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1. INTRODUCTION

Effect of Ply Thickness on Damage
Mechanisms of Composite Laminates
under Repeated Loading

Barely visible impact damage (BVID) occurs in composite laminates
subjected to low-velocity impact. They can then exhibit significant effect on
mechanical performance of laminates. Previously, it is shown, analytically
and experimentally, that BVID occurs at a critical energy level and below
this energy level there is no induced damage. However, repeated impact
may cause BVID even below the critical energy level. This paper is a novel
investigation that deals with the cyclic behaviour of quasi-isotropic
glass/epoxy laminated composites under indentation, which is a quasi-
static version of low-velocity impact. In particular, this study aims to
investigate the ply thickness effect on matrix crack-induced delamination
damage in the case of laminated composites under cyclic quasi static
indentation loadings. The effect of different parameters, such as load level
and ply thickness, on the damage evolution were here investigated. Tests
were performed according to the ASTM 7136 standard. Since the glass
layer was translucent, it was also possible to visually inspect the matrix
delamination during the tests. The laminates were subjected to load levels
lower than the critical load level, while there was no evidence of damages
when samples were indented just once. However, by increasing the number
of cycles, matrix crack-induced delamination appeared in the samples. In
brief, it was observed that the ply thickness and energy level have
significant effects on the intensity of the induced damage.

Keywords: Glass/epoxy, laminates, low-velocity impacts, cyclic
indentation, damage, delamination, critical energy level.

light and efficient aircrafts.

Due to the excellent properties of composites, such as
light-weight, high-strength and corrosion resistance [1],
the use of these materials has increased drastically in a
large assortment of multi-faced applications and market
products [2], involving different industrial sectors and
market segments such as aerospace and aircrafts [3, 4],
automotive and motorbikes [5, 6] or their parts [7], sport
equipment, architecture and interiors, energy and wind-
farms, oil and gas, sailing and boat building [8, 9] or
many others (Figure 1).

Composites, if wisely used [10], place the designer
in a position to best exploit the peculiar characteristics
of them [11, 12], such as the marked anisotropy in
mechanical properties. It is not always possible to rep-
lace a more traditional material (such as steel or alumi-
num) with a composite material, but in case it is
possible, the benefits in terms of products and processes
can be incredibly significant.

Quite recently an increasing trend in the massive use
of composites, especially carbon fibre reinforced poly-
mers (CFRP), has been highlighted in the aerospace and
aviation industries to enable the construction of very
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Figure 1. Examples of the variety of applications of
composite materials including aerospace, architecture,
automotive, energy, marine, pipe & tank.

Despite the increasing usage of composite materials,
poor impact and out of plane behaviour of these
materials represent a challenging and yet unsolved
obstacle, which limit the wider application of composite
structures. Impact induced damage, and the problems
associated with that, are the limiting design criteria for
composite material in aeronautical structures [14, 15].

At the same time, impact induced damage in a
laminated composite can be visible or non-visible [16,
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17]. High velocity and high energy impacts result in
visible damage; while low velocity and low energy
impacts cause invisible damage, improving the overall
risk related to the use of composite parts.

miscellaneous
AVAI-LI

CFRP: Steel

Wings

Centre wing box and keel beam 53%

Tall cone Composite 0

Skin panels Titanium

Frames, stringers and doublers
Doors (passenger and cargo)

The adoption of CFRP, higher than 50%, results in the
reduction of fuel consumption in modern aircrafts, like, for
example, in the case of Airbus A350 and Boeing 787
Dreamliner (Figure 2) [13].

Figure 2. Materials used Airbus A350 XWB [13]

Under low velocity impact loading conditions, the
contact time is relatively long, which results in kinetic
energy to be accommodated away from the contact
point. However, high velocity impact loading generates
concentrated type of response, leading to the dissipation
of energy over a relatively small area [18].

For example, in an aircraft, accidents i.e. bird strike
events and tool drop during manufacturing and
maintenance can cause low-velocity impact (LVI) [19].
This accidental damage is usually categorised by the
naked eye detectability (as illustrated in Figure 3) and
compared to barely visible impact damage (BVID).
BVID is a crucial concept concerning aircraft structures
damage tolerance [20, 21]. It is evident how those
aspects are relevant for safety and maintenance plans.
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Figure 3. Effect of BVID on compression after impact
strength [19].

288 = VOL. 48, No 2, 2020

LVI induced damage, in fact, might be left unde-
tected and can cause severe reduction in the laminate
strength and stiffness [22-24]. Figure 3 also shows the
effect of this damage on compression after impact
strength.

The need for impact resistant composites has pushed
researchers to focus on the way for reducing impact
induced damage and improving impact performance by
different methods such as fibers properties [25, 26],
matrix toughening [27, 28], laminate stitching [29],
optimization of stacking sequence and braided fabric
[30, 31], edge cap reinforcement [32], and interleaving
the ply interfaces with ductile materials such as micro
and nanoparticles — and films [33-38].

Different parameters such as laminate’s in-plane
dimensions, thickness, lay-up configuration, fibre
direction and material properties were reported to be
important factors in low-velocity impact behaviour and
the evolution of impact induced damage [39-42]. By
several authors, it was also reported that quasi-static
indentation (QSI) and LVI tests induce similar damage
mechanisms [43]. Consequently, QSI is often used as a
replacement for the LVI to allow better evaluation of
damage (as in [44]) also permitting to simplify
experimental testing.

Fatigue of LVI is another challenging issue that has
been investigated by some authors to evaluate the effect
of this loading on the damage tolerance of composites
[45]. It was reported that there exists a threshold critical
energy above which the delamination damage occurs in
laminated composite under just one impact.

When a laminated composite structure is under LVI
cyclic loading, these transverse matrix cracks can join
up and cause matrix crack-induced delamination dama-
ge (see Figure 4), even at energy levels much lower than
the threshold critical energy that causes the barely
visible delamination damage [46, 47].

Under the threshold critical energy, the number of
fatigue cycles those can induce a critical damage level
was used as a damage tolerance index for laminated
composites [45].

Structural components made of composites are often
subjected to cyclic indentation/impact and under-
standing their long-term behaviour is important as this
could help to better design, and to predict their lifetime
and schedule future maintenance. This damage mainly
occurs at low stress levels during the lifetime of
composite structures due to cyclic impact and inden-
tation loadings [48].
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Figure 4. Schematic representation of LVI induced damage
for a composite laminate [50].

FME Transactions



Matrix crack-induced delamination damage can sig-
nificantly reduce the residual strength as the accumu-
lated damage size can be even higher than the damage
size induced due to a high impact energy level [48, 49].
So, it is imperative to characterize and detect this
damage extent under repeated LVI and QSI loadings.

In line with the aforementioned topics, the aim of
this work is to investigate the effect of ply thickness on
matrix crack-induced delamination damage in laminated
composites under cyclic quasi-static indentation loa-
dings. Specifically, the analysis deals with glass/ epoxy
laminates under indentation, as a quasi-static version of
low-velocity impact. Laminates were subjected to load
levels lower than the critical load level while matrix
delamination was inspected during the tests. By
increasing the number of cycles, matrix crack-induced
delamination appeared in the samples. The produced
knowledge can help us in improving the impact perfor-
mance and assure a safe and reliable operation.

2. EXPERIