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A B S T R A C T   

The present study is focused on the characterization of the fatigue damage features in carbon/ 
epoxy laminates under mode-II loading conditions. To this aim, a sinusoidal cyclic load was 
applied to the End-Notched Flexural (ENF) specimens and the fatigue behavior of specimens was 
investigated. Scanning Electron Microscope (SEM) was used to identify the damage features on 
the fracture surface, i.e. fiber imprints, cusps, roller cusps, and striations. It was found that the 
fatigue damage features, such as cusps and striations, completely depended on the fatigue crack 
growth rate, da/dN. In addition, a linear relationship between the fatigue striation space and the 
strain energy release rate range (ΔGs) and the hysteresis loop area was established. The Acoustic 
Emission (AE) method was also employed to characterize the damage features. The obtained 
results showed that higher AE energy indicates larger and rougher cusps and striation features.   

1. Introduction 

Composite laminates have been widely applied in aerospace, marine, transportation, and other industries, because of their 
excellent mechanical properties and weight-saving potential. However, due to their low interfacial strength along the thickness di-
rection, and the mismatch of the Poisson’s ratios between the adjacent plies with different fiber orientations, delamination often occurs 
and it is one of the major damage modes found in these structures [1–5]. When this type of structure is subjected to fatigue loading, 
delamination can initiate and propagate due to the presence of manufacturing defects, free edge effect, external or internal ply drop, 
and impacts caused by foreign objects [6–10]. 

Generally, there are three modes of fracture: mode-I (opening mode), mode-II (sliding or in-plane shear mode) and mode-III 
(scissoring or out-of-plane shear mode). With a glance to open literature, the focus has been obviously more on mode-I fatigue 
behavior of composite laminates; and there is a lack of fundamental understanding of mode II fatigue delamination. This is especially 
due to the unstable crack growth behavior in mode II loading conditions which makes the crack growth study more difficult than mode 
I [11,12]. The unstable crack growth can dramatically decrease the fracture toughness because of the transition from a ductile fracture 

* Corresponding author. 
E-mail address: ahmadin@aut.ac.ir (M.A. Najafabadi).  

Contents lists available at ScienceDirect 

Engineering Fracture Mechanics 

journal homepage: www.elsevier.com/locate/engfracmech 

https://doi.org/10.1016/j.engfracmech.2020.107408 
Received 20 July 2020; Received in revised form 6 November 2020; Accepted 8 November 2020   

mailto:ahmadin@aut.ac.ir
www.sciencedirect.com/science/journal/00137944
https://www.elsevier.com/locate/engfracmech
https://doi.org/10.1016/j.engfracmech.2020.107408
https://doi.org/10.1016/j.engfracmech.2020.107408
http://crossmark.crossref.org/dialog/?doi=10.1016/j.engfracmech.2020.107408&domain=pdf
https://doi.org/10.1016/j.engfracmech.2020.107408


Engineering Fracture Mechanics 241 (2021) 107408

2

mode in the case of a stable crack growth to a brittle fracture mode for an unstable growth [13]. 
The type of micro damage mechanisms occurred during the propagation of delamination in composite laminates generally depends 

on the loading, layup, manufacturing process, and adhesion quality between fiber and matrix [14–16]. It means that the fracture mode 
of a laminate can be determined according to the dominant damage mechanisms observed on its fracture surfaces. For example, the 
dominant feature in the mode-I fracture is the pulled-out fibers while shear cusps are common damage features for the quasi-static 
mode-II loading conditions [17]. The cusps are formed in mode II shear loading because of the stress state ahead of the crack tip. 
The shear stress ahead of the crack tip can be resolved into a principal stress, i.e. a tensile traction, which is inclined in an angle of 45◦

to the laminate plane. By increasing the load, angled cracks start to propagate in the 45◦ direction. When these angled cracks coalesce, 
the cusps patterns are formed [14,18,19]. 

For the mode II fatigue loading conditions, these cusps are infinitesimally deformed in each loading cycle because of the relative 
slippage of the upper and lower surfaces of the delamination. After a considerable number of cycles, these infinitesimal deformations 
are accumulated and form the matrix rollers [20]. Amaral et al. [21] defined a process zone, ahead of the crack front, including cusps 
and other damage features. They proposed that an effective crack length containing the process zone should be defined instead of the 
real crack tip and the energy dissipated in the process zone should be also considered while assessing the fatigue delamination. 

Striation is another fracture feature, which can be observed ahead of the crack tip during fatigue loading [22,23]. Striations 
generally appear as regular ripples or marks on the fracture surfaces. Striations are formed on the fiber imprints because of the 
decohesion of fiber and resin at high-stress ratios [21,24]. A practical use of this feature is to determine the delamination growth rate 
by both measuring the distance between these striations and considering the load cycle frequency [15]. The process for striation 
formation entails the molecular chains being fractured at the crack tip (‘chain scission’) following limited stretching [14]. This feature 
appears as a series of bright or dark lines or grooves within the imprints orientated perpendicular to the fiber direction. Detailed 
observations of the striations have indicated that they may be formed due to the extension of micro-cracks at the fiber–matrix interface 
[14,25,26]. Limited studies [20,24,27] have been conducted on the variation of cusps and striations during crack propagation under 
fatigue loading. Khan et al. [27,28] investigated the delamination growth under mode I fatigue loading in carbon/epoxy laminates. 
The results showed that the striation space increases when either the load range or the maximum load increases. 

Nowadays, Structural Health Monitoring (SHM) techniques are frequently used for monitoring the damage of composite laminates. 
Acoustic Emission (AE) is one of the most popular SHM techniques that has been widely used for detecting, analyzing and clustering of 
the damage mechanisms in composite materials [29–31]. AE is defined as the generation and propagation of a transient elastic wave 
caused by a sudden release of strain energy which can be due to damage occurrence in the material [32–34]. The literature review 
revealed that this technique has been mainly used to consider the damage behavior of composite laminates under quasi-static loading 
[32,35–37] while in just limited studies it has been used for the fatigue loading conditions [21,38–40]. In the present study, Scanning 
Electron Microscope (SEM) images and AE technique have been used to investigate the effect of mode II fatigue crack growth rate, da/ 
dN, on the fatigue micro-damage features, i.e. fiber imprint, cusps, roller cusps, and striations. 

Based on the best authors’ knowledge, no systematic study has been conducted on the effect of fatigue delamination growth rate on 
the fractographic features of CFRP composites, therefore, the present study aims to quantitatively investigate this subject by means of 
SEM and AE techniques. 

2. Experimental procedures 

2.1. Materials and specimens 

The test specimens were made of AS4/8552 carbon/epoxy prepreg, supplied by Hexcel Company, USA. Twenty four prepreg plies 
were laminated to produce the specimens. A 12.7 µm-thick Fluorinated Ethylene Propylene (FEP) film was inserted between the 12th 
and 13th plies (mid-thickness of the laminate) to create the initial pre-crack. The curing process was performed according to the 
datasheet provided by the manufacturer [41]. After the curing process, all specimens were cut out of the panel using a horizontal 
milling machine equipped by a very sharp rotary cutting disk with a precision of 1 μm. In order to reduce the manufacturing variations, 
all the fatigue and quasi–static specimens were cut out of the same composite panel. The specimens were cut to 180 mm in length and 
25 mm in width. The End-Notched Flexural (ENF) fixture was used to perform the mode-II tests. Fig. 1 shows the geometry of the 
specimens and the mode II test setup. Finally, the prepared specimens were tested under mode-II loading conditions according to ASTM 
D7905M standard [42]. 

Fig. 1. The schematic of mode II test configurations.  
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2.2. The testing machine 

All quasi-static and fatigue tests were performed using a 10 kN universal hydraulic tensile-compression machine, MTS-810. Fig. 2 
illustrates the testing machine and the utilized test apparatus, i.e. the digital camera, AE sensors, preamplifiers, and the fixture. The 
digital camera has a 4 MP resolution with a frame rate of 55 fps, supplied by OPTOMOTIVE Company. The crack length was monitored 
during the quasi-static tests by taking one image per second using the digital camera. While, during the fatigue test, after each 500 
cycles, the specimen was hold at the maximum load for a few seconds to let the digital camera to take an image. 

