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Polymer composite laminates have established themselves as essential materials across a wide type of industrial
fields because of their specific mechanical properties such as high strength and low weight. Among the main
issues they face is susceptibility to delamination damage. This comprehensive review paper investigates various
damage mechanisms and associated phenomena that obvious during delamination within polymer composite
laminates. Delamination can primarily arise in Mode I, Mode II and mixed Mode I &II loading scenarios. Notably,
the damage features can vary significantly between these conditions. This paper aims to characterize and identify
delamination-dominated damage features by conducting a comprehensive examination of the parameters that
influence these features, all based on an extensive literature review and utilizing fractography analysis. The
findings of this review illustrate the valuable insights that can be obtained from delamination fracture surfaces
through the utilization of fractography images and the examination of damage features. For instance, it is
possible to recognize details such as determining of global crack growth direction, calculating the rate of fatigue
crack growth, and anticipating of strain energy released rate. This deeper understanding aids in pinpointing the
key factors contributing to delamination damage. It could offer valuable insights for designing composites
resistant to delamination. Additionally, it may assist in determining the underlying causes of catastrophic failures

in tragic events.

1. Introduction

Nowadays, composite materials have obtained significant traction in
a different industrial fields such as petrochemical, aerospace, automo-
tive, and civil engineering. Composites primarily consist of two key
components: fiber and resin. These reinforcing fibers can include various
materials like carbon, glass, Kevlar, and others, while the matrix resin
can be different polymers including polyester, vinyl ester and epoxy. The
benefits of composite laminates include their high strength, low weight,
resistant to chemical corrosion, design flexibility and user-friendly
manufacturing processes [1-6]. Despite these benefits, composite lam-
inates can still experience various damage mechanisms due to their
inherent structures, resulting from the manufactured combination of
matrix and reinforcement [7-11]. Delamination is a frequently observed
mode of failure that often initiates from cracks within the material,
resulting in fracture and the ultimate failure of structures [12-15]. In
recent decades, significant research efforts [16-20] have been directed
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towards investigating the delamination behavior of composite lami-
nates. Some of this studies [21-26] have involved conducting fractog-
raphy analyses, often utilizing Scanning Electron Microscopy (SEM) to
consider fracture surface of delamination in greater detail and under-
stand the underlying damage mechanisms.

It is imperative to acknowledge the existence of three primary
damage mechanisms namely, fiber breakage, matrix cracking, and fiber-
matrix debonding, which are commonly visible on the fracture surface of
delamination. Moreover, these damage mechanisms give rise to distinct
damage features on the interlaminar fracture surface. An example of
such a feature is the cusp, a unique form of matrix cracking that emerges
as a consequence of the stress conditions at the fracture surface. Addi-
tionally, there exist various other features, such as scarp, riverine, stri-
ation, roller cusps, and hackle patterns will be thoroughly explored in
the following sections of this paper. These damage mechanisms manifest
at various length scales, ranging from the microscopic level (illustrated
by phenomena such as scarp and striation) to the less discernible scale of
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Fig. 1. Delamination source in composite laminates [32].
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Fig. 2. The schematic test setup of DCB (mode I), ENF(mode II) and MMB
(mixed mode I&II) specimens [40].

fiber/matrix debonding, and finally, to the macroscopic level, which is
readily observable and includes matrix cracking and delamination.
This research paper focuses on characterizing and identifying dam-
age features associated with delamination. To achieve this, fractography
analysis was utilized, integrating findings from an extensive literature
review and SEM images captured by authors. This approach has allowed
for the presentation of a detailed overview of the various features arising
from the damage mechanisms. Fractography analysis in composite
laminates provides valuable insights for both the repair and design of
composite structures. Analyzing damage features and recognizing
damage mechanisms in composite laminates, it becomes feasible to gain
insights to design delamination-resistant composites as well as identify
the root causes of catastrophic failures in tragic incidents. For instance,
as it can be seen in this paper, through these techniques and the in-
spection of fracture surfaces, it is possible to estimate the crack propa-
gation direction, calculating of fatigue crack growth rate, and
determining of Strain Energy Release Rate (SERR), consequently shed-
ding light on the level of load applied on the structure. This review paper
has been characterize to 8 sections as follow: 1- introduction, 2- The
origins of delamination 3- Resin-rich area 4- Fiber bridging phenomena
5- Fiber breakage 6- Fiber/matrix debonding 7- Matrix cracking 8-
Conclusion. In Section 7, an extensive review has been conducted on the
various types of matrix cracking features, which are discussed in the
following subsections: 7-1- Revealing delamination orientation via
cusps, 7-2- Roller cusps, 7-3- Scarp features 7-4- Striations indicating the
fatigue crack growth rate, 7-5- Fracture surface as an indication of the
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energy release rate.
2. The origins of delamination

Delamination is known as interface crack occurring between two
adjacent layers in composite laminates [27]. Delamination can originate
from various sources, including impacts [28], manufacturing imper-
fections during cutting and drilling process [29,30], and stress concen-
trations resulting from structural changes [31]. The primary origins of
this interlaminar cracks are associated with composite materials in-
consistencies, which generate interlaminar stresses. Delamination typi-
cally appears at free edges because of incompatibility in the mechanical
properties of adjacent layers, at ply transitions where thickness re-
ductions are necessary, and in areas subjected to out-of-plane bending
loads.

As per Fig. 1, delamination in composite structures can be attributed
to various factors, including mechanical load, geometry, machining
processes like drilling, environmental effects (thermal and hydrother-
mal), and manufacturing processes. Additionally, delamination may be
induced by geometric factors such as free edges, joints, stringers and
taper due to the free edge effect. The free edge effect occurs from dif-
ferences in the elastic constants of adjacent layers, resulting in the
development of stress concentrations near the free edge and at the in-
terfaces between layers. Many researchers tend to categorize delami-
nation into distinct pure modes including, Mode I (peel), Mode II (shear)
and Mode III (tear). Among these, modes I and II, or a combination of
both, are more frequently studied. This focus is due to the relatively rare
occurrence of mode III delamination due to the higher strain energy
level requirement.

One prevalent instance of delamination in composite laminates ari-
ses from impact events, often leading to barely visible impact damage
(BVID). BVID has the potential to significantly reduce strength without
apparent warning. Structures appearing undamaged may experience
sudden failure at loads considerably lower than anticipated [28,33-35].

2.1. Mechanical characterization methods

To assess the delamination behavior of composite laminates,
including factors like interlaminar fracture toughness (G, Grc) and
crack growth rate, ASTM standards have been established. Accordingly,
ASTM D 5528 [36], ASTM D7905 [37], and ASTM D6671 [38] have
been developed for Mode I, Mode I, and Mixed Mode I & I, respectively.
Additionally, ASTM D6115 [39] is employed to study of delamination
growth onset under Mode I fatigue loading. Consequently, our research
focuses on analyzing delamination-dominated damage mechanisms
through fractography analysis under static and fatigue conditions in
mode [, mode II, and mixed mode I & II. Researchers typically conducted
these tests following established standard guidelines. Fig. 2 illustrates
the schematic of fracture tests on composite specimens in three different
modes.

In the upcoming sections, we will explore prevalent damage phe-
nomena, damage mechanisms, and damage features that may appear
during delamination, as analyzed through the fractography method.
Fig. 3 shows the schematic summary of delamination-dominated dam-
age mechanisms and related features.

