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Abstract

In order to understand the physics of the delamination onset in laminated composites, an
experimental investigation of delamination growth is presented. The main objective of this
paper is to demonstrate that delamination onset occurs at lower values than G¢ defined by
the ASTM standards, and that the strain energy release rate level at which the crack growth
onset occurs under any mixed mode I/1l loading is governed by the critical strain energy
density (SED) approach. Quasi-static delamination experiments have been performed under
mode I, mode Il and mixed mode I/1l loadings. The value of strain energy release rate at the
observed crack onset and the angle of the initial crack growth were correlated with the SED
theory to test the validity. The acoustic emission was also used to provide more insight into
the physics of the delamination growth. The investigation shows that the onset of
delamination growth occurs at the strain energy release rate levels predicted by the critical
SED approach, and well before reaching the critical strain energy release rate determined
via delamination tests following the ASTM standards. Moreover, results indicated that the
predicted angle of the initial crack for delamination onset was in a good agreement with the
experimental data.
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Nomenclature

a
c lever length
C. components of compliance matrix for the plane stress conditions
i
C! components of compliance matrix for the plane strain conditions
i
E i=XVY,z Young’s moduli in the i direction
i 1 )y
|:| |:II generalized elastic moduli
G. shear modulus in the ij plane
j
G strain energy release rate (SERR)
G G, G, critical SERR for the onset of mode I, mode Il and mixed mode I/Il delamination
G, .G, mode | and mode Il components of critical SERR for the onset of mixed mode I/11
. |t delamination
G | critical SERR for the onset of delamination growth obtained via experiments
cr lExp
G | critical SERR for the onset of delamination growth calculated using the critical SED approach
CrISED
h specimen half thickness
KI K” mode | and mode Il stress intensity factor
L half-span length
M mixed mode ratio
- critical load at the onset of crack growth obtained via delamination experiments
P D critical load at the onset of crack growth calculated using the critical SED approach
ni—
S strain energy density factor
S critical strain energy density factor
cr
V. Poisson’s ratio in the ij plane
ij
2} angle from the crack tip
90 crack initiation angle
90 6?0 A initial crack growth angle under mode I, mode 11 and mixed mode I/11 loading
1 n’ I
AE acoustic emission
ASTM American society for testing and materials
DCB double cantilever beam
ENF end notched flexure
MBT modified beam theory
MMB mixed mode bending
MTS maximum tangential stress
NL Nonlinearity
QS quasi-static
SD standard deviation
SED strain energy density
SERR strain energy release rate
SIF stress intensity factor

length of the film insert which forms the starter delamination

1. Introduction
Composite laminates are widely used in various industrial applications because of their favorable

physical and mechanical properties such as high strength to weight ratio. However, the lack of



reinforcement in the through-the-thickness direction makes them vulnerable to delamination,
which is one of the most critical failure modes in laminated composites [1, 2]. Therefore,
several studies have been carried out to assess the delamination growth in composite
structures [3-6]. In engineering problems, delamination growth in composites under mixed
mode I/11 loading is traditionally evaluated using the fracture mechanics parameters like the
strain energy release rate (SERR). For design purposes, the critical strain energy release rate
at the onset of delamination growth is often taken instead of the maximum value and referred
to as the fracture toughness (Gc) [7]. In the ASTM standards [8-10], the onset of damage
growth is determined at one of the three points on the load-displacement plots, as shown in
Fig. 1: the point of deviation from linearity (NL), the point at which the delamination growth
is visually observed (VIS) or the intersection of a 5% offset line (5% Max).

Although current methods satisfactorily describe the behavior of delamination growth in
laminated composites, from a design point of view more understanding of the physics
underlying delamination growth is required. So, the question is how to connect the fracture
toughness with the underlying physics of delamination growth? This link would enable a
better understanding of delamination failure, which could lead to design lighter load-bearing
composite structures. In a number of research studies available in the literature, researchers
[11-16] have tried to connect the macroscopic description of delamination through the SERR
with the microscopic damage features, as discussed elsewhere [17, 18]. To this aim, they
used the SERR and fractography on the mode | and mode Il interlaminar fracture surfaces
to investigate the effect of different parameters such as the mode mixity, resin toughness and
resin layer thickness in the delamination resistance. The general observation in these studies
was that the onset fracture toughness of mode 11 is substantially higher than that of the mode
I. A proper physical explanation for this apparent difference has never been given until
recently, when Amaral et al. [19] correlated the microscopically observed onset of damage
growth under mode 1l loading to the strain energy density in the proximity of the starter
notch tip. They developed a physics-based theory based on the strain energy density to
predict the load at which microscopically the crack onset occurs under mode Il loading
together with the initial crack growth angle. For a number of isotropic and orthotropic
material cases from the literature, they demonstrated the validity of this theory in the case of
the pure mode 11 loading. Followed by this work, Daneshjoo [20] generalized the physics-
based theory for crack growth under mixed mode I/11 loading and made a similar comparison
between the results of the physics-based relationships and the available experimental data in

mixed mode I/1l delamination growth. From these comparisons, they concluded that the



onset of the pure mode Il and mixed mode I/11 delamination growth in laminated composites
occurs at the SERR levels lower than the SERR value obtained by experiments defined in
the ASTM standards (Gc) [8-10]. Their approach in predicting the delamination growth of
laminated composites was completely theoretical and was not supported by any experimental
evidence.

Therefore, the main objective of this work is to examine whether in the pure mode Il and
mixed mode I/l delamination of laminated composites the crack growth onset actually
occurs at the SERR levels lower than G¢ defined by the ASTM standards [8-10]. The novelty
of this experimental work is related in that instead of phenomenologically linking the
fracture toughnesses measured using standardized tests for various mode mixities, that the
originality of this work is in the coherent approach to demonstrate what physically correlates
in the damage onset under mode mixity. The critical SED approach forms the hypothesis of
the current paper, in that the strain energy density also explains the crack onset for
delamination in orthotropic composite laminates under any mixed mode I/11 loading. Quasi-
static delamination experiments have been performed under mode I, mode Il and mixed
mode I/11 loadings. To evaluate the theory, the value of strain energy release rate at the
observed crack onset and the angle of the initial crack growth were compared with the results
of the theory. In addition, the acoustic emission (AE) technique was used to demonstrate that
the energy was dissipated in a process different from the visually observed crack growth.
The tested material and the experimental technique are thoroughly described in Section 3 of
the paper. In Section 4, the results are presented and discussed in the light of a theory briefly

proposed in Section 2.
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Fig. 1. Schematic of a load-displacement curve.
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2. Strain energy density theory for crack onset in orthotropic composite
laminates
Several failure theories are available for evaluating the crack growth in mixed mode /Il

crack problems. The maximum tangential stress (MTS) theory [21], the maximum energy
release rate (G) theory [22] and the minimum strain energy density (SED) theory [23] are
some of the well-known mixed mode failure theories. The former is a stress-based theory
and the other two are energy-based ones. These failure theories were extended to orthotropic
materials and modified for prediction of the mixed mode I/Il delamination growth by some
researchers [24-26]. Based on the MTS criterion, a mixed mode crack extends from the crack
tip along the direction of the maximum tangential stress, and that crack growth occurs when
the maximum tangential stress exceeds a critical value. The G criterion assumes that crack
extension occurs at the crack tip in a radial direction along which the energy release is a
maximum, and the critical value of this energy release rate governs the onset of crack
propagation. According to the SED criterion, the crack initiation will start in a radial
direction along which the strain energy density is a minimum, and when the strain energy
density at some distance from the crack tip in this direction reaches a critical value, crack
starts to propagate.

Although these theories seem plausible for predicting the onset of the crack growth under
mixed mode I/1l loading, the criterion gaining the most acceptance if it is able to make a
better prediction. So, certain researchers have a preference for one theory over another
simply because it fits better with the data. However, when one is aiming at the physics, the
‘best fit’ is not the requirement, but preference is given to theories that somehow find their
base in physics.

Since the complete stress functions and the contribution of stresses in all directions are
considered through the strain energy density function, the SED criterion provides a more
complete description of damage in the crack tip zone on physical grounds [19, 27]. Thus, in
the current paper, the SED criterion is adopted instead of other theories for investigation of
the physics behind the delamination onset in orthotropic composite laminates under mixed
mode I/11 loading.

In a series of investigations on fracture mechanics, Sih [23] has proposed a theory of fracture
based on the local strain energy density around the crack tip. The fundamental parameter in
SED theory, the strain energy density factor (S ), in a linear elastic orthotropic laminate is
defined as follows [28]:

S=DKZ+D,K2 +2D,K K, 0
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The SED criterion states that:
(1) The onset of the crack growth takes place in the direction ¢, along which the strain
energy density factor is a minimum.

2
B_o and ¢ 82
00 00
(2) The crack growth occurs once the minimum strain energy density factor has attained a

>0 at 0=6, )

critical value.
Sin=S, at 6=¢6, A3)
From the perspective of physics, the onset of crack growth is expected to occur when the
strain energy available in a limited volume near the crack tip reaches a critical value. Hence,
rather than phenomenologically considering stress as ‘driving quantity’, the physics-based
aspect here is in the strain energy (density). The strain energy density function by
considering the complete stress functions and the functions that describe the stress

distribution can characterize energy dissipation in fracture; and so completely describe the
physics of fracture. The critical strain energy density factor (S, ) for onset of crack growth

can be used as an intrinsic material parameter whose value is independent of loading
conditions and the crack configuration [29]. Amaral et al. [19] recently used this hypothesis
to develop a physics-based theory for the onset of the crack growth. According to their
approach, namely the critical strain energy density approach described in detail in [19], the
critical SED necessary for the crack onset under pure mode | loading is the same as the

critical SED necessary for the crack onset under pure mode 11 loading.
SIC, = SHC, (4)
They applied the critical SED approach to investigate the delamination growth in orthotropic
composite laminates [19]. However, the reader should note that this includes an approximation.
The expressions of the SED theory were developed for orthotropic homogeneous materials while
the composites are obviously not homogeneous. Hence, a first approximation is to consider the
resin rich layer as ‘sort of homogeneous’, but that the adjacent fiber orientations dominate the
orthotropic state. Since the calculation of stress intensity factors (SIFs) for composite
materials is not straightforward, the strain energy density factor ('S ) was written in terms of
the strain energy release rate (SERR) using the following relation for composite materials
under the plane strain conditions [28].
G, = F K} (Mode )

5
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where the coefficients C/;, C,,, C|, and C;, are given in Appendix A. Substituting SIFs
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from Eq. (5) into Eq. (1) gives:
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Applying the conditions stated in Eq. (2) to Eq. (7) in the case of pure mode | delamination,

it was found [19] that the angle which makes the function D, a minimum is the initial crack

growth angle under pure mode I loading (&, ). In this case, the minimum value of S was

found to be:

(8)

S, =
I

where G, s the critical SERR for the onset of mode | delamination.

In the case of the pure mode Il, the critical value of S was given:

2( o”) ( J (9)

where the function D, reaches its minimumat 6, and G, is the critical SERR for the onset

of mode Il delamination. Substituting of Egs. (8) and (9) into Eq. (4), the mode Il critical
SERR was obtained by the mode I critical SERR and material properties as follows [19]:
F,.D,(6,)

G, =G, ”—
Daneshjoo [20] developed the critical strain energy density approach for mixed mode I/11
crack growth and extracted the generalized physics-based theory under any mixed mode /11
loading. According to the critical strain energy density approach:

Slcr = S|/||cr (11)

For mixed mode I/11 delamination, applying conditions of Eq. (2) to Eq. (7) and using mixed

mode ratio defined as G,, /G =G,, /G, +G,, =M, it was found [20] that the angle in which

the function D in Eq.(12) has a minimum value is the initial crack growth angle under mixed
mode /11 loading (&, ).
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So, the initial crack growth angle (&, ) was obtained as a function of material properties

and mixed-mode ratio.
6,,, = Py, E,.G;, M) Li=xY,z (13)
Using the relation of mixed-mode ratio and substituting ¢, ~in Eq. (13) into Eq. (7), the

critical value of S under the mixed mode I/l loading was given by:

D, (6,,,) M | D, ) M
— TS i 2 2 1/2 1/2 14
e =Gy { 3 vy F, vy (F F ) (14)
where G, s the mode | component of critical SERR for the onset of the mixed mode 1/11

‘I/IIC,»
delamination.
A substitution of Egs. (8) and (14) into Eq. (11) yielded to the extraction of mode I and 1l

components of the critical SERR under mixed mode /1l loading (G, and G,, ) from

1lgr Mgy

the mode | critical SERR, material properties and mixed-mode ratio.

‘Illlcr _ D (HOI) =q(V~ E G. M) (15
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So,
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e —>G|/||u = GI‘ +G||‘ (16
Vligr gy )

G =G, G, M ). (——

"‘I/”cr ‘I/u (1 M ) q(vj, v IJ, ) ( )

In above equations 0<M <1 where M =0 and M =1 denote pure mode | and pure mode
Il loading conditions, respectively. More details of the critical SED approach are available
in [19, 20].
The results of these physics-based relationships in the case of the pure mode Il loading were
compared with the available experimental data by Amaral et al. [19]. Also, using the
available data in the literature for orthotropic composite laminate, Daneshjoo [20] made a
similar comparison in the mixed mode I/l delamination growth. According to these two
studies [19, 20], it was found out that:

e In the pure mode Il and mixed mode I/1l delamination of laminated composites, the

critical SED approach predicts that the initial crack growth onset occurs at the SERR



levels (G ) lower than the G value obtained by experiments defined in the

CV|SED cr|Exp.
ASTM standards [8-10]. This difference is attributed to the presence of the mode Il
loading that develops a fracture process zone by the formation of cusps and micro-cracks
ahead of the crack tip.

e The critical SED approach can be used to predict the load at which microscopically the
crack onset occurs together with the initial crack growth angle.

In order to evaluate the validity of the critical SED approach in predicting the delamination

growth of orthotropic composite laminates, an experimental investigation is presented in the

next section. Some experiments have been performed under mode I, mode Il and mixed
mode loading, and the value of the strain energy release rate at the observed crack onset and

the angle of the initial crack are compared with the results of the theory.

3. Experimental procedure

3.1. Materials and test specimens

Two types of composites, i.e., carbon/epoxy and glass/epoxy laminated composites were
manufactured. The carbon/epoxy composite laminates were produced by the hand-lay-up of
32 unidirectional carbon/epoxy prepreg layers of the same material batch, M30SC-150/DT
120-34F. A 15 um FEP film was inserted in the mid-plane of carbon/epoxy laminates as the
delamination starter. The carbon/epoxy laminates were cured in an autoclave at a pressure
of 6 bars and a curing temperature of 120 °C for 90 min. This cure cycle was recommended
by Delta Tech as the manufacturer. For glass/epoxy laminates, 18 layers of unidirectional E-
glass fiber were used together with EPON 826 epoxy resin to manufacture composite
laminates by the hand-lay-up method. A thin film-insert with a thickness of 20 um was used
to form an initiation site for the delamination. The glass/epoxy laminates were cured at room
temperature for 7 days and post-cured at 150 °C for 120 min. The both cured laminates were
C-scanned to detect potential imperfections. Afterward, specimens with a width of 25 mm
were cut from the defect-free portions of the laminates by a water jet cutting machine. The
elastic properties of both unidirectional laminates are presented in Tables 1 and 2. In this study,
there are three types of specimens, i.e., double cantilever beam (DCB), mixed mode bending
(MMB) and end notched flexure (ENF) specimens with the nominal dimensions shown in
Fig. 2. All of the carbon/epoxy and glass/epoxy specimens have a total thickness of 5 mm
and 4.1 mm, respectively. The edges of the specimens were sanded with sandpaper. Then,

one edge of each specimen was coated with a thin white water-based correction fluid to



enhance the delamination tip detection and the other edge was polished with a diamond paste
having sized grits equal to 6, 3 and 1 um successively to remove machining marks. Aluminum

end blocks were adhesively bonded to the specimens to facilitate its fastening with hinges.

Table 1
Elastic properties of M30SC-150/DT 120-34F carbon/epoxy system [30].
Lammiz?;:;rposﬂe E, Ey E, ny G,, Gyz Vi v, vy,

(GPa) (GPa) (GPa) (GPa) (GPa) (GPa)

M30SC-150/DT 120-34F 155 7.8 7.8 550 550 392 0290 0.290 0.487

Table 2
Elastic properties of unidirectional E-glass/EPON 826 epoxy [31].
Lamlnar:]z?eifanOSIte EX Ey EZ ny GXZ Gyz ny VXZ Vyz

(GPa) (GPa) (GPa) (GPa) (GPa) (GPa)
E-glass/EPON826 3525 10.82 10.82 4.28 428 358 027 027 051

Aluminum end block Aluminum end block

| n pP— | 2n
. T LD a
20 mm 35mm 25mm
I 180 mm 1 s 180 mm
|
(a) (b)
Roller supports

=l L9

50 mm

I
I | 2n
180 mm

1

Fig. 2. Geometry and dimensions of (a) D((ZC:B (b) MMB and (c) ENF specimens.

3.2. Test procedure

In order to investigate the delamination failure of laminated composites under pure mode I,
mixed mode I/I1 and pure mode Il loadings, double cantilever beam (DCB), mixed mode
bending (MMB) and end notched flexure (ENF) test procedures were utilized, respectively.
Five mode mixities defined as the ratio of mode Il SERR over the total SERR, i.e., Gi/G=0,
0.25, 0.5, 0.75 and 1 were chosen. At least three samples of both carbon/epoxy and
glass/epoxy specimens were tested for each configuration.

The DCB tests were performed on a 15 kN hydraulic MTS machine according to the ASTM
D5528 [8]. These tests were carried out under displacement control condition with an applied

displacement rate of 1 mm/min.



The MMB specimens were tested using an MTS machine equipped with a 10 kN load-cell.
The test set-up was designed according to ASTM D6671 [9]. These tests were conducted
under the displacement control at a rate of 0.5 mm/min. In order to change the mixed mode
ratio, the position of the yoke calculated according to the ASTM standard was adjusted for
each mixed-mode ratio. The lever length used for each mode mixity is listed in Table 3 for
both carbon/epoxy and glass/epoxy specimens. Moreover, the half-span length was

considered to be constant (L = 50 mm).

Table 3
Positions of the yoke on the MMB test fixture.
Mode mixity, Lever length, ¢(mm)
G, /G Carbon/epoxy Glass/epoxy
0.25 72.0 77.0
0.50 40.0 42.0
0.75 28.5 29.0

For the ENF tests, a 20 kN tensile-compression Zwick machine, under displacement control
condition, was used to test the specimens based on ASTM D7905 [10]. A low crosshead
speed of 0.1 mm/min was applied to slow-down the delamination propagation and to
increase the number of data points.

The experimental setups for DCB, MMB and ENF tests are shown in Fig. 3. In all tests, a
digital camera positioned alongside the specimen edge and a computer system was employed
to monitor the delamination growth initiation by an automatic recording of image of the
specimen edge at every certain number of seconds. The load-displacement curve (P-9) was
recorded by the testing machine. The value of the load at delamination onset was determined
from the extracted load-displacement plots. This value corresponds to the point of deviation
from linearity, or onset of nonlinearity (NL), recommended in ASTM standard. Also, the
measurement of initial crack growth angles was performed in a post-test analysis of the
pictures, using an open source image processing program, ImageJ [32]. It should be noted
that the testing procedure does not include precracking by the initial loading process, and the
calculations assume that the delamination starts to grow from the insert. In this case, crack

onset is not influenced by fiber bridging as that will come later.
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(a) DCB | (b) MMB

Fig. 3. Experimental setups for (a) DCB, (b) MMB and (c) ENF tests.
The delamination tests were performed by determining the load of delamination onset as a
critical load. The definition of this critical load needs to be commented; since according to
critical SED approach described in Section 2 it was claimed that the value of SERR obtained
via experiments following the ASTM standards [8-10] at this critical load does not refer to
the onset of crack growth. It refers to the coalescence of micro-cracks ahead of the crack tip
due to the presence of the mode Il loading. So, the onset of delamination occurs before
reaching this critical load determined via experimental tests defined in the ASTM standards
[8-10]. The critical load obtained via delamination experiments, which is calculated only

after coalescence has happened, is from now on referred to as P . Meanwhile, the critical

ini—Exp.
load for the onset of mixed mode I/11 and mode Il crack growth, determined by the critical

SED approach, is referred to as P, «p -

To investigate the validity of the critical SED approach, at least two samples of both
carbon/epoxy and glass/epoxy specimens were tested for each configuration and examined
using a digital microscope. The DCB, MMB and ENF test procedures were similar as
described above. The delamination tests were stopped after the load reached a value between

Pui_seo and B, g, . After the test, the specimen was held open under this load. A thin steel

i
plate was inserted to keep the specimen open after the test. This technique was adopted to
ensure that micro-cracks are open and visible when inspected under the microscope. The
polished edges of the specimens were examined using the digital microscope VHX-2000E
(Keyence) to check whether the delamination onset happens.

Towards this, acoustic emission (AE) can give a better insight into the crack growth process
during the delamination tests. So, the quasi-static tests were also monitored with an acoustic
emission system. An AMSY-6 Vallen, 8-channel AE system with 4 parametric inputs was

used. A wide-band piezoelectric sensor, AE1045S, with an external 34 dB pre-amplifier and



a band-pass filter of 20-1200 kHz was clamped to the specimens as shown in Fig. 4. In all
tests, a sampling rate of 2 MHz and a threshold of 50 dBae were applied. A coupling gel was
used to increase the conductivity between the sensor and the specimen. Pencil break tests
were conducted before every test to ensure the conductivity. Two parametric input channels
were used to record the load and displacement and correlate them to the AE activity.

It is worth remarking that the AE technique is not the main subject of the present study. The
intention of using AE in this study is just for demonstrating that energy is dissipated in a
process different than the visually observed crack growth [33]. Since damage formation and
propagation are known to involve the energy dissipation, it seemed logical to investigate the

AE energy as the characterizing parameter.

Fig. 4. Setup of the AE system of the ENF test.

Table 4 shows an overview of the different experimental tests performed in the present work.

All of the experimental data is available in the online dataset [34].

Table 4
Test matrix.
Number Load case Mode mixity,
of tests G,/G
3 Quasi-static (QS) loading at 1 mm/min on DCB specimens together with AE 0.00
system until steady-state crack growth
3 QS loading at 0.5 mm/min on MMB specimens together with AE system 0.25
until steady-state crack growth
3 QS loading at 0.5 mm/min on MMB specimens together with AE system 0.50
until steady-state crack growth
3 QS loading at 0.5 mm/min on MMB specimens together with AE system 0.75
until steady-state crack growth
3 QS loading at 0.1 mm/min on ENF specimens together with AE system until 1.00
steady-state crack growth
2 QS loading at 1 mm/min on DCB specimens until load between Pini.sep and 0.00
Pini-exp, then holding the displacement and stop the test
2 QS loading at 0.5 mm/min on MMB specimens until load between Pinisep 0.25
and Pini-exp, then holding the displacement and stop the test
2 QS loading at 0.5 mm/min on MMB specimens until load between Pinisep 0.50

and Pini-exp, then holding the displacement and stop the test



2 QS loading at 0.5 mm/min on MMB specimens until load between Pinisep 0.75
and Pini-exp, then holding the displacement and stop the test

2 QS loading at 0.1 mm/min on ENF specimens until load between Pini-sep and 1.00
Pini-exp, then holding the displacement and stop the test

4. Results and discussion

As explained in the previous section, the quasi-static delamination tests were performed on
DCB, MMB and ENF specimens. Typical load-displacement curves of both carbon/epoxy
and glass/epoxy specimens at five mode mixities, Gy/G=0, 0.25, 0.50, 0.75 and 1 are
presented in Fig. 5(a) and (b). As expected, the load-displacement behavior of specimens is
significantly affected by the mode mixity values. The values of load at the nonlinear point

on the load-displacement curves, i.e. the Pini-exp. Values are summarized in Table. 5. These

values are used to calculate the SERR at the initiation of delamination growth (G p.) based

Cr|Ex

on the modified beam theory (MBT) method in ASTM standards [8-10], which are both
listed in Table. 5.
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Fig. 5. Load-displacement curves of (a) carbon/epoxy and (b) glass/epoxy specimens at different

mode mixities.

Table 5

The values of load at delamination onset obtained via delamination experiments and calculated critical SERR.
Loading state  Mode mixity, Carbon/epoxy specimen” Glass/epoxy specimen”

Gn /G Pini—Exp. (N) Gcr |Exp. (\]/mz) I:)ini—Exp. (N) Gcr |Exp. (J/mZ)

Pure mode | 0.00 138.615 (+1.06) 241.409 (£5.65)  38.615(¥4.32)  130.656 (+5.12)
Mixed mode 0.25 153.348 (£0.01)  357.779 (#4.12)  41.294 (£6.54)  273.707 (x7.48)
Mixed mode 0.50 453.858 (+0.01)  493.506 (+9.87)  87.134 (+0.64)  505.533 (+1.67)
Mixed mode 0.75 693.246 (+0.04) 626.416 (£6.18) 160.988 (+8.84) 823.813 (+3.46)
Pure mode I 1.00 1719.121 (¥0.07)  971.115 (¥12.86) 489.464 (+8.42) 1695.535 (+9.84)

*“Mean values and standard deviations (SD, in parentheses) from multiple measurements of repeated tests.

Regarding the initial crack growth angles predicted for the onset of delamination,
correlations with the angles measured using the images taken during experimental tests can
also be made. Several examples of the initial crack growth angle in delamination of the
carbon/epoxy, and glass/epoxy laminated composites under pure mode I, mixed mode I/11

and pure mode |1 are illustrated in Fig. 6(a)-(e). These experimental values of initial crack

growth angles (90|Exp.) are compared with the theoretical values in which the functions D, ,

D, and D are minimum as predicted initial crack growth angle under pure mode I, pure

mode Il and mixed mode I/11 delamination (90| ) in Table 6. The results presented in Table

SED



6 indicate that the prediction of the angle of the initial crack for delamination onset is in
good agreement with experimental data in both carbon/epoxy and glass/epoxy specimens.

It is worth noting that the limited thickness of resin rich layer (and thus onset crack length),
limits the resolution of the measurements. It has been tried to make that more explicit by
adding the “+ x” to all the measured angles in Table 6 which has been determined based on

standard deviation (SD) from multiple measurements of repeated tests.
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Fig. 6. Initial crack growth angle in delamination of (a) carbon/epoxy laminated composite under
pure mode I, (b) glass/epoxy laminated composite under mixed mode I/11 (25% Gi/G), (c)
carbon/epoxy laminated composite under mixed mode /11 (50% G./G), (d) glass/epoxy laminated

composite under mixed mode I/11 (75% G/G) and (e) glass/epoxy laminated composite under pure
mode I1.