2.3. Acoustic emission device 

The AE activity, during the quasi-static and fatigue tests, was recorded using two AE sensors placed on the specimen surface, as 
depicted in Fig. 2. The AE sensors were broadband, single-crystal, and resonant type, VS900M, supplied by Vallen Systeme GmbH. The 
frequency range of the sensors is [100–900 kHz]. Two pre-amplifiers with a gain of 34 dB were used for amplifying the recorded 
signals. The threshold of the receiving AE events and the sampling rate were 50 dB and 2 MHz, respectively. An appropriate coupling 
was achieved by applying the ultrasonic gel at the interface of the AE sensors and the specimen surface. The reproducibility of the AE 
sensors was checked before each test by conducting the standard pencil lead breakage test [43]. 

3. Results and discussion 

3.1. The quasi-static test 

The mode II quasi-static tests were first conducted to obtain the required inputs for performing the mode II fatigue tests. Nine 
specimens were totally tested under the quasi-static and fatigue loading conditions, which are called S1 to S9 hereafter. The first three 
specimens, i.e. S1 to S3, were tested under the quasi-static loading conditions to obtain the interlaminar fracture toughness and the 

Fig. 2. The testing machine and the mode II experimental test setup for the quasi-static and fatigue loading conditions.  

Slope = tg ( ) 

Fig. 3. Load-displacement curves for the specimens subjected to the quasi-static mode-II loading.  
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critical load and displacement values which were vv then used to set the fatigue test parameters. The six remained specimens, i.e. S4 to 
S9, were tested under the fatigue loading conditions. The quasi-static tests were conducted according to ASTM D7905M standard [42]. 
The quasi-static specimens were loaded under displacement-control mode with a constant crosshead rate of 0.5 mm/min. The load and 
displacement were continuously recorded by the machine. Fig. 3 presents the load–displacement curve of the quasi-static specimens. 
According to this figure, the slope of the initial linear elastic part of the curves (K) for all specimens is almost the same. The average 
values of the maximum load and its corresponding displacement are 1173.63 N and 2.15 mm, respectively. 

Mode II interlaminar fracture toughness (GIIC) is calculated as follows (recommend by ASTM D7905M) [42]: 

GIIC =
3mP2

cra2
0

2B
(1)  

where B is the specimen width (25 mm), Pcr is the maximum load of the load–displacement curve, a0 is the initial crack length (30 mm), 
and m is the compliance calibration (CC) coefficient obtained from CC tests. The ratio of the displacement to the load (δ/P) is defined as 
the compliance value. According to the standard procedure [42], the CC coefficient is obtained by conducting two preliminary tests 
with the crack length of 20 and 40 mm, before starting the main fracture test with a crack length of 30 mm. The preliminary tests shall 
not lead to the crack propagation in the specimen. Therefore, the compliance tests were stopped when the load reached 500 N (<50% 
of the maximum load). Therefore, the compliance is calculated based on the initial linear elastic part of the load–displacement curve. 

Finally, obtained compliance values are plotted against the a3 and a line is fitted to the data as depicted in Fig. 4. The parameters of 
A and m are obtained from the fitted linear equation as follows: 

C = A + ma3 (2)  

where a is the crack length, m and A are the CC coefficients, and C is the compliance. According to Fig. 4, the average values of m and A 
for the quasi-static tests are 1.46E− 8 1/N⋅mm2 and 1.45E− 3 mm/N, respectively. Table. 1 presents the obtained results from the quasi- 
static tests. The GIIC values for specimens S1, S2, and S3 are 1.21, 1.05, and 1.04 kJ/m2, respectively. The average values of GIIC and Pcr 
were used to calculate the input parameters of the fatigue tests. 