3. Resin-rich area

Resin-rich regions, also known as resin-rich zones, frequently occur
composite structures, exerting a considerable influence on the material
properties and the onset of damage [41]. These areas denote portions of
the matrix material that exhibit localized richness in resin, resulting in a
corresponding deficiency of fibers. Researchers utilize resin-rich areas as
vital indicators to assess various properties of the composite laminates,
including tensile or compression strength [42], fracture toughness [43],
strain to failure [44] and volume resistivity [45].
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Fig. 3. Dominant delamination damage mechanisms and associated features in composite laminates.
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Fig. 5. Resin-enriched zone near the initial crack tip under static mode II
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Fig. 6. The influence of resin rich area on load displacement curve on mode I
loading condition for AS4/8552 materials [50].

In interlaminar fracture test specimens, a resin-rich region is typi-
cally formed due to the presence of pre-crack initiators, such as PTFE
(Polytetrafluoroethylene) film. Complying with standard guidelines
such as ASTM D5528 [36], ASTM D6115 [39] and ASTM D7905 [37], a
thin release film, is interposed between the middle of layers to induce an
initial crack. This film typically has a thickness of 10-50 pm [46],
resulting in the formation of a triangular region characterized by an
excess of resin, as shown by Fig. 4. Furthermore, Fig. 5 illustrates the
SEM micrograph of the resin-rich area at the crack tip under mode II
static loading conditions.

Moreover, the presence of a resin-rich region can impact both the
load-displacement graph, as illustrated by Fig. 6, and the fracture
toughness values. Some research investigations have been conducted to
analyze the effects of release film and pre-cracks on Gj¢ values [48,49].

Fig. 7 illustrates a representative set of results, showcasing increased
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Fig. 7. The influence of release film thickness on fracture toughness carbon/
epoxy and carbon/PEEK unidirectional composite laminates [32].
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Fig. 8. Fiber bridging phenomena in mode I test specimen [51].

fracture toughness values when thicker films are utilized. This behavior
is primarily linked to the resin-rich region near the film. Based on the
graph, it is observed that at a thickness of 13 pm, the resin-rich area has
the least impact on fracture toughness (Gy¢) values. Consequently, the
standard recommends adopting the same value for this reason.

4. Fiber bridging phenomena

In fiber bridging phenomenon, the fibers bridge between two adja-
cent layers and act as crack arrestors due to which the delamination
resistance and fracture toughness increases [51]. Fiber bridging can
occur in mode I, Mode II, and mixed mode I & II, but it is a common
phenomenon in mode I as depicted in Fig. 8. In unidirectional laminates,
fiber bridging tends to develop rapidly, and while reducing the relative
angle between adjacent plies can mitigate the extent of bridging, but it
does not entirely eliminate it. Conversely, within woven fabric lami-
nates, there is a possibility of fiber bridging, but the extent of bridging is
generally minimal. As seen in Fig. 9 fiber bridging is more prevalent in
unidirectional laminates as opposed to woven ones.

Fiber bridging demonstrates potential in improving the mechanical
properties of both inter-laminar and in-plane aspects in composite
laminates. Put more simply, this phenomenon elevates the interlaminar
fracture toughness of the specimen from its initial Gj¢ value to higher
levels [52,53]. The presence of fiber bridging ensures stable crack
growth between laminates [54]. In recent decades, researchers have
conducted extensive studies on fiber bridging. They have considered
different aspects of the fiber bridging phenomenon, including bridging
laws, origin of bridging, the impact of bridging on fracture toughness
and R-curve, and variations in bridging under static and fatigue test
[55-601].

In quasi-static delamination tests, fiber bridging significantly
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Fig. 9. Fiber bridging is more prevalent in unidirectional GFRP laminates as
opposed to woven ones [12].

increases fracture toughness [51,61-65]. Furthermore, in fatigue
testing, the occurrence of fiber bridging can exert a notable influence on
the fatigue behavior and related constants of Paris law. This effect is
evident in Fig. 10, where the fatigue curves shift significantly from left to
right as the length of the fatigue pre-cracks increases, indicating the
development of fiber bridging. This shift implies that the Strain Energy
Release Rate (SERR) required for a specific crack growth rate (da/dN) is
not constant but relies on the extent of crack extension (a-ag), which is a
measure of the degree of fiber bridging. As the crack extends, more
bridging fibers can accumulate in the wake of the crack front, leading to
the cyclic storage and release of additional strain energy within them.
Consequently, this artificially contributes to a higher value of SERR.

5. Fiber breakage

Fiber breakage represents a common damage mechanism identified
in the fracture surface of delamination during fractography analysis.
This typically involves the phenomenon of fiber bridging between
layers, frequently followed by fiber breakage. When the stress applied to
these bridged fibers surpasses their strength, the fibers fracture, causing
a sudden crack propagation over a short distance. Subsequently, the
crack is re-arrested by the bridging action of new fibers [66]. In these
scenarios, clusters and groups of fibers often experience breakage.
Fig. 11 depicts an example of fiber breakage occurring in groups due to
fiber bridging in the mode-I fracture surface of a CFRP laminate. As a
result of the group breakage of fibers, there is typically a sudden
decrease in load-displacement diagram.

In Fig. 12, the crack growth-displacement and load-displacement
graphs for unidirectional glass/epoxy under quasi-static Mode I
loading are presented. Significantly, the load-displacement curve ex-
hibits instabilities marked by fluctuating patterns, commonly known as
the pop-in phenomenon [54]. These load drops result from the group
failure of bridged fibers. As fibers bridge between the upper and lower
layers, they experience tensile stress. As the tension force in the fibers
gradually rises, reaching the breaking stress, the bridged fibers fracture,
leading to sudden crack growth. This abrupt increase in crack length
results in a sudden drop in load (pop-in) [68,69]. Subsequently, create of
new bridging fibers arrests the crack once again. It is important to note
that the first pop-in, in Fig. 12 is associated with a resin-rich area.
Additionally, with each load pop-in, there is an abrupt extension of the
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Fig. 11. Micrograph illustrating group fiber breakage resulting from fiber
bridging [67].

crack length by a few millimeters.
6. Fiber/matrix debonding

Another main damage mechanism in composite laminates is the
debonding between matrix and fibers, typically initiated by a perpen-
dicular load applied in the direction of the fibers. In Fig. 13(a)-a
simplified depiction illustrates the basic structure of a 0/90/0 laminate,
showcasing the occurrence of fiber/matrix debonding. Moreover, the
coalescence of these deboned areas can lead to the creation of a big crack
(Fig. 13 (b)).

The fiber-matrix debonding, is significantly related to strain ampli-
fication within the matrix located between two adjacent fibers. The
amplification of strain arises from the inherent difference in Young’s
modulus between the fibers and the matrix.

In delamination fracture surfaces, the presence of fiber-matrix
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Fig. 12. Considering of fiber bridging effect on load-displacement and crack
growth behavior [66].

debonding is identified through the appearance of fiber or fiber im-
prints in matrix, indicating the occurrence of bonding between the fiber
and matrix. Fig. 14 presents SEM findings regarding fracture surfaces in
a quasi-static test of a multidirectional composite laminate. It is evident
that the predominant microscopic feature on the top surface of the
fractures is the imprint of fibers. Conversely, the opposite surface ex-
hibits naked fibers that appear exceptionally smooth and free from any
matrix residue or bonding. This observation underscores the importance
of the fiber/matrix interfacial strength in the delamination of such
composite materials.

The behavior of a fiber-reinforced composite is notably shaped by the
attributes of the interface between the fiber and the matrix resin. The
adhesive bond at the interfacial surface plays a pivotal role in influ-
encing the overall mechanical properties of the composite. This interface
is essential for effective stress transfer between the fiber and matrix. In
scenarios where the fibers have a weak connection with the matrix, the
composite initiates matrix cracking at a relatively low stress level.
Conversely, with strong bonding between fibers and the matrix, matrix
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Fig. 14. Fractographic images of mode-I fracture surfaces A) Fiber imprints on top surface B) Fibers on down surface [71].
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Fig. 15. Formation of cusp from matrix cracking [78].

cracking is postponed, leading to catastrophic failure due to fiber frac-
ture when the matrix eventually cracks.

7. Matrix cracking

Matrix cracking is another primary damage mechanisms which
commonly observed in composite materials [72]. Due to the inherent

structural makeup of composite laminates, comprising both matrix and
reinforcement, any kind of macro damage that occurs in the structure is
associated with matrix cracking. For example, the delamination between
the layers, which is considered a macro damage, does not happen unless
the matrix cracking has happened before that while there is a possibility
that no fibers break during crack propagation. For example, analyzing
fractography of fracture surface under mode II loading conditions re-
veals that fiber breakage is infrequently observed. Typically, under this
loading condition, observable occurrences include fiber-matrix
debonding and matrix cracking. Moreover, in theory, when there ex-
ists a robust connection between the fiber and the matrix, the mecha-
nism of fiber-matrix debonding may not be apparent, while the
mechanism of matrix cracking remains observable. Therefore, delami-
nation is always accompanied by matrix cracking. By examining the
fracture surfaces of the delamination, the mechanisms of matrix
cracking are shown as different type of features according to different
type of loading condition (static, fatigue, loading rate, etc.). The sub-
sequent sections consider a thorough examination of the different type
of matrix cracking features, exploring their characteristics in-depth.

7.1. Revealing delamination orientation via cusps

One of the key fractography features on delamination fracture sur-
faces is the presence of cusps, which manifest as raised platelets
[73-75]. This feature also called Hackle by some researchers [76,77].
The inclination of these cusps can serve as a valuable indicator for
discerning local shearing directions on the surfaces. Fig. 15 illustrates a
cusp that formed from matrix cracking in CFRP laminates. To effectively
utilize these features, it’s essential to control the lighting conditions to
cast shadows from the cusps, enabling the determination of their tilt
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Fig. 16. Formation of Cusps under Mode II Loading: a) Schematic and b) Actual Side View of ENF Specimen [79].



R. Mohammadi et al.

10pm 5/8/2019
WD 7.1lmm 12:04:38

Shear stress direction

— 10pm 5/8/2019

5.0kV LEI WD 14.0mm 2:52:40

b)
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SEM micrograph of lower surface [79].
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Fig. 18. Fracture surface morphology and cusp Percentage as criteria for
determining mixed mode ratio and fracture toughness [80].

direction. Given their potential small size, it’s advisable to focus on
larger cusps, particularly in regions with a higher resin fraction, as they
facilitate a clearer deduction of the tilt direction. Moreover, examining
the corresponding fracture surface can aid in resolving any complex
areas and validating the primary surface observations.

Fig. 16 provides a schematic representation of the cusp formation
procedure during mode II test. As depicted, the stress state at the crack
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mode II fatigue test [47].
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Fig. 20. Fractographic Analysis of the Fracture Surface of HTA/6376 Lami-
nates subjected to mode II fatigue test (X17000) [82].

front induces angular matrix cracks at a 45-degree angle. With gradual
enhancing loads, angular cracks grow and coalesce to give rise to cusps.
For a more precise analysis, selected sites should undergo electron mi-
croscopy to corroborate optical observations of the cusps. The orienta-
tion of these cusps can provide insight into the overall direction of crack
growth, as cusps typically develop in opposition to the shear stress
direction.

For instance, the shear stress direction corresponds to the crack
growth on the upper fracture surface (Fig. 17-a), whereas, it runs
counter to the crack growth direction on the opposite fracture surface
(Fig. 17-b). As a result, cusps on the lower surface align with the crack
growth direction, while those on the upper surface form in opposition to
it.

Another noteworthy aspect to highlight is the difference observed in
fracture surfaces under mode I and mode II loading conditions. In mode I
loading, the fracture surface tends to be smoother with cleavage matrix
cracking, typically resulting in lower fracture toughness compared to
mode II. However, under mixed mode I & II loading conditions, an in-
crease in the percentage of mode II loading leads to a rougher fracture
surface due to the formation of cusp features, consequently enhancing
toughness. The formation of cusps increases compliance and makes the
structure more ductile. Hence, the presence of cusps on the fracture
surface serves as a criterion for determining the ratio of mode I to mode
II loading in mixed mode conditions and for evaluating total fracture
toughness. Fig. 18 illustrates the correlation between the presence of
cusps on the fracture surface, mixed mode ratio, and total fracture
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Fig. 21. Matrix rollers of T300/V390 composite materials (X4000) [83].
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Fig. 22. Formation of scarp lines in mode I CFRP laminates [50].

Fig. 23. Spread of river-line features [84].
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Fig. 24. Formation of fatigue striation lines adjacent to the cusp features in
mode II CFRP laminates (x8000).

toughness.

7.2. Roller cusps

Another interesting occurrence during mode II fatigue loading is the
transformation of the cusps into cylindrical shapes. This phenomenon is
a consequence of the cyclic movement of two surfaces (up and down) in
opposing directions, causing the cusps to undergo a transformation into
worm-like structures oriented perpendicular to the fiber direction.
Additionally, under these loading conditions, some of the cusps become
crushed and deteriorated, scattering fragments across the surface.
Fig. 19 displays the fracture surface of the CFRP laminate under fatigue
loading, with visible cusp rollers (highlighted as rollers). The size of
these cusps depends on the fracture toughness of the resin, greater resin
toughness results in longer cylinder lengths. Accordingly thermoplastic
matrix resins will exhibit roller cusps with more length. A closer in-
spection of these cylinders reveals that they demonstrate substantial
plasticity, even within brittle matrix polymers, and may separate from
the fracture surfaces (refer to Fig. 20). The presence of plasticity in this
context may be attributed to the conditions of mode II fatigue test. In this
scenario, the local temperature on the fracture surface rises, primarily
due to heat generated from friction between the two surfaces and hys-
teresis loops resulting from the cyclic loading [81]. Consequently, the
brittle matrix can display plasticity behavior as the temperature nears its
glass transition temperature (Tg).

In Fig. 21, the micrograph surfaces of T300/V390 can be observed.
Notably, the matrix rollers are clearly visible and display a remarkable
level of ductility, which is quite surprising, especially considering that
this material is a brittle bismaleimide polymer. Additionally, with more
detail consider of matrix roller surface, imprint of the underlying fibers
is noticeable on the surface [83].

7.3. Scarp features

The occurrence of a scarp represents a fascinating and significant
phenomenon when examining the failure surfaces of polymer compos-
ites. These features typically apparent as relatively bright lines in
microscopic images, aligned with the direction of the fibers. The scarp
lines form as a result of the convergence of two neighboring crack planes
[84]. The process through which scarp lines develop involves an initial
localized failure at high risk points, such as interface of matrix and fiber
[85]. This localized failure triggers the propagation of microcracks



R. Mohammadi et al.

Fiber

Fiber imprint

Polymer Testing 134 (2024) 108441
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Fig. 25. A schematic representation of the formation of striations and cusps during the fatigue delamination process.

within both the matrix and around the fiber. Initially, these cracks begin
to propagate at a 90-degree angle to the fiber direction. However, since
the primary crack’s trajectory aligns with the fiber direction, these
microcracks gradually reorient themselves towards the global crack
growth direction. Ultimately, the matrix microcracks may spread as
microflow on several different planes and, as they converge, they coa-
lesce into a distinct line, forming what is known as a scarp. Fig. 22 shows
the scarp features which are created during the mode I loading condition
in CFRP laminates. As shown in this figure, microcracks in the matrix
initiate at fiber intersections and extend as textured microflows,
following the primary direction of crack growth within the matrix and at
the intersections of the scarps. This phenomenon gives rise to the
distinctive sharpness observed. Furthermore, the alignment of textured
micro flow lines within matrix microcracks serves as a valuable indi-
cator for predicting the path of the global delamination propagation.

To determine the primary crack direction from fractography images
using the scarp lines, the initial step is to identify the scarp line. Sub-
sequently, by considering the propagate direction of microcracks from
both sides toward the scarp lines (as denoted by the red arrows in
Fig. 22), it can be establish the overall crack direction. This method
offers an advantage over the previously mentioned cusp approach in
that it doesn’t depend on assessing the elevations (upper or lower
fracture surface) to determine the main crack path. Actually, this
methodology enables the recognition of the crack growth direction,
regardless of whether the image corresponds to the upper or lower
fracture surface. The way matrix microcracks grow and spread can be
like a river stream. In such a way that the matrix microcracks in one
plane from different branches have reached each other and form a bigger
crack. This phenomenon can also be called river lines. For a more ac-
curate interpretation of this phenomenon, see Fig. 23.

7.4. Striations indicate the fatigue crack growth rate

Another notable characteristic observed on the fracture surface of
specimens subjected to fatigue testing, typically observable in high-
magnification SEM images, is the existence of striation marks. These
striations represent distinctive markings etched onto the fatigue surface,
revealing the step-by-step progression of the fatigue crack. Furthermore,
they indicate location of the crack tip at the time of its formation. Stri-
ation lines created due to the fracture of molecular chains at the tip of
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the crack, taking place following a limited amount of tension [76,79,
84]. Fig. 24 displays the development of fatigue striation lines near the
cusp features in Mode II fatigue tests for CFRP laminates (AS4/8552
Hexcel Prepreg). These images were captured by the authors of this
article. To produce this photograph, carbon/epoxy samples measuring
180 *25 *4.5 mm> were prepared. An initial pre-crack was induced in
the samples, followed by subjecting them to mode II fatigue loading as
per standard ASTM D7905. The specimens underwent sinusoidal cyclic
loading at a frequency of 3 Hz with a cyclic loading ratio of R = 0.3.
Further methodological details were presented in Ref. [47]. For better
understanding, Fig. 25 illustrates a schematic depiction of the formation
of striations and cusps throughout the fatigue delamination process.

It has been reported that each individual striation corresponds to one
cycle of fatigue [86].

In this case, the distance between each pair of neighboring striation
marks acts as a gauge of the fatigue crack growth rate at that particular
instant. An illustrative instant of this relationship is provided in
Ref. [79], where the connection between striation lines and fatigue
crack growth rate are demonstrated, as depicted in Fig. 26.

In Fig. 26-a, SEM pictures have been utilized to examine the corre-
lation between striation space and fatigue crack propagation rate. The
figure illustrates when the crack is extended by 4 mm (Aa = 4 mm), the
measured striation spacing is 4.66. This finding indicates a distinct fa-
tigue crack growth rate at that particular location which equals 4.66 pm
per cycle. Upon comparing Fig. 26-a to d, it becomes evident which with
the gradual increase in the fatigue crack growth rate, da/dN, the dis-
tance between the striation lines also increases. It should be mentioned
that when the fatigue crack growth rate is very low, the striation marks
may not be sufficiently recognizable under the SEM microscope. Also,
when the crack growth rate is very high, the fiber imprint surfaces are
very rugged and fragmented, and as a result, the striation lines will not
be visible. In general, in order to observe the striation lines, a high skill
of the operator is required. In some cases, in order to observe better, the
sample holder should be rotated 45° in relation to the SEM electron
beam.

