in-phase biaxial fatigue loading has been conducted. The goal is to capture 
early stage damage and obtain an improved understanding of damage propagation and associated degradation in 
material properties. Both cross ply and quasi isotropic laminate configurations have been studied and the tests 
were conducted under constant amplitude in-phase biaxial loading. An optimization technique was used to 
design the cruciform specimens for each stacking sequence. To understand the propagation of damage from the 
micro-to the macroscale, the fractured surfaces were analyzed, during various stages of fatigue, using electron 
microscope assisted fractography and a high-resolution camera. Material property degradation was determined 
by measuring the change in specimen stiffness to analyze the progression of fatigue damage and is correlated to 
the micro- and macroscale damage mechanisms and the biaxial fatigue loading parameters. The results provide 
insight into the initiation and propagation of damage mechanisms in CFRP composites which is essential to 
understanding the fatigue behavior of composite materials under complex multiaxial loadings.   

1. Introduction 

Composite materials offer numerous benefits and are rapidly 
emerging as a material of choice in a wide range of applications. How-
ever, the scientific barriers pertaining to reliability and durability of 
these complex and heterogeneous material systems are major impedi-
ments limiting their widespread usage. During their service life in 
aerospace as well as ground vehicles, composite structures experience a 
wide variety of fatigue loading conditions. Understanding composite 
damage initiation and propagation behavior under such complex dy-
namic loading is an essential part of optimizing their performance and 
predicting useful life. Researchers have recognized the need to under-
stand composite fatigue damage behavior, and a significant number of 
studies have been reported on this topic [1–7]. Despite recent ad-
vancements in composite fatigue, the complexity of fatigue analysis in 
these heterogeneous, anisotropic materials and the very limited avail-
ability of multiaxial test frames has largely limited the literature to 
studies on composite fatigue behavior under uniaxial loading, leaving 

composite damage behavior under multiaxial fatigue loading largely 
unexplored. 

Curtis [8] studied tensile fatigue in polymer matrix composites and 
showed that the dominant damage growth mechanisms for unidirec-
tional laminates was splitting along the fiber direction (transverse 
cracking). Fracture mechanics based expressions were developed to 
describe the straightforward damage mechanism of transverse cracking, 
however these results cannot be applied to laminates containing off axis 
plies. Wright et al. [9] studied quasistatic tensile composite damage 
mechanisms using computed tomography to capture damage in 
[90/45/-45/0]S (quasi-isotropic) uniaxial coupons. In each of the off 
axis plies, transverse cracks grew along the fiber direction and showed 
complex interaction with cracks in adjacent plies. Significant delami-
nation occurred between the þ45� and � 45� plies because of the large 
difference in angle between them, and the interactions between the 
cracks in other plies caused crack arrest as ply cracks encountered the 
interlaminar boundary. Additionally, fiber breaks in the 0� ply were 
aligned with the ply cracks in the adjacent � 45� plies, suggesting that 
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much of the damage in the 0� ply resulted from interactions with 
damage in neighboring plies. This work further describes additional 
interactions between matrix cracking, delamination, fiber fracture, and 
fiber pull out in each ply. These results give insight into the complex 
interactions between composite damage mechanisms, but this study 
only considered quasistatic tensile loading and therefore does not 
describe the additional complexities introduced by fatigue loads. Talreja 
[10] and Bathias [11] studied the growth of damage mechanisms 
(especially delamination) in uniaxially loaded composite coupon spec-
imens and developed rough fatigue life estimates for various stacking 
sequences. These researchers show that composite damage mechanisms 
strongly govern the fatigue behavior and useful life of composites. The 
initiation and growth of composite damage mechanisms are driven by 
local strain fields that depend on both stacking sequence and loading 
[12]. Introducing multiaxial loads adds further complexity due to 
intricate interactions between external loading and composite fatigue 
damage mechanisms. Investigations into the effects of multiaxial fatigue 
in composites is limited. 

Due to their anisotropic nature, composites often experience com-
plex internal multiaxial stress states even under uniaxial loading con-
ditions. Montesano et al. [13] studied the growth of damage within 
multidirectional laminates due to local multiaxial stress states and in-
teractions between localized damage mechanisms in adjacent plies. 
According to their work, localized ply cracks grow along the fiber di-
rection of their respective plies. As crack density in each ply increases, 
local stress fields around ply cracks in adjacent plies interact, either 
resulting in crack arrest (crack shielding) or causing additional stress 
concentrations that result in further crack growth and a global reduction 
in material properties. Additionally, this work discussed the formation 
of critical damage modes (damage mechanisms that govern failure 
behavior) such as delamination from sub-critical damage mechanisms 
such as transverse ply cracks. Kawai et al. [14] studied the effects of 
local multiaxial stress states on the fatigue behavior of unidirectional off 
axis composite laminates. They found that transverse cracks formed and 
grew until they penetrated through-thickness and then extended along 
the fiber direction into the tab region of the uniaxially loaded coupons. 
Longitudinal fatigue failure, with fiber pullout and fiber fracture, 
occurred shortly after. Their work showed that failure mechanisms in off 
axis plies are governed by the fatigue strengths of the matrix as well as 
the strength of the fiber/matrix interface. The studies mentioned have 
increased the understanding of the effects of local multiaxial stress states 
on composites under external uniaxial loading, but they fail to account 
for interactions between local (internal) multiaxiality and global 
(external) multiaxiality that occur when external multiaxial loads are 
applied. Results obtained from uniaxial tests cannot be used to predict 
failure under external multiaxial loading conditions, which composite 
structures often experience during their lifetimes. Interactions between 
multiaxial loads and the initiation and propagation of key damage 
mechanisms can be highly intricate, making life prediction a challenging 
task. To better understand damage initiation and propagation behavior 
in composite materials, the material response to external multiaxial fa-
tigue loading conditions must be explored. 

Thin walled cylindrical tension-torsion specimens are perhaps the 
most common geometry used to study external multiaxial fatigue in 
composites, primarily because of the simplicity of specimen design and 
test setup [15,16]. Lee et al. [17] used SEM microscopy to investigate 
the damage and failure mechanisms of carbon/epoxy composite 
tension-torsion tubes subjected to different biaxiality ratios. Failure at 
low biaxiality ratios was distributed along the entire length of the tube 
and matrix damage mechanisms dominated, leading to severe fiber pull 
out at fatigue failure. High biaxiality ratios caused localized failure with 
fiber damage mechanisms dominating and fatigue failure occurred due 
to fiber fracture. The variation in thickness and fiber volume fraction 
were directly correlated with the biaxial fatigue behavior of the 
thin-walled tubes. Quaresimin et al. [18] performed an extensive review 
of literature on the fatigue behavior and life prediction of composites 

under multiaxial loading and showed discrepancies between the multi-
axial fatigue behavior of tension-torsion tubes and tension-tension cru-
ciforms. The curvature of the tension-torsion tubular specimens can 
cause significant variations in thickness and fiber volume fraction which 
can lead them to exhibit different multiaxial fatigue behavior than flat or 
slightly curved specimens. This can potentially make them unsuitable to 
characterize multiaxial fatigue in many composite components used in 
aerospace and ground vehicles [16,18]. 

Although planar cruciform specimens are more difficult to design 
and test, they are better suited to study multiaxial stress states in these 
types of structures. Some researchers have used planar cruciform spec-
imens to study the effects of static multiaxial loading in composites [16, 
19,20], but only a few have considered multiaxial fatigue in cruciform 
specimens [21–23]. To the best of the authors’ knowledge, in-
vestigations into the damage mechanisms in carbon fiber reinforced 
polymer (CFRP) composites under planar biaxial fatigue loading has not 
been reported in literature. Capturing this complex damage behavior is 
crucial to understanding composite response to multiaxial fatigue and 
predicting the service life of composites in real platforms. 

Those few researchers who have used planar cruciform specimens to 
study biaxial fatigue in composites used tapered thickness specimens, 
either by machining out the gage region [20] or by using ply drops [24], 
to ensure failure in the gage region. Baptista et al. [21] reported a nu-
merical study of biaxial fatigue crack growth in optimized cruciform 
geometries. They showed that tapered thickness specimens are suitable 
for studying biaxial fatigue damage initiation but lead to uneven damage 
propagation due to nonuniform gage region thickness and assert that 
constant thickness specimens are better suited to investigate composite 
biaxial fatigue damage propagation behavior. 

This study focuses on fatigue damage mechanisms in CFRP com-
posites under constant amplitude planar biaxial fatigue. Extensive 
biaxial testing has been conducted with the goal of identifying micro-
mechanisms that govern damage nucleation and propagation and 
correlating them with the macroscale fatigue-fracture behavior. A major 
difficulty in simulating or performing multiaxial fatigue tests using 
cruciform specimens is to design a specimen geometry that results in a 
uniform plane stress state when subjected to biaxial loads. Constant 
thickness specimens were designed for this study to avoid machining 
damage, to prevent strain concentrations near ply drops, and to facilitate 
the study of biaxial fatigue damage mechanisms and damage propaga-
tion behavior in biaxially fatigued composites. FEM analysis was con-
ducted using the commercial software ANSYS, and a multi-objective 
genetic algorithm (MOGA) optimization technique, available in ANSYS 
DesignXplorer, was used to obtain the geometry which optimally satis-
fied the key requirements. 

The paper is organized as follows: Section 2 describes the biaxial 
fatigue experimental setup and the SEM microscopy used to investigate 
microscale damage mechanisms. Section 3 details the design and vali-
dation of the specimen geometries. Section 4 presents results from 
biaxial fatigue tests and discusses the correlation between loading pa-
rameters, damage mechanisms, and fatigue failure modes for cross ply 
and quasi isotropic CFRP laminates. Finally, the last section concludes 
the paper and provides a summary of findings. 

2. Materials and methods 

2.1. Biaxial fatigue test setup 

Laminated composite plates were fabricated using wet layup method 
with unidirectional T700-SC-12K–50C carbon fiber and thermoset FS- 
A23 epoxy resin and were cured in a hot press. The specimen geome-
try was cut out of the laminates using a high-pressure CNC waterjet 
cutter to avoid machining damage to the specimens. 

Equibiaxial (biaxiality ratio of 1) in-phase planar biaxial fatigue 
experiments were conducted using the MTS biaxial with torsion load 
frame shown in Fig. 1. This unique load frame is equipped with six 
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independent actuators which allows for testing over a wide range of 
multiaxial load conditions including in-phase, out-of-phase, propor-
tional, and non-proportional biaxial fatigue loading. The test frame has 
dynamic in-plane load capacity of up to 100 kN in the horizontal and 
vertical directions and the horizontal actuators have a torsional load 
capacity of up to 1100 N-m. Biaxial fatigue testing over a range of 
loadings were performed for cross ply specially orthotropic laminates 
and quasi isotropic laminates to determine the effects of loading pa-
rameters on composite fatigue damage behavior. The fatigue test details 
are provided in Table 1. A high-resolution camera was positioned to 
capture meso scale damage initiation and propagation in the specimen 
gage region. In addition, specimen stiffness was recorded to capture 
material property degradation in the horizontal and vertical directions 
and was correlated with the fatigue cycles and the extent of fatigue 
damage in the specimen. 

2.2. SEM microscopy 

Additional fatigue tests were performed and interrupted at various 
levels of fatigue and the microscale damage mechanisms were investi-
gated using SEM to determine the effects of loading parameters and 
stacking sequence on biaxial fatigue damage behavior. Sections of the 
gage regions were cut out from the fatigued specimens using a low speed 
cubic boron nitride (CBN) cutting wheel. Surface damage mechanisms 
were investigated by polishing the specimen gage region prior to fatigue 
testing and using SEM to analyze the surface of the fatigued specimens. 
Internal damage mechanisms were studied by analyzing the cross 

sections of the gage region. 

3. Specimen design and validation 

The essential design requirements for studying biaxial loading are 
presented as follows: 1) Maximize region of uniform biaxial strain; 2) 
Ensure failure initiates in gage region; 3) Minimize stress concentrations 
outside gage region; 4) Minimize load sharing between adjacent arms 
[16,19]. Load sharing occurs when the stress from one set of arms flows 
away from the gage region into the adjacent perpendicular arms, thus 
increasing stress in the uniaxially loaded arms. This can lead to failure 
outside of the gage region. Additionally, poisson’s effects can lead to 
biaxial strengthening, which can increase the strength of the biaxially 
loaded gage region relative to the uniaxially loaded arms and can cause 
failure to occur away from the gage region. A central hole was intro-
duced to facilitate fatigue failure in the gage region, and the Tsai-Wu 
failure criteria was used to determine the location of failure initiation. 
Tsai-Wu criteria was selected as it includes the interaction effects be-
tween stresses in the material principal directions, making this failure 
theory well suited for analyzing biaxially loaded composite specimens. 

The following objective function was defined to optimally satisfy the 
design requirements when minimized. 

FðxÞ¼w1f 1ðxÞ þ w2f 2ðxÞ þ w3f 3ðxÞ (1)  

Where x are the specimen geometrical parameters, and w1¼ w2 ¼ w3 
are the assigned weights to objectives f1, f2, and f 3 which are defined as 
follows: 

f 1ðxÞ¼
TWout

TWgage
� 1 (2)  

Where TWout and TWgage are the maximum Tsai-Wu factor outside the 
gage region and inside the gage region, respectively. Minimizing this 
ratio ensures failure in the gage region and decreases stress and strain 
concentrations outside the gage region. 

f 2ðxÞ¼
StDev

�
εgage

�

Ave
�
εgage

� � 1 (3) 

Minimizing the ratio of the standard deviation of gage region strain 
(εgageÞ to the average gage region strain increases the uniformity of the 
strain field in the gage region. 

f 3ðxÞ¼
σnear

σfar
� 1 (4)  

Where σnear and σfar are the perpendicular stress in each arm near the 
gage region and far from the gage region, respectively. Minimizing this 
ratio decreases load sharing between adjacent arms and causes stress to 
flow through the gage region rather than deviating into the cruciform 
arms. 

Finite element analysis was conducted using the commercial soft-
ware ANSYS, and a multi-objective genetic algorithm (MOGA) optimi-
zation technique available in ANSYS DesignXplorer was used to perform 
the optimization and obtain the specimen geometry which optimally 
satisfied the key design requirements. The stress state in composites is 
highly dependent on the stacking sequence, so adjustments to the design 
are required for different layups to ensure design requirements are 
optimally satisfied. Specially orthotropic cross ply specimens and quasi 
isotropic specimens were designed to investigate the biaxial fatigue 
damage behavior in laminates with multiple stacking sequences. 

3.1. Cross ply layup 

Initial analysis was performed using a cross ply [0/90]S specimen. 
Cross ply laminates have low poisson’s effects, hence this layup 
exhibited minimal biaxial strengthening. A circular central hole was cut 

Fig. 1. Optimized composite cruciform specimen in biaxial test frame.  

Table 1 
Biaxial fatigue load parameters.  

Cross Ply Quasi 
Isotropic  

Pmax 
(kN) 

R 
ratio 

Pmax (kN) Frequency 
(Hz) 

Biaxiality Ratio 
(Py =Px)  

35 0.1 30 5 1 
30 0.1 35 5 1 
30 0.3 37 5 1 
27 0.1 40 5 1 
27 0.3 42 5 1 
25 0.1 – 5 1 
25 0.3 – 5 1  
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in the gage region to increase stress and ensure failure in the gage re-
gion. The optimized design parameters for the cross ply specimen ge-
ometry are presented in Table 2. Design validation was performed using 
an ARAMIS digital image correlation (DIC) system to measure the strain 
fields. As shown in Fig. 2, the biaxial strain field in the cross ply ge-
ometry satisfies the design requirements. The optimized cross ply ge-
ometry is presented in Fig. 3. 

3.2. Quasi isotropic layup 

The design process was repeated for a quasi isotropic [0/45/-45/90]S 
layup using the design requirements and optimization methodology 
explained previously. Specimen length and width were kept the same as 
the cross ply specimens to keep specimen size consistent and to reduce 
the number of design parameters. Due to high poisson effects, quasi 
isotropic laminates are susceptible to biaxial strengthening, and the 
optimized cruciform reflects geometrical changes that mitigate the ef-
fects of biaxial strengthening. For example, the width of the quasi 
isotropic cruciform arms gradually decreases near the gage region. This 
increases the cross sectional area of the arms relative to that of the gage 
region to increase stress in the biaxially loaded gage region. Addition-
ally, a circular central hole was insufficient to ensure failure in the gage 
region, so an ellipse was introduced. The length and orientation of major 
and minor axes of the ellipse were used as design parameters in the 
optimization, and sensitivity analysis was performed to ensure that 
minor changes in the orientation and size of the ellipse did not result in 
significant changes to the strain. 

Field. As shown in Fig. 4, the ellipse decreases the uniformity of the 
gage region strain field, but the strain along the damage path (red 
dashed line) remains relatively constant, so damage still propagates 
through a region of uniform biaxial strain. DIC strain analysis shows 
good agreement with the FE analysis, and both maximum strain and 

Tsai-Wu failure theories predict failure initiation in the gage region. The 
optimized quasi isotropic specimen geometry is shown in Fig. 5 and the 
optimized parameters are presented in Table 3. 

4. Results and discussion 

4.1. Cross ply at baseline load 

Fatigue tests were conducted across a range of loadings and the in-
termediate loading case (Pmax ¼ 27kN; R ¼ 0:1) was established as a 
baseline for investigating biaxial fatigue damage mechanisms in the 
cross ply specimens. Specimen stiffness in both horizontal and vertical 
directions was monitored to correlate stiffness degradation to damage in 
surface and subsurface fiber directions. At these loads, specimen stiff-
ness degrades sigmoidally in both ply orientations. Stiffness degrades 
rapidly during stage 1 of the fatigue test (see Fig. 6) primarily due to 
material relaxation and matrix crazing [3]. The primary damage 
mechanisms at this level of fatigue are matrix microcracks which initiate 
in the resin-rich intertow regions of the surface plies. The transition from 
stage 1 to stage 2 of fatigue occurs at about 10% fatigue life and damage 

Table 2 
Optimized cross ply specimen parameters.  

Parameter 
Name 

Explanation Optimized Parameters 
(cm) 

l  Specimen length 25.4 
w  Arm width 7.62 
dcutout  Diameter of cutout between adjacent 

arms 
3.05 

hoffset  Offset distance from cutout center to 
arm edge 

0.508 

rsmallfillet  Fillet radius between cutout and arms 1.27 
D  Center hole diameter 0.94  

Fig. 2. Cross ply cruciform equivalent strain profiles. (a) DIC image from static biaxial load test; (b) ANSYS FEM simulation.  

Fig. 3. Optimized cross ply specimen geometry.  
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begins to propagate from the initial matrix cracks. 
The optimized [0/90]S cruciform at 10% fatigue life is shown in 

Fig. 7. At this level of fatigue, the initial matrix microcracks begin to 
coalesce and cause transverse tow separation. The SEM micrograph in 
Fig. 7 (b) shows matrix serrations protruding into an initiating tow 
separation. These matrix serrations are only seen in the transition be-
tween stage 1 and stage 2 of fatigue and are the result of crazing and void 
formation in the matrix before fiber/matrix separation [25]. After the 
fiber and matrix separate, the crack grows along the fiber/matrix 
interface, resulting in a smooth crack profile as shown in Fig. 8 (b). As 
the fatigue test progresses, the cracks are pulled open and the surface ply 
transverse tow separation begins. 

As the specimen enters the second stage of fatigue, the rate of stiff-
ness degradation decreases and matrix cracking dominates. The trans-
verse tow separations that initiated in stage 1 of fatigue extend further 
and propagate parallel to the fibers. At about 50% fatigue life, the 
stiffness in the subsurface ply direction begins to degrade at a higher rate 
relative to the surface ply direction. This is because at the low biaxial 
strains induced by these loadings (0.7% strain at peak loading), the 
subsurface plies in specially orthotropic cross ply layups have higher 
crack density than the surface plies [26], leading to degraded stiffness in 

Fig. 4. Quasi isotropic specimen equivalent strain profiles. (a) DIC image from static biaxial load test; (b) ANSYS FEM simulation.  

Fig. 5. Optimized quasi isotropic specimen geometry.  

Table 3 
Optimized quasi isotropic specimen parameters.  

Parameter 
Name 

Explanation Optimized Parameters 
(cm) 

l  Specimen length 25.4 
w  Arm width 7.62 
dcutout  Diameter of cutout between adjacent 

arms 
2.54 

hoffset  Offset distance from cutout center to 
arm edge 

0.127 

rfillet  Fillet radius between cutout and arms 17.78 
a  Ellipse major axis 1.27 
b  Ellipse minor axis 0.305 
θ  Ellipse angle 45�

Fig. 6. Baseline stiffness plot for cross ply specimen with R ¼ 0.1.  
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Fig. 7. Baseline cross ply fatigue specimen at 10% fatigue life. (a) Matrix cracks initiate between fiber tows and cause transverse tow separation; (b) SEM micrograph 
of serrated separation in stage 1 of fatigue. 

Fig. 8. Baseline cross ply fatigue specimen at 50% fatigue life. (a) Additional matrix cracks and increased fiber/matrix separation; (b) SEM micrograph of smooth 
fiber/matrix separation in stage 2 of fatigue. 

Fig. 9. Fatigue failure in subsurface plies. (a) Failed specimen; (b) SEM micrograph showing longitudinal subsurface fiber fracture.  

Fig. 10. Baseline cross ply fatigue specimen with R ¼ 0.3 at 50% fatigue life. (a) Mesoscale matrix cracks between tows (b) SEM micrograph showing matrix voids 
and microcracks in resin-rich intertow areas. 
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the subsurface fiber direction. Additionally, the growth of surface ply 
transverse separation contributes to more rapid property degradation in 
the subsurface fiber direction. By about 80% fatigue life the rate of 
subsurface ply direction stiffness degradation increases further as the 
locally failed regions combine. Fatigue failure occurs shortly thereafter. 

The final stage of fatigue is characterized by an abrupt drop in 
stiffness as subsurface fiber breakage and pullout occurs. At these loads, 
failure occurs first in the subsurface plies because of the transverse 
separation in surface fiber tows and because of the higher crack density 
in subsurface plies at low equibiaxial strains [26]. The surface ply 
transverse separation decreases the load capacity of the surface plies and 

causes load redistribution. This increases subsurface ply degradation 
and leads to longitudinal failure in the subsurface plies. Fig. 9(a) shows 
that subsurface fiber failure occurred directly beneath the surface ply 
transverse separation and the SEM micrograph in Fig. 9 (b) shows lon-
gitudinal fiber fracture. 

When the R ratio was increased to 0.3, fatigue life is increased and 
damage mechanisms such as fiber/matrix separation and transverse tow 
separation are delayed. As shown in Fig. 10, matrix cracks in surface 
plies propagate parallel to fibers with no transverse tow separation, 
which is delayed until approximately 75% fatigue life. Despite an in-
crease in mean stress with higher R ratio, stress amplitude is lower and 
damage is less severe. The cross ply intermediate loading case with R 
ratio 0.3 showed damage behavior and delayed damage mechanisms 
similar to the low load case with R ¼ 0.1. At these loadings, failure 
initiates in subsurface plies. 

4.2. Cross ply at low load 

At low loads (Pmax� 25kN; R ¼ 0:1), stiffness in both surface and 
subsurface ply directions degrades sigmoidally (see Fig. 11), and matrix 
damage mechanisms dominate. Intertow matrix microcracks at 10% 
fatigue life are shown in Fig. 12 and matrix cracking between fiber tows 
at 50% fatigue life are shown in Fig. 13, but fiber/matrix separation is 
delayed until almost 70% fatigue life at these loads. Stiffness in both 
surface and subsurface ply directions degrade at essentially the same 
rate until approximately 75% fatigue life, when stiffness in the subsur-
face fiber direction begins to degrade at a higher rate relative to that of 
the subsurface fiber direction. When fatigue reaches approximately 90% 
fatigue life, subsurface ply direction stiffness crosses below that of the 
surface ply and failure occurs soon after. At low loads, failure occurs first 
in the subsurface plies due to higher subsurface ply crack density as in 
the baseline case. 

When the R ratio was increased to 0.3, fatigue life is significantly 

Fig. 11. Low load stiffness plot for cross ply specimen with R ¼ 0.1.  

Fig. 12. Low load specimen at 10% fatigue life. (a) Surface ply transverse matrix cracks; (b) SEM micrograph of matrix microcracks in resin-rich intertow area.  

Fig. 13. Low load specimen at 50% fatigue life. (a) Surface ply transverse matrix cracks; (b) SEM micrograph of matrix cracks between fiber tows.  
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extended. Minor matrix cracking occurs between fibers, but no signifi-
cant fiber/matrix separation occurs. The low load case fatigue tests with 
R ¼ 0.1 took about 1� 106 cycles to reach failure, but with R ¼ 0.3 the 
tests were allowed to reach past 2:5� 106 cycles without failure. Even at 
500,000 cycles very minor matrix cracking and crazing occurred as 
shown in Fig. 14. 

4.3. Cross ply at high load 

When the load is increased (Pmax� 30kN; R ¼ 0:3), property 
degradation in both surface and subsurface ply directions shows an 

approximately linear behavior as shown in Fig. 15. Fiber damage 
mechanisms such as fiber pull out, fiber fracture, and fiber/matrix 
separation near the center hole dominate. Fiber pull out and fiber 
breakage between separated tows are shown in Fig. 16, but even at 85% 
fatigue life there is little observable matrix damage away from the center 
hole and damage in the gage region is highly localized around the severe 
transverse separation near the center hole. At these loads, transverse 
matrix cracks initiate near the center hole and almost immediately cause 
transverse separation of surface fibers in this region. These loading 
conditions cause approximately 1.2% biaxial strain at peak load. Due to 
high biaxial strain, the surface ply direction stiffness degrades at a 
higher rate than that of the subsurface ply direction and fatigue failure 
occurs first in the surface plies. This experimental observation is sup-
ported by the literature, which shows that above approximately 0.8% 
biaxial strain, the 0⁰ surface plies of a cross ply laminate have higher 
crack density than the 90⁰ subsurface plies [26]. 

Increasing the R ratio from 0.1 to 0.3 for the high load case extends 
the fatigue life and results in more evenly distributed damage 
throughout the gage region. For the high loading case with R ¼ 0.3 at 
50% fatigue, Fig. 17 (a) shows that surface ply transverse separation is 
severe, but matrix cracking and tow separation are visible away from the 
center hole. Additionally, Fig. 17 (b) shows that no fiber pull out or fiber 
fracture occurs. 

4.4. Quasi isotropic low load 

Similar biaxial fatigue tests were performed for the quasi isotropic 
laminates and specimen stiffness in the horizontal and vertical di-
rections was recorded to determine the effect of stacking sequence on 
composite biaxial fatigue damage behavior. The specimens were ori-
ented with the 0� plies aligned in the vertical direction. In the low load 
case for quasi isotropic laminates (Pmax < 35kN), specimen stiffness 
degrades rapidly during the first 10% of fatigue life (stage 1) as matrix 
microcracking and material relaxation occurs (see Fig. 18). At the 

Fig. 14. Low load cross ply load case with R ¼ 0.3. (a) Minor mesoscale gage region damage; (b) SEM micrograph showing minor matrix microcracking.  

Fig. 15. Stiffness plot from cross ply high load case.  

Fig. 16. High load specimen at 50% fatigue life. (a) Transverse separation in surface tows; (b) SEM micrograph of fiber breakage inside tow separation.  
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beginning of stage 2, between approximately 10% and 20% fatigue life, 
the rate of stiffness degradation decreases as matrix microcracks reach 
saturation and more stable matrix cracks form, leading to transverse ply 
cracks. At these loads, transverse cracks form in the � 45� plies between 
approximately 20% and 40% fatigue life, causing interfacial debonding 
near the tips of the transverse cracks as shown in Fig. 19 (a). In these 
images, the blue arrows indicate transverse ply cracks, blue ovals indi-
cate interfacial debonding at the tips of transverse cracks, and the gold 

arrows indicate delamination. By approximately 60% fatigue life, 
delamination occurs between the � 45� and 90� plies as a result of this 
interfacial debonding, and transverse cracks that formed in additional 
plies cause additional interfacial debonding as shown in Fig. 19 (b). 
After 60% fatigue life, the delaminated regions between plies grow and 
the locally failed regions find a path that leads to increased material 
degradation [27]. The 45� and � 45� plies fail shortly after, at approxi-
mately 75% fatigue life. This results in a precipitous drop in stiffness 

Fig. 17. High load case with R ¼ 0.3 at 50% fatigue life. (a) Surface ply transverse separation and transverse matrix cracks; (b) SEM micrograph of tow separation 
with no fiber fracture. 

Fig. 18. Low load stiffness plot for quasi isotropic laminates.  

Fig. 19. SEM micrographs of low load (Pmax ¼ 30kN) quasi isotropic specimen cross section. (a) Transverse cracks and interfacial debonding at 30% fatigue life; (b) 
Transverse cracks, debonding, and delamination at 60% fatigue life. 

Fig. 20. Intermediate load stiffness plot for quasi isotropic specimen.  
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followed by rapid sigmoidal stiffness degradation as load is redistributed 
to the remaining plies. 

4.5. Quasi isotropic intermediate load 

Quasi isotropic laminates subjected to intermediate biaxial fatigue 
loadings (35kN� Pmax � 40kN) showed increased stiffness degradation 
and accelerated formation and propagation of biaxial fatigue damage 
mechanisms. Fig. 20 shows that stiffness degrades rapidly during the 
first 10% of fatigue due to material relaxation and matrix microcracking. 

At these loadings, the normalized stiffness in both horizontal and ver-
tical directions fell below 0.9 by 20% fatigue life compared to the low 
load case which required approximately 40% of fatigue life for 
normalized stiffness to fall below 0.9. In addition to increased stiffness 
degradation, the onset of delamination was accelerated compared to the 
low load case. By 30% fatigue, interactions between transverse cracks in 
the outer plies lead to delamination as shown in Fig. 21 (a). In these 
images, the blue arrows indicate transverse ply cracks and the gold ar-
rows indicate delamination. As fatigue cycles increase, these damage 
mechanisms progress as additional transverse cracks form and cause 
further delamination to occur. By 60% fatigue life, delamination be-
comes the dominating damage mechanism as shown in Fig. 21 (b). 
Specimen stiffness further degrades as the delaminated regions grow, 
and the 45� and � 45� plies fail at approximately 75% fatigue life as a 
result. A sharp drop in specimen stiffness occurs as the load is redis-
tributed to the remaining plies, which degrade rapidly before final 
biaxial fatigue failure. 

4.6. Quasi isotropic high load 

When subjected to the high load case (Pmax > 40kN), the stiffness 
degradation in quasi isotropic laminates behaves almost linearly (see 
Fig. 22) before failure initiates in the 45� and � 45� plies at around 70% 
fatigue life. At these loadings, initiation and propagation of biaxial fa-
tigue damage mechanisms are accelerated and the damage mechanisms, 
especially delamination, are more severe. By 30% fatigue life, significant 
delamination occurs at the tips of transverse cracks in the surface plies as 
shown in Fig. 23 (a). Additional transverse cracks form in the inner plies 
and interact with the growing delaminated areas, resulting in the cross 
section shown in Fig. 23 (b). Severe transverse cracks in the 45� and 
� 45� plies (indicated with red arrows) allow delamination to jump 

Fig. 21. SEM micrographs of intermediate load (Pmax ¼ 35kN) quasi isotropic specimen cross section. (a) Transverse cracks and delamination at 30% fatigue life; (b) 
Transverse cracks and severe delamination at 60% fatigue life. 

Fig. 22. High load stiffness plot for quasi isotropic specimen.  

Fig. 23. SEM micrographs of high load (Pmax ¼ 40kN) quasi isotropic specimen cross section. (a) Severe delamination at 30% fatigue life; (b) Ply fracture in � 45�

plies and severe delamination at 60% fatigue life. 

T. Skinner et al.                                                                                                                                                                                                                                 



Composites Part B 174 (2019) 106942

11

between the ply interfaces causing almost complete layer separation. 
This interaction between transverse cracks and delamination leads to 
failure in the 45� and � 45� plies at approximately 70% fatigue life, 
followed by rapid degradation in the remaining plies. At lower loads, 
specimen stiffness degrades sigmoidally after the 45� and � 45� plies fail 
and load is redistributed to the remaining plies. In the high load case, 
however, the extent of damage in the 0� and 90� plies and the severity of 
the delamination between each layer precludes smooth stiffness degra-
dation as the remaining plies reach ultimate fatigue failure. 

5. Conclusions 

Optimized composite cruciform specimens were designed and in 
plane constant amplitude biaxial fatigue tests were performed to 
investigate the initiation and progression of biaxial fatigue damage 
mechanisms in [0/90]S and [0/45/-45/90]S CFRP laminates. Microscale 
damage mechanisms were studied using SEM fractography and were 
correlated to material property degradation and biaxial fatigue loading 
parameters. The following are some key observations from this study: 
Cross ply laminate stiffness degrades sigmoidally for low and interme-
diate load cases and is approximately linear for high load cases. Trans-
verse matrix cracks and transverse tow separation in surface plies lead to 
subsurface longitudinal ply failure for the low and intermediate load 
cases, while high biaxial loading causes severe transverse tow separa-
tion, highly localized damage, and failure in the subsurface plies. 
Increasing the R ratio extends fatigue life, delays damage mechanisms, 
and causes a more uniform distribution of damage in the gage region. In 
the Quasi isotropic laminates, failure occurs in the 45� and � 45� plies 
followed by rapid sigmoidal property degradation as load redistributes 
to the remaining plies. Delamination occurs at the tips of transverse ply 
cracks and is the dominant damage mechanisms in quasi isotropic 
laminates, especially in the high load case. The observations obtained in 
this study provide important insight into the damage mechanisms that 
govern the overall damage behavior of CFRP composites under external 
biaxial fatigue loading. 
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