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Carbon fiber reinforced polymers (CFRP) structure can include dropping-off plies in order to comply with
design requirements aiming at significant weight savings. However this type of discontinuity represents a
potential source of delamination initiation and propagation which requires assessment of the mecha-
nisms acting at the crack tip. This research investigates the influence of delamination modes I and II
on the overall damage process observed in CLS specimen subjected to cyclic loads. The main contribution
of this work focuses on the identification and physical interpretation of complex failure mechanisms in
harness satin fabric. For this purpose a detailed fractographic analysis was carried out to qualitatively
assess the surface fractures in these type of laminates. Results obtained for cyclic loaded CLS specimens
were compared to analytical closed form solutions available in the literature. Results indicated that
delamination front exhibited distinguishable delamination modes I and II propagating at constant mixed

mode ratio (G;/Gr).

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Laminated composites processed with woven fabrics have been
widely employed as structural components in a diversified field of
application. Its versatility of application is explained by better bal-
anced properties in comparison to unidirectional laminates and
good drapability which avoids wrinkles when preforming the fab-
rics into complex mold cavities [1,2].

A concern for this type of laminate is related to the difficult
interpretation or prediction of the propagation path at an irregular
surface structure of fill and warp pattern in plain weave (PW) or a
harness satin (HS) fabrics [3,4]. In regard to quasi-static loading,
the process of delamination growth was well described in work
conducted by Shiino et al. [3]. For modes I and II of a 5HS laminate
[3], however for fatigue, the process of delamination involves
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damage accumulation at fill pattern that was partially described
by Shiino et al. [5].

Regarding this type of laminate in crack lap shear (CLS) config-
uration, no report has been found that describes the delamination
behavior including full detail of mode interactions at the crack tip.
Studies using CLS specimen configuration can be found in the open
literature [6,7]. However these previous studies are either associ-
ated to unidirectional laminates or isotropic materials where
closed form solution and finite element based analysis are pro-
posed [6-8]. These results show predominantly contribution of
mode II loading at the CLS crack tip although Reddy et al. [8] com-
mented that mode I loading usually drives the delamination
growth.

In relation to the type of failure in composite laminates, the
event of failure depends on the laminate quality and stress inten-
sity conditions which can be analyzed by the following failure cat-
egories: interface failure; shearing failure; matrix microcracking;
and processing defects [9,10]. In general, the mode I component
produces predominantly a smooth surface characterized by scarp
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formation that represents the action of peel stresses; meanwhile,
the mode Il component creates a surface roughness that is inter-
preted as shear stress dominant failure mode [9,11,12]. The scarp
fracture pattern is formed by the coalescence of riverlines also
related to the plastic microcreep fracture mechanism, which grows
from neighboring fibers and converges into scarps [13-15].
Besides, riverlines may also indicate the crack propagation direc-
tion [13].

For structures the behavior of the delamination is much like the
CLS configuration, in which a combination of modes I, Il and even
Il acts at the crack tip characterizing a mixed mode propagation.
Consequently, the fracture morphology will be different from that
in pure modes of propagation [14].

Regarding the behavior of propagation in CLS specimens, Fort-
son and Armanios [9] observed crack arrest in unidirectional lam-
inates, a phenomena that normally occurs in woven fabrics [4,5]. In
fact, in work conducted by Rhee and Chi [16], the fracture surface
morphology presented evidences of crack migration between lay-
ers with fiber direction at 0° and 90°.

This work directly associates crack growth rate (da/dN) with
fracture surfaces in pure modes I and II and associates its charac-
teristic features with a specimen designed to develop mixed mode
loading named as CLS in which its mode ratio (G;/Gy) was partially
solved for isotropic materials and unidirectional composites [17],
sometimes using finite element analysis [18]. For this purpose, a
detailed discussion on pure loading modes will be presented first
before providing details on the crack interaction of modes I and
Il in CLS specimen, which has a simple geometry for providing
mix mode of delamination [19]. The main reason for providing this
qualitative information on mode ratio is the complex stress state at
the crack tip that is not explained at all in the analytical
approaches available in the literature.

2. Materials and methods
2.1. Materials and process

The 5HS woven fabric supplied by HEXCEL was placed in a mold
with dimensions of 300 x 400 x 3 mm?>. The woven fabric had an
areal weight of 391 g/m?, and consisted of 6 K HTA carbon fibers
with its surface coated by epoxy powder in order to result in a pre-
form with rectangular shape. The resulting laminate with 8 plies
total had a final fiber volume fraction (FVF) of about 58%. A
13 pm polytetrafluoroethylene (PTFE) insert film was introduced
at the middle plane of the laminate to produce an artificial pre-
crack, as specified in ASTM D5528-01 [20].

The laminate was produced via resin transfer molding (RTM)
using a bi-component RTM-6 epoxy resin system also supplied
by HEXCEL. After the injection step, the panel was cured at a tem-
perature of 180 °C for 120 min.

The final laminate was inspected with a through-transmission
ultrasonic test (TT) with 1410 C-scan equipment.

2.2. Interlaminar fracture toughness tests

This section describes the three configurations used for fatigue
tests in modes I, Il and I/II as well as the procedures to calculate the
energy release rate (G).

2.2.1. Mode I

Quasi-static double cantilever beam (DCB) tests were carried
out in accordance with the standard test method described in
ASTM 5528-01 [20] using an MTS testing machine with a 5 kN load
capacity cell at room temperature. The mode I data reduction was

conducted using modified beam theory (MBT). Further details of
the data reduction are well outlined in [20].

The tests were carried out under a frequency of 5Hz and a
stress ratio of R = 0.1 with displacement control with a start point
at critical displacement J;. that is related to the critical energy
release rate Gj. Before the fatigue tests a pre-crack of approxi-
mately ~2 mm was conducted with a rate of 1 mm/min until the
crack moved forward from the insert film to avoid any influence
of the resin pocket created during the injection process.

The crack was monitored with lens of 50 mm diameter, 2.8
aperture and the images were captured every 500 cycles with Lab-
view v.12.0 software. These images were post-processed with
Image ] software which was also used to measure the resulting
crack increments.

The energy release rate was determined by using the
relationship between the compliance C = /P and the crack length
a, as illustrated in Fig. 1, in combination with Eq. (1).

P dC
=58 da (1)

where G is the strain energy release rate (SERR), B is the specimen
width, C the compliance and a the crack length.

2.2.2. Mode 11

For mode II fatigue tests, a specimen geometry similar to double
cantilever beam was used but now loaded using a three-point-
bending device. A support span was employed to be equal to
2L =100 mm, an initial crack length equal to ag = 35 mm, and same
fatigue parameters as employed for mode I tests. The procedure for
conducting the test was similar as adopted by O’Brien for unidirec-
tional laminates [21].

The SERR value was determined using Eq. (1) in combination
with the derivation of the relation between compliance and crack
length: C=A+na®. The determination of the slope n was based
on Fig. 2.

2.2.3. Axial delamination mode

This test was conducted using specimens with a geometry that
includes a discontinuity located at half of the thickness as shown in
Fig. 3. The fatigue test was conducted using force control in a uni-
versal testing machine Instron 8801 with a 100 kN loading cell. The
fatigue parameters followed the same as for other modes of prop-
agation. To correlate the crack length with the change in compli-
ance, the specimens were instrumented with strain gage. The
complete setup is shown in Fig. 4.
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Fig. 1. Graphic for determination of the equation C = ma". (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 2. Graphic for determination of the slope n. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)

The energy involved in the crack increment was determined by
using Eq. (2) which is based on the elementary equilibrium of
momentum in elasto-statics [20,22].

P2 /1 1
Ge=—(—r-—"— 2
‘ 2b2 (Ests Ests + Eltl) ( )

where the subscript s means strap (continuous section), I means lap
(interrupted section) as indicated in Fig. 3, P is the applied load, b
the width of the specimen, ¢t the thickness and E the corresponding
in-plane modulus of the sections.

2.3. Fracture surface investigation

The fracture surfaces of the specimens submitted to fatigue
testing were investigated in images captured with a scanning elec-
tron microscopy (SEM) named as Zeiss EVO LS-15 equipped with a
tungsten filament that was set to operate at 10-20 kV and using a
high vacuum mode to boost the secondary electron acquisition.
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Fig. 3. Cracked lap shear (CLS) specimen. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

These parameters were chosen to prioritize the topographic
information.

3. Results and discussion
3.1. Mode I - crack growth rate and fracture surface

The crack growth rate was plotted against the crack length to
analyze the region of fracture surface patterns as shown in Fig. 5,
where the number followed by a letter relates to the respective
images (Example: 6a refers to Fig. 6a) of the fracture surfaces.
The images were divided into two regions before and after the pla-
teau limited by points 6d and 7b.

The investigation was limited to the warp sections of the 5HS
fabric due to the stable and controlled manner the crack propa-
gated, in which facilitated in tracking the crack as well as the anal-
ysis. As already discussed in [5], with the same material system
(5HS/epoxy system), there is an arresting point at point 6d that
creates a damage area ahead of this point, due to cyclic loading,
which dictates the crack growth rate until the crack reaches
another arresting point or advanced this region of non-linear
behavior.

In the following fractographic analysis, the red arrow represents
the global crack propagation direction and the white arrow the
local crack propagation direction.