3.2. The fatigue tests 

The preliminary CC tests were carried out before each fatigue test and CC parameters (A, m) were calculated. The same 3-point 
bending fixture (see Fig. 2) was used for the fatigue tests. All fatigue tests were conducted under load-control conditions with a 
constant loading ratio (R = Pmin/Pmax) of 0.3. The load-control mode was selected because it guarantees a large enough delamination 
growth and leads to an increasing crack growth rate by proceeding the fatigue test. The sinusoidal cyclic load with a frequency of 3 Hz 
was applied to the specimen because higher frequencies resulted in the specimen slippage during the fatigue test which is undesirable. 
In addition, higher frequencies can lead to the heat generation in the specimen, which is more critical for matrix and fiber /matrix 
interface because the high temperature can soften matrix [44–47]. The fatigue tests were conducted at different ratios of GIIimax/GIIC 
(0.4, 0.5, and 0.6). The ratio did not go higher than 0.6 because in the case of higher ratios, the crack growth became unstable. 

Fig. 4. Compliance vs cube of delamination length for specimen S1.  

Table 1 
Calculation of CC parameters and GIIC values for the quasi-static tests.  

Specimen K (N/mm) 
At a0 = 30 mm 

A (mm/N) m (1/N⋅mm2) δmax (mm) Pcr (N) GIIC (kJ/m2) 

S1 546 1.43E− 03 1.56E− 08 2.24 1202.63 1.21 
S2 562 1.44E− 03 1.45E− 08 2.12 1165.26 1.05 
S3 559 1.45E− 03 1.46E− 08 2.10 1153.06 1.04  

Average 555.6 ± 8.5 1.45E− 03 ± 1E− 5 1.46E− 08 ± 6.08E− 10 2.12 ± 0.07 1173.63 ± 25.82 1.10 ± 0.09  
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According to these ratios, Pmax and Pmin were obtained using Eqs. (3) and (4): 

GIIimax

GIIC
=

(
Pmax

pcr

)2

(3)  

R = Pmin/Pmax = 0.3 (4)  

where GIIC is mode II fracture toughness (1.10 kJ/m2), GIIimax is the maximum energy release rate at the first fatigue loading cycle, and 
Pcr is the average of maximum force obtained from the quasi-static tests, as reported in Table 1 (1173.63 N). The fatigue output data 
such as the number of cycles (N), the maximum load (Pmax), the minimum load (Pmin), the maximum displacement (δmax), and the 
minimum displacement (δmin) were recorded at each cycle by the machine. During the fatigue tests, the specimens were subjected to 
the cyclic load until the crack tip reached under the loading roller (see Fig. 1). Because of the high compression force presented under 
the loading roller, the crack could not propagate furthermore. Table 2 presents the fatigue test characteristics. 

According to the standard [42], the instantaneous crack length (a) at each cycle during the fatigue test can be obtained by Eq. (5): 

ai =

(
Ci − A

m

)1
3

(5)  

where A and m are CC parameters obtained from the preliminary CC tests, and ai and Ci are the crack length and the compliance 
corresponding to cycle Ni, respectively. Ci is calculated as follows [42]: 

Ci =
(δmax)i

Pmax
(6)  

where Pmax is the maximum load and (δmax)iis the maximum displacement at ith cycle. The crack growth rate, da/dN, is then calculated 
as follows [48]: 

(
da
dN

)

i
=

ai+1 − ai

Ni+1 − Ni
(7)  

where ai is the crack length corresponding to the cycle number Ni, and ai+1 and Ni+1 are the crack length and the cycle number 
corresponding to the next available data point. The strain energy release rate range (ΔGs) in the current cycle is calculated using Eqs. 
(8)–(10) [49]: 

Table 2 
The fatigue tests characteristics.  

Specimen A (mm/N) m (1/N⋅mm2) GIIimax/GIIC Pmax (N) Pmin (N) 

S4  0.00140 1.45E− 08  0.4 677 203 
S5  0.00141 1.60E− 08  0.4 677 203 
S6  0.00137 1.44E− 08  0.5 757 227 
S7  0.00138 1.43E− 08  0.5 757 227 
S8  0.00142 1.42E− 08  0.6 829 249 
S9  0.00142 1.49E− 08  0.6 829 249  

Fig. 5. da/dN vs ΔGs graph for all fatigue specimens.  
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(GIImax)i =
3m
2B

(Pmaxai)
2 (8)  

(GIImin)i =
3m
2B

(Pminai)
2 (9)  

ΔGs =
( ̅̅̅̅̅̅̅̅̅̅̅̅

GIImax
√

−
̅̅̅̅̅̅̅̅̅̅̅
GIImin

√ )2
(10) 

Fig. 5 shows the crack growth rate vs ΔGs for all fatigue specimens. As seen, the crack growth rate increases by enhancing ΔGs 
values and the different values of GIIimax/GIIC do not have a significant effect on the fatigue crack growth behavior. 

3.3. Fractography analysis 

The SEM images was used to investigate the fracture surface of the specimens after the quasi-static and fatigue tests. The most 
relevant fractographic features in mode II loading conditions are cusps, appeared on the damaged surface as raised platelets 

Fig. 6. The fracture surface of the quasi–static mode II test specimen; (a) the upper surface, and (b) the lower surface.  
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[14,26,50]. Fig. 6 illustrates the fracture surface of one of the quasi-static specimens. The dominant fracture features, which are 
obviously visible in Fig. 6, are fiber imprint and matrix failure in the form of cusps. The direction of the global crack growth can be 
deduced using the cusp’s orientation because the tilt of cusps is formed opposite to the shear stress direction. In mode II loading 
conditions, the shear stress direction on the upper surface is in the same direction of the crack growth (Fig. 6a) while on the lower 
surface, it is opposite to the crack growth direction (Fig. 6b). Therefore, the cusps on the lower surface are oriented along the crack 
growth direction while the cusps on the upper surface are formed opposite to the crack growth direction. A schematic for the cusps 
formation process under mode II loading conditions is shown in Fig. 7. As shown, because of the stress state at the crack tip, the angled 
matrix cracks initiates. By increasing the load, these cracks are enlarged and connected together to create cusps. 

Fig. 8 depicts the fracture surface of the specimen subjected to the fatigue loading. In order to study the effect of the crack growth 
rate on the damage features, SEM images were taken from the fracture surface at different distances (Δa) from the initial crack tip. By 
knowing the actual crack length (a0 + Δa) at each point, the crack growth rate (da/dN) can be calculated using Eq. (7). As seen in 
Fig. 8a, taken from 1 mm ahead of the initial crack tip (the corresponding crack growth rate of 2E− 7 m/cycle), the fracture surface and 
the fiber imprints are almost clean. Fig. 8b shows the fatigue surface when the crack growth rate was da/dN = 3E− 6 m/cycle. In this 
case, the cusps are deteriorated because of the slippage of the upper and lower crack surfaces in mode II cyclic loading. By comparing 
Fig. 8c&d and a&b, it is obvious that by increasing the crack growth rate, the damage features are expanded and enlarged. In the case of 
fiber imprint patterns, they are not clear and continuous at the high crack growth rates anymore (see Fig. 8c&d). As reported in the 
literatures [9,51], by increasing the loading rate and consequently the delamination growth rate, less fiber/matrix interface failure and 
more matrix brittle cracking are observed on the fracture surface. However, in the present study, because the maximum delamination 
growth rate in the fatigue tests, 6E–5 m/cycle, is not really high, it is not expected that the damage mechanism completely changes 
from debonding to matrix cracking while the fatigue delamination growth rate increases from 2E–7 m/cycle to 6E–5 m/cycle. 

Fig. 7. The formation of cusps during the mode II loading conditions; (a) a schematic view, and (b) a real image from the side of the ENF specimen.  
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However, because of this increase of the crack growth rate, some shallow traces of the matrix can be found on the fiber, and the fiber 
imprints surface becomes rougher at higher fatigue delamination growth rates. While, the fiber and fiber imprints surfaces are clean 
and smooth at the low fatigue crack growth rates. As depicted in Fig. 8d, the cusps are rounded and deformed as rollers for the crack 
growth rate of da/dN = 6E–5 m/cycle. This is due to the fact that the cusps are infinitesimally deformed in each loading cycle because 
of the relative slippage of the upper and lower crack surfaces and after many cycles, these infinitesimal deformations are accumulated 
and the rollers are formed. The axis of these roller cusps is usually perpendicular to the fiber direction. 