Table 6
A comparison between estimated values of the initial crack growth angle by the critical SED approach and

Glass/epoxy specimen
_00|Exp. (°) )

experimental values.
Loading state

Carbon/epoxy specimen
_90|Exp. )" ~6 |SED )

Mode mixity,
Gu/G - 90 |SED )




Pure mode | 0.00 42.21 41.76 (+4.98) 31.76 34.16 (+8.18)

Mixed mode 0.25 45.72 47.60 (£7.32) 43.23 45.97 (+4.23)
Mixed mode 0.50 53.62 56.02 (+8.46) 52.37 51.71 (+7.58)
Mixed mode 0.75 61.73 65.46 (+6.68) 61.52 60.26 (+9.42)
Pure mode 11 1.00 79.61 84.10 (5.65) 81.27 83.38 (+6.23)

*Mean values and standard deviations (SD, in parentheses) from multiple measurements of repeated tests.

Using the critical SED approach, the values of critical SERR for the onset of delamination

growth (G ) in different mode mixities are calculated by solving Eq. (10) for pure mode

CI’|SED
Il delamination and Eqgs. (15) and (16) for mixed-mode I/1l delamination numerically and

having the material properties and G, ~given in Table 5.

According to the MBT method for calculating SERR values [8-10], SERR is proportional to

2
Gcr |SED — ( Pini—SED J (17)

GCI’ |Exp. P

ini—Exp.
Accordingly, the critical load values for the onset of delamination growth based on the

the squared of the load, hence:

critical SED approach (P, s ) can be determined through Eq. (17). The results obtained by

numerically solving Egs. (10), (15) and (16) and finding Pini-sep from Eq. (17) are reported
in Table 7.

Table 7

The values of critical SERR and load at delamination onset predicted by critical SED approach.
Loading state  Mode mixity, Carbon/epoxy specimen Glass/epoxy specimen

Gy /G Pini—SED (N) Gcr |SED (J/mZ) Pini—SED (N) Gcr |SED (J/mz)

Pure mode | 0.00 138.615 241.409 38.615 130.656
Mixed mode 0.25 114.959 201.072 27.078 117.694
Mixed mode 0.50 281.611 190.000 39.929 106.162
Mixed mode 0.75 384.735 192.936 56.461 101.329
Pure mode Il 1.00 891.625 261.230 130.421 120.383

Comparison of results summarized in Tables 5 and 7 shows that the critical SED approach

predicts that an initial crack occurs for pure mode Il and mixed mode I/11 delamination at the

SERR levels (G ) lower than the G value obtained via experimental tests following

orlseo eelew
the ASTM standards [8-10], as well as the load at which microscopically the crack onset
occurs. This difference can be attributed to the presence of mode Il loading that develops a
fracture process zone by the formation of cusps and micro-cracks ahead of the crack tip.

The reader should note that the critical SED approach presented here is for unidirectional

laminated composites. In the case of different lay-ups, since the effective material properties



change, the critical SED approach for onset of delamination growth will also change (e.g.,
see Egs. (10), (15) and (16)). Although the delamination growth onset is a matrix dominated
failure, the SED around the crack tip is the contribution of how the stresses, and so the strain
energy are distributed ahead of the crack tip. This distribution changes once the effective
properties of the laminated composite change.

Now, the question arises as for how to verify that the onset of the pure mode Il and mixed

mode /11 delamination growth actually occurs at G not at G

| 6. ?
cr Isep or lExp.

In order to investigate the validity of the critical SED approach, DCB, MMB, and ENF tests

were conducted on both carbon/epoxy and glass/epoxy specimens until reaching the load

value between B o and P, . . Some images taken from the edge of the carbon/epoxy

1
and glass/epoxy specimens examined in the digital microscope are shown in Fig. 7(a)-(e). In
the case of the pure mode I, no initial crack onset was found on the edge of the specimens

until the DCB test was stopped before B, ,, . Fig. 7(a) shows the edge of the glass/epoxy
DCB specimen exactly after B, ., . As one can see, the initial crack onset is accompanied

by the delamination growth. This is consistent with the assumption that the value of critical
load at mode | delamination onset predicted by the critical SED approach is the same as the
critical load obtained via mode I delamination experiments. However, under the mixed mode
I/11 loading and pure mode 1l loading, an initial crack onset is clearly visible at the edges of

the MMB and ENF specimens loaded until a value between B; o, and B, ¢, (Fig. 7(b)-

(e)). In addition, after crossing P, -, and the onset of the initial small crack, a number of
micro-cracks are formed in front of the main crack tip by approaching B, ¢,, . This micro-

cracks formation is demonstrated in Fig. 7(c) and (d) in which the test was stopped at a load

value closeto P

i_gxp. - 1NESE Observations confirm that the onset of mixed mode I/11 and pure

mode Il delamination growth occurs before the G value. So, the critical SED approach

Cr|Exp.
correctly predicts an initial crack occurring in mixed mode I/Il and pure mode Il

delamination around the G value.

cr |SED






Fig. 7. Digital microscopic view of the edge of (2) DCB glass/epoxy, (b) MMB (25% G./G)
glass/epoxy, (c) MMB (50% G/G) glass/epoxy, (d) MMB (75% G/G) carbon/epoxy and (e) ENF
carbon/epoxy specimens at magnification of 500x.

According to the experiments presented above, it is concluded that the critical SERR
obtained via DCB tests refers to the onset of mode I delamination growth, while the critical
SERR obtained via MMB and ENF tests refers to the coalescence of micro-cracks ahead of
the crack tip. In both mixed-mode I/I1 and mode Il delamination growth, the presence of
mode 11 leads to the development of a process zone including the formation of micro-cracks
and cusps. Only once these micro-cracks coalesce, the macroscopic crack growth can be
observed from the edge of the specimen and a deviation from linearity (nonlinearity point)
is observed in the load-displacement history. After reaching the maximum load and crack
propagation, a load drop occurs. This is illustrated in Fig. 8(a)-(d). No load drops were
observed before the maximum load in delamination tests. When the initial crack onset
predicted by the critical SED approach occurs, a small load drop happened in the load-
displacement curve. An example of this load drop at the moment the initial crack occurs was
shown in the PVVC foam rail shear tests [19]. Since this load drop was very small and captured
only with a high sampling rate, it is reasonable to say that this load drop is not obvious in
delamination tests. Fig. 8(a) demonstrates that the initial crack onset occurs when the load

passes through P, .-, and no load drop was observed in the load-displacement curve. This

initial crack onset was not visible through observation of the edges of the specimen with the
naked eyes. This was accompanied by the micro-cracks formation ahead of the crack tip

when the load was still below P,

ioee. (F19. 8(b)). Subsequently, the micro-cracks coalesce

and the crack growth was observed at about B ¢, (Fig. 8(c)). As depicted in Fig. 8(d), a

load drop was observed when the load reached the maximum and crack propagated after
that. Therefore, the mixed mode I/Il and mode Il delamination onset occurred based on



predictions of critical SED approach, and before reaching the critical SERR determined via
delamination tests defined in the ASTM standards [8-10].
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To detect with a different method at which point during delamination tests initial crack
growth onset can take place, the delamination tests were also monitored with acoustic
emission system according to the description in Section 3.2 of the present work. To limit the
presentation, only for glass/epoxy specimens tested quasi-statically at different mode
mixities the changes of load, energy of each AE hit and cumulative AE energy are illustrated



in Fig. 9(a)-(e). To facilitate further analysis, the recorded AE energy per hit for
carbon/epoxy specimens has been included in the online dataset accompanying this paper
[34]. The green dashed line shows the first nonlinearity point in the load-displacement curve
at which the first crack growth was observed. The red dotted line indicates the point at which
the first AE hits appeared. Since in this figure, time has a linear relation with the
displacement, the horizontal axis of all graphs can be easily replaced with displacement. The
energy of an AE hit was derived as the integral of the squared AE waveform over its duration
(energy unit (eu) =108 J). As it is noticeable in Fig. 9, for all cases, the first AE hits are

detected well before the load reaches nonlinearity point as the first observable crack growth

point. The value of the load in the first hits is around P, -, summarized in Table 7.

i
According to Fig. 9, as the mode mixity ratio increases, the distance between the green and
red lines increases. This can be attributed to the formation of more micro-cracks ahead of
the crack tip, which mainly occurs as the mode Il loading increases. In addition, there is an
accumulation of AE energy (with different rate for each mode mixity) between the red and
green lines. This amount of accumulated energy contributes to the crack initiation and not to
be more than 1% of the total AE energy until the peak load. The accumulation rate increased
with loading and the different accumulation rates exist due to different mode mixities and
the associated failure mechanisms. The AE activities prior to observing the first crack growth

on the edge of the test specimen indicates that initial crack growth onset occurs before

reaching G . It should be noted that the choice of AE threshold influences at which point

cr|Exp.
of the load-displacement curve, the first AE signal is detected. Therefore, this parameter can
influence the value of G that is determined as the crack growth onset value based on the AE.
Regardless of the exact value of the SERR for crack growth onset obtained by this method,

it is definitely clear that this value is lower than G, |_ obtained via experiments following

cr | Exp

the ASTM standards [8-10]. This means that crack growth physically starts at G <G as

el
predicted by the critical SED approach. Since fiber bridging, as another possible source of
AE signals, does not occur before crack growth, the AE activities prior to observable crack
growth can be related to micro-cracks formation ahead of the crack tip [35]. This is also
suggested by the results of Gutkin et al. [36] who investigated failure of carbon fiber
reinforced plastics using the acoustic emission. By peak frequency analyses, they found that

most of the first AE hits correspond to the micro-cracks. Therefore, it would seem logical to



consider the difference between G and G as the energy dissipated by micro-cracks.

cr |Exp. cr |SED

Further research is needed to investigate this aspect.
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Fig. 9. Load, energy of the AE hits and cumulative AE energy versus time for glass/epoxy
specimen under (a) pure mode I, (b) mixed mode I/11 (25% Gu/G), (c) mixed mode /11 (50%
Gu/G), (d) mixed mode /11 (75% G/G) and (e) pure mode |1 loading.

From the experimental investigation conducted in the current study, it is concluded that

delamination growth initiates earlier than what even nonlinear point can predict. In general,



there are four major parts in the load-displacement curve extracted during delamination test.
In the first part, the load increases with respect to displacement linearly until the initial crack
growth onset (SED point). This linear behavior continues up to the first observable crack
growth (nonlinear point). This second part between the SED point and the nonlinear point is
attributed to the micro-cracks formation. Following the linear parts, the third part is related
to the crack propagation and has a nonlinear ascending behavior between the nonlinear point
and the maximum load point, which is attributed to the fiber bridging phenomenon. The last
part has a nonlinear descending behavior after maximum load point that indicates the steady-
state crack propagation. Further work is necessary to fully understand the link between these
parts and micro-mechanisms involved during the delamination growth process.

The question remains, how this knowledge of the microscopic crack growth onset in
delamination of laminated composites can be used for engineering purposes? The authors

believe that microscopic crack growth onset is important in the design and maintenance of

composite structures. When the composite laminates are designed based on G as a

Cr|Exp.
quasi-static mixed mode /Il delamination resistance, some defects, and micro-cracks might

be developed ahead of the crack tip although the structure works below G , but above

Cl’|Exp.
Gcr|SED. The formation of these defects, especially under fatigue loading has a significant

importance, in particular when mode Il loading conditions prevail. The growth of fatigue

cracks at the SERR levels above G is expected to be faster because the damage has

e lseo
already developed in the fracture process zone. If a quasi-static load prior to fatigue loading
with a SERR level above SED onset has been applied, the delamination growth in fatigue
may go also when these fatigue loads are below that SERR level. The fatigue crack then
coalesces the micro cracks present. This may seem important when testing full scale
composite structures where fatigue load spectra with high peak loads are considered.
Therefore, the critical SED approach predicts the level of the load or SERR below which, no
damage occurs around the crack tip. This approach is also useful for assurance that no

damage is generated ahead of the crack tip during performing compliance calibration tests

in specimens by maintaining the SERR level below Gcr|SED .

5. Conclusion
The critical SED approach predicts the load at which microscopically the crack onset occurs

together with the initial crack growth angle. An experimental investigation of delamination



growth in orthotropic composite laminates was conducted, in which the value of strain
energy release rate at the observed crack onset and the angle of the initial crack growth were
studied. The quasi-static delamination tests were performed on DCB, MMB and ENF
specimens, in order to evaluate the validity of the critical SED approach. Both carbon/epoxy
and glass/epoxy specimens were tested for each configuration and examined using a digital
microscope to check whether the delamination onset happens. The delamination tests were also
monitored with the acoustic emission system to detect at which point during delamination tests
initial crack onset can take place. The results showed that the onset of delamination growth
occurs before reaching the critical SERR determined via experimental tests following the
ASTM standards. The value of critical SERR at delamination initiation obtained via
experiments defined in the ASTM standards refers to the coalescence of micro-cracks ahead
of the crack tip due to the presence of mode Il loading. Only once these micro-cracks
coalesce, the macroscopic crack growth can be observed. Moreover, it was shown that the
initial crack growth angles predicted for the onset of delamination are in a good agreement
with the angles measured using the images taken during experimental tests. This work could
provide valuable information about the physics of delamination growth in laminated
composites.

Appendix A
The intensity of the strain energy density field around the crack tip as the strain energy
density factor (S) is defined as follows [28]:

S=DK?+D,K2 +2D,K K, (A1)
The quantities D; (i=1, 2, 3) are given by:

2.2
Dlzi ﬁ+ﬁ+ﬁ_2AB'VXY _AIZV%Ez _BIVVZZEZ _ZAIBIszVyZEZ
4/E, E, G E E’ E’ EE,

X y Xy X

D _l ﬁ+iﬁ+&ﬁ_2AlBllvxy _A12|VSZEZ _ BIZIVyZZEz _2A1IBIIszvyzEz
* 4/E, E, G E E. E; E,E,

X y Xy X

(A2)

D

:E A1 A" + B| B” + C|C|| _ AI BIlvxy _ AII BI ny _ A1 A||VXZZEZ _ BI BllvyzzEz _ AI BllvxzvyzEz _ AII Bvazvyz Ez
4] E E, G E E E’ EZ E.E, E,E,

The coefficients A, B, and C, (i=I and II) are defined as follows [28]:


https://www.sciencedirect.com/science/article/pii/S0013794400001272#BIB6
https://www.sciencedirect.com/science/article/pii/S0013794400001272#BIB6

A :Re_X1X2(X2F2_X1F1):| , A, :Re|:X22F2_X12F1:|
L X =% X =%,

B, =Re —"12:;‘2':1} , B, = Re{—z:fl} (A3)
L 2 2

C, =Re X1X2(F1_F2)} ’ C, :Re{)ﬁ':l_lezz}
L X =X, X, =X,

in which
F= - T F, = - 1 (A4)
(Cosé + x,Sind)? (Cosé + x,Sing)?

where 6 is the angle from the crack tip, also x, and x, are roots of the following
characteristic equation.
C,, X —2C, x*+(2C,, +Cy) X* —2C,; x+C,, =0 (A5)

The constants C; in Eqg. (A5) are derived from the following stress-strain relationship

(& =Cyo;):
£, YE, -v,/E, -v,/E, 0 0 0 o,
g, -v,/E.  YE, -v /E, 0 0 0 | o,
£, -v,/E, -v,/E E, 0 0 0 o,
_ / y / y ]/ (AB)
Vyn 0 0 o 16, 0 0 |z,
Y 0 0 0 0 ]/sz 0 Tax
Yy 0 0 0 0 0 16,7,
For plane strain problems, the coefficients C; should be replaced by C; as follows:
C..C.
Ci} =Cij o (A7)
C33
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