7.5. Fracture surface as an indication of the energy release rate

Fractography images show a clear link between the release rate of
fracture energy and the roughness of the fracture surface, as well as the
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Fig. 26. The relationship between striation lines and the rate of mode II fatigue crack growth in CFRP laminates [79].
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Fig. 27. The fractography images can be shows the energy release rate [87].

displayed damage characteristics. This correlation is depicted in Fig. 27
which CFRP specimens have been test under mode I fatigue loading
condition. This figure effectively illustrates the progression of fracture
surfaces, beginning with a smoother surface in Fig. 27 (a) at lower crack
growth rates and gradually incorporating an increasing number of
fractography features. Finally, in the static test, due to the sudden and
rapid growth of the crack, the delamination surfaces have the most
roughness as shown in Fig. 27 (f). Fig. 27 illustrates that at low crack
growth rates, the fatigue failure surfaces are entirely smooth and flat. As
the fatigue crack growth rate increases, along with the corresponding
rise in strain energy released rate, the fracture surfaces become rougher
and various damage mechanisms, including cusps and fiber breakage are
activated. Accordingly, the micrograph of fracture surfaces, reflect the
amount of strain energy released during delamination propagation,
providing valuable insights into the intensity of loading and impact
during catastrophic events. Furthermore, based on the fractographic
images, it can be concluded which of the damage features played the
most significant role in energy dissipation. For instance, in quasi-static
tests, decohesion processes linked to fiber breakage and matrix
cracking emerge as the predominant mechanisms for energy absorption.

Fig. 28 illustrates the concurrent relationship between the strain
energy release rate (dU/dN), fatigue crack growth rate (da/dN), and
fractographic damage features on delamination surfaces. This figure
relates to mode I fatigue loading conducted on AS4/8552 carbon/epoxy
specimens provided by the authors. The carbon/epoxy specimens,
measuring 190 *25 *4.5 mm?, were prepared for this study. Initial pre-
cracks were induced in the samples, which were then subjected to mode
I fatigue loading following the standard ASTM D6115. The specimens
underwent sinusoidal cyclic loading at a frequency of 3 Hz with a cyclic
loading ratio of R = 0.3. Further details regarding the methodology and
approach for this figure can be found in Ref. [67]. Following fatigue
testing and substantial crack propagation, SEM pictures were prepared
at various distances from the initial pre-crack (Aa).
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Essentially, the energy released during crack propagation reflects the
specific damage features observed on the delamination surface. The
strain energy release rate values under fatigue and quasi-static loading
conditions exhibit correlation. Fatigue loading, with lower da/dN
values, establishes the lower boundary, associated with minimal energy
released and smoother fracture surfaces. Conversely, quasi-static frac-
tures, characterized by matrix cleavage and fiber breakage, define the
upper limit with the highest energy released rate.

8. Conclusion

This comprehensive review paper focused on various damage
mechanisms and associated phenomena that appear during delamina-
tion within composite materials. Delamination can primarily appear in
mode I and mode II loading scenarios, occurring under both static and
fatigue loading conditions. Notably, the micro -mechanisms of damage
diverge significantly between these conditions. In this study, the initial
exploration focused on various phenomena occurring during delami-
nation, including fiber bridging and resin enrichment at the initial crack
tip. In the following, a comprehensive examination of primary damage
mechanisms dominated by delamination, such as fiber breakage, fiber-
matrix debonding, matrix cracking, and associated damage features,
has been conducted. This analysis was based on an extensive review of
the literature, utilizing fractography method. The study’s findings
showed that a thorough fractography analysis of fracture surfaces and an
examination of damage mechanisms and related features provide valu-
able outputs from loading conditions of composite structures. For
instance, considering scarps and river lines allows for the determination
of the global crack growth direction. Additionally, studying the orien-
tation of cusps enables the identification of shear stress direction and the
crack growth direction during delamination in mode II loading.
Furthermore, the fatigue crack growth rate (da/dN) can be calculated
through the analysis of striation marks distances. These findings offer
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Fig. 28. The correlation between damage surface and energy dissipation in mode I fatigue conditions.

valuable insights for designing delamination-resistant composites.
Moreover, they could aid in identifying the root causes of catastrophic
failures in tragic events.
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