As depicted in Fig. 8a–d, the surface roughness and the number of damage features increase by enhancing the crack growth rate. In 
order to quantify the effect of the crack growth rate on the damage features, the potential energy release rate (dU/dN) for the different 
crack growth rates is calculated. The cyclic potential energy for the load-control fatigue test is calculated using Eq. (11) and it is 
schematically illustrated in Fig. 9. 

Ui =
1
2
(Pmax + Pmin)(δmax − δmin)i (11)  

where Ui is the potential energy at ith cycle, Pmax is the maximum load, Pmin is the minimum load, and δmax and δmin are displacement 
values which are corresponded to Pmax and Pmin at ith cycle, respectively. As seen in Fig. 9, because the maximum and minimum loads 
are constant in load–control fatigue test, the maximum and minimum displacements and also the crack growth rate (da/dN) 

Fig. 8. The fracture surface of the fatigue test specimen (S7-lower surface).  
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continuously increase while the crack propagates during the fatigue test. In addition, as shown in Fig. 10, the term of (δmax − δmin) 
increases by the crack propagation. Consequently, according to Eq. (11), the cyclic potential energy increases by enhancing the crack 
growth rate. Therefore, the rougher surface and more damages observed in Fig. 8c and d are corresponded to the high potential energy 
release rate. 

The potential energy release rate or the rate of energy dissipation, dU/dN, is calculated using Eq. (12): 

dU
dN

=
Ui+1 − Ui

Ni+1 − Ni
(12)  

where Ui+1 and Ui are the corresponding potential energies to cycles i + 1 and i, and Ni+1 and Ni are i + 1th and ith cycles, respectively. 
Fig. 11 shows the crack growth rate, da/dN, plotted against the potential energy release rate, dU/dN, for specimen S7. As it is 

Fig. 9. Changing the potential energy due to an infinitesimal crack growth under load-control fatigue test (ai is the crack length at ith cycle and da is 
the infinitesimal crack growth in one cycle). 

Fig. 10. The increase of the displacement range per cycle for specimen S7.  

Fig. 11. The relationship of the potential energy dissipation and the fatigue crack growth rate for specimen S7.  
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obvious in Fig. 11, there is a linear relationship between dU/dN and da/dN. The corresponding points of the curve to the images 
depicted in Fig. 8a–d are marked by letters of A, B, C, and D in Fig. 11. By comparing Figs. 8 and 11, it is found that the damage features 
completely depend on the dissipated potential energy per cycle, dU/dN. It means that more damage features (see Fig. 8d) indicate more 
energy dissipation (see Fig. 11-point D). 

The other interesting damage feature on the fatigue fracture surface, which is usually visible in high-magnified SEM images, is 
striation lines (see Fig. 12). As mentioned before, striations are marks created on the fatigue surface which show the incremental 
growth of the fatigue crack. Striation lines show the crack tip position at the time it was made. The striation indications are made due to 
the fracture of the molecular chains at the tip of the crack following limited stretching [41]. As seen in Fig. 12, striations are typically 
curvy as parabolic shapes that show the direction of the global crack growth. It is reported that each striation occurs as a result of a 
single loading cycle [52]. According to this hypothesis, the striations space indicates the crack growth rate at each cycle. For example, 
according to Fig. 12a, when the crack propagated 4 mm (Δa = 4 mm) the striations space was 4.66 µm which shows the crack growth 
rate at this point, da/dN, is 4.66 µm/cycle. By comparing Fig. 12a–d, it is found that by increasing the crack growth rate, da/dN, the 
striations space increases. 

It is worth mentioning that the striation patterns are not visible at the beginning of the crack growth (when Δa < 3 mm). It is 
because in this region the crack growth rate is very slow and the striation lines is not large enough to be visible in SEM images. In 
addition, at very high crack growth rates, the fiber imprints become rough and discontinuous which completely mask the striation 
lines. 

According to Fig. 13, there is a linear relationship between striations space and strain energy release rate range (ΔGS). ΔGS is the 

Fig. 12. The striation marks on fatigue surface of S7 specimen.  
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driving force of the crack propagation calculated from Eq. (10). It is noteworthy that this relationship is only valid for 315 J/m2 < ΔGS 
< 440 J/m2. 

The loading–unloading curves for the 4 different cycle numbers are illustrated in Fig. 14a. By comparing the curves, it is revealed 
that by increasing the cycle numbers and accumulation of the damage, the slope of the curves decreases, which represents the stiffness 
degradation, while the area inside the load-unloading loop increases. The area of the closed hysteresis loop can be related to the energy 
dissipation mechanisms, such as friction between the upper and lower crack surfaces, friction between the specimen and the roller 
supports, and also the damage growth [53]. The area of the hysteresis loops versus their corresponding striation space is shown in 
Fig. 14b. As can be seen, a line can be fitted to the data points which shows when damage propagates and the dissipated energy in-
creases, the striation length increases. 

3.4. Acoustic emission study 

Fig. 15 shows the amplitude of the originated AE events during 11 cycles of the mode-II fatigue test as a representative of the fatigue 
test. As observed, the AE events occurred in both loading and unloading phases in each cycle. 

A portion of the dissipated energy in each cycle is dedicated to the crack growth and the rest is harvested to induce heat in the 

Fig. 13. The relationship of striations space between driving force (ΔGS).  

Fig. 14. (a) The hysteresis loops and (b) the relationship between the hysteresis loop area and the striations space.  
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damage zone ahead of the crack tip. The AE energy generated by the crack growth can be used for characterization of the formed cusps. 
To this aim, energy values of the corresponding AE signals in points A, B, C, and D, depicted in Fig. 8, are extracted. Because finding the 
exact cycle number associated with these points is not possible, the average AE energy of the AE events occurred during five cycles 
before and after the desired cycle number is considered as the representative AE energy of that point. By comparing Figs. 16–18, it is 
found that as much as the fracture surface became rougher and the cusps enlarged, the released AE energy due to the induced damages 
increased. 

As aforementioned, the striation marks show the amount of the crack growth in one cycle, so it is anticipated that those marks were 
associated to the AE energy generated by the infinitesimal crack growth in that cycle. In order to show this relationship experimentally, 
the corresponding cycle numbers to the images depicted in Fig. 12a–d are obtained and the released AE energy in those cycles is plotted 

Fig. 15. The 11 cycles of the mode-II fatigue test and the amplitude of the originated AE events for specimen S7 (the cycles were selected around 
point C in Fig. 11). 

Fig. 16. The average AE energy for each point of fracture surface corresponding Fig. 8.  

Fig. 17. The striation space vs AE energy.  
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versus the size of the associated striations space (see Fig. 17). As it is obvious in Fig. 17, there is a linear relationship between these two 
parameters. In addition, the AE energy versus the area of the closed hysteresis loops is shown in Fig. 18, which a linear relationship 
between the dissipated energy and the generated AE signals can be established. 

4. Conclusion 

The aim of the present study was to quantify mode-II fatigue damage features such as cusp and striation patterns by means of the 
SEM and AE techniques. For this purpose, the specimens were prepared and subjected to the quasi-static and fatigue mode II loading 
conditions according to ASTM D7905M standard. The fracture surface of the specimens was then investigated using SEM images and 
the damage features, such as fiber imprint, cusps, roller cusps, and striations, were identified. To quantify the effect of the fatigue crack 
growth rate, da/dN, on the damage features, the potential energy release rate (dU/dN) for the different crack growth rates was 
calculated. It was found that more damage features indicate more dissipated energy. In addition, there was a linear relationship be-
tween the fatigue striation space with the strain energy release rate range (ΔGs) and the hysteresis loop area. Finally, the AE technique 
was used to characterize the damage features and it was shown that higher AE energy indicates larger cusps and striation spaces. 
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