Fig. 6a corresponds to a region of higher crack growth rate sim-
ilar to a specimen submitted to a quasi static loading which gener-
ated a significant amount of river markings [13] or riverlines [23]
(as detailed in the orange box) that subsequently converged into
scarps. This fracture section also indicates the direction of global
crack propagation by taking the root of riverlines as a reference
and final angle (0) of the riverlines as depicted in Fig. 6a. The white
arrow indicates an overload caused by the interlacing section
(weave pattern) that formed cusp patterns that were created by
mode II loading, also Greenhalgh [23] mentioned that a rotation
of the main load can cause a change in the scarp formation direc-
tion which transforms into a cusp pattern. From Fig. 6b the evi-
dence of crack propagation direction is not so well defined and
the predominance of scarps indicates also peel loading. Fig. 6¢ also
agrees with Fig. 6a in relation to the final angle of the riverlines.
Just before the arresting location, the fracture surface in Fig. 6d also
had riverline angles different from e value and barely visible scarps
which indicates a decrease in crack growth rate.

After the plateau of the da/dN vs a graphic at label 7a in Fig. 5,
the curve returned to a region of constant crack growth rate, where
Fig. 7a shows the very beginning of this point of scarps with

Fig. 4. Complete setup for axial test. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Relative position of fracture surface in the crack growth rate curve - mode I.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

undefined inclination, as detailed in the orange box. Also this
region is influenced by the weft region which location produces a
local crack propagation that generates cusp patterns characteristi-
cally of interlaced fabrics [23]. The reason of having a local crack
propagation is due to multiple crack propagation sites in each warp
tow section that created this perpendicular and unstable one [24].
This point also forces the crack tip to back up due to an influence of
crossover point [25] created by the fill/warp intersection [26] that
consequently formed cusp patterns, as detailed in the green circle.
Fig. 7b and c indicates also a similar angle to the previous analysis,
Fig. 6¢, which shows the direction of the global crack propagation.
In Fig. 7d the crack reached a non linear region where the scarps
have also an inclination different from 6 that indicates a change
in orientation of the global crack growth. This location could be
considered a near threshold region.

3.2. Mode II - crack growth rate and fracture surface

Following the same analysis as conducted for mode I fatigue
tests, the graphic for mode II did not exhibit non-linear behavior
that divided the curve into two regions as exemplified in mode I,
instead it presented a linear trend as shown in Fig. 8.

Two points are dislocated from the linear trend of the da/dN
curve in blue circle, which could be related to the difficult task of
following the crack increment from the specimens’ edges and com-
bined with the fact that the crack in mode II is constantly closed
which makes the measurement not as clear as in mode I. This sit-
uation was also observed in static tests by Shiino et al. [3].

As pointed out in some studies [3,27], mode Il loading covers an
area of damage that normally neglects the crossover sections and
fibers at 90° (weft tow), as a result the crack propagated without
interference, as observed in mode I. Fig. 10 illustrates these obser-
vations by take into account the fracture sections obtained from
decreasing crack growth rate in which, for example, Fig. 10a corre-
sponds to a fatigue crack growth rate of 2.0 x 10> mm/cycle that
is labeled as 10a in Fig. 9.

According to work conducted in [11,12] that reports fracture
surface in mode II, the fracture patterns that appear in static test
are cusps which are similar to that one observed in Fig. 10a in fati-
gue test. However it differs from each other in the fracture phase
where the tip of the cusp tend to curve toward the final load cycle
direction or extract out from the matrix, the latter formed another
pattern named here as “rollers” [28,29].

The rollers are fracture patterns that are produced due to the
friction of the upper and lower beam of the ENF specimen that
eventually will be detached from the fracture surface [23,28].

Fig. 11a-c shows the fracture surfaces that correspond to
decreasing crack growth rate that is located in Fig. 8. The roller
as described in the last discussion is shown in the orange box in
Fig. 11a, which is more geometrically defined for the first loading
cycles (high da/dN) as compared with the ones shown in
Fig. 11b and c. These fractures evidently exhibit the mechanism

AG: 1000 x _HV: 20,0 kV_WD: 0,0 mm

Fig. 6. Fracture surface for decreasing crack growth rate - first region. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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AG:.1000 x HV: 20,0 kV_WD: 0,0 mm

Fig. 7. Fracture surface for decreasing crack growth rate - second region. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 8. Relative position of fracture surface in the crack growth rate curve - mode II.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

of shear loadings that preserved the aspect of fracture that enable
the correlation of decreasing crack growth rate.

The direct consequence of decreasing value of crack growth rate
is the enhanced grinding effect of constant movement of both faces
of the specimens that produces a smooth surface, as far as we move
from a region of critical energy (point 10a) to a threshold region
(point 10d). The appearance of fracture surfaces in Fig. 10a-d qual-
itatively indicates this trend. It is worth mentioning that the
degree of debris [30] also increased as the crack growth rate
decreased.

3.3. Axial mode or mixed mode - crack growth rate and fracture
surface

For axial mode of loading the crack initiated with minimum
crack length for slow crack growth rate (da/dN) and it progressively
increased with time and ended up with a value of high crack
growth rate as seen in Fig. 12. In this mode of propagation, more
scatter was observed in comparison to the pure modes which is
caused by unstable propagation throughout the crack length,

P — Loading Nose

Fig. 9. Measurement of crack tip in mode II. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Fracture surface for decreasing crack growth rate - mode II. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

Fig. 11. Fracture patterns of fatigue test in mode II. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. Relative position of fracture surface in the crack growth rate curve - axial
mode of loading. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

where the gap between points 9a-10a and 9b-10b in Fig. 12 pre-
sented this transition. The labels 13a-14a refer to fractures in
Figs. 13a and 14a, respectively.

For this analysis the fracture surface of axial mode of loading is
divided into lap section (interrupted ply) and strap section (contin-
uous ply). Fig. 13a-c shows the lap sections which predominantly
exhibit river markings (yellow boxes) that subsequently converged
into scarps (red boxes). There was no clear relationship between
crack growth rate with the aspect of the fracture surfaces, if we
compare Fig. 13a with c which have the same space between the
fibers. According to Svensson and Gilchrist an apparent increase
in the fracture deformation would be an indication of increase in
mode II of loading [31] What it was expected to see in the fracture
surfaces is the characteristic feature of fracture toughness
observed for high force values (critical values - G).

An aspect for considering these fractures (lap section) from
axial mode is the similarity with pure mode I fracture surfaces.
However, pure mode [ shows sharper tip on the top of the scarps
and also indicates the global crack propagation direction, where
the axial mode indicates scarps perpendicular to the propagation
direction and with a rounded tip.
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Fig. 13. Fracture surface for increasing crack growth rate for lap section - axial mode. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

Fig. 14. Fracture surface for increasing crack growth rate for strap section - axial mode. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

Based on the analysis of the lap section, one could conclude that
the driving force in this mode of propagation is the mode I as the
patterns suggest exactly this. However the matching surfaces of
lap section, designated as strap section, show that the patterns
have direct relationship with pure mode II crack propagation, illus-
trated by the comparison of Figs. 10 and 11 with images from
Fig. 14. The rollers tend to appear in the CLS specimens, however
less defined than in pure mode II. From the fractographic investiga-
tion it was also difficult to find a pattern that show evidence of the
amplitude loading action.

These analyses show a partition of the crack tip into to very dis-
tinct mode of propagation that eventually interacts with each
other as the evidence of rounded scarps instead of sharp ones that
appear in pure mode I. If we consider that each half of the CLS

specimen controls the crack propagation, it is intuitive to say
that 50% of each mode controls the crack in axial loading as
the fracture patterns are very distinguishable, or it can be said
that G; is equal to Gy,.

The results of the fractures show some differences in values of
G/Gy ratio from analytical solution results [6], as shown in Eq.
(3), which is between 0.2 and 0.5. However the constant ratio of
Gi/Gy from analytical solution as the crack length increases agrees
with the fracture surfaces showed here. Other sources from the lit-
erature [22,32] also show that there is more contribution of mode
Il than mode L.

M? /1 1
6= e (.~ ) )
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Bending

\,;

Fig. 15. Development of bending in the lap section.

where M; is the flexure moment in the lap section, I the inertia
moment, b the beam width and the subscript 1 is related to lap
and 2 for strap section.

The solution of Eq. (3) does not take into account the anisotro-
pic nature of the 5HS composite material interface, which may
explain this difference. As it was observed in pure mode [ the cross-
over section influenced the crack path. In addition to this, it can be
attributed to the bending moment that is comparable to peeling
load in the lap section, which increases mode I contribution, as
exemplified in Fig. 15.

4. Conclusions and final remarks

In this research paper the authors showed the importance of
conducting fractographic investigation based on well developed
studies on fracture surfaces on pure modes of propagation to com-
plement some results from analytical closed form solutions. This
study illustrates that the two forms of analyses may present some
discrepancy due to the material behavior.

Despite that the fracture from axial mode indicates that G; = Gy,
further quantitative analysis on the fracture is necessary to inves-
tigate if the strain energy intensity in each surface is evenly
divided.

Moreover, the state of stress near the crack tip of CLS specimen
seems to have a non-interactive loading modes I with II propaga-
tion behavior as it enables identifying the individual pure delami-
nation modes that drive the crack. This discussion also emphasizes
the constant ratio of G;/Gy independent of the crack growth rate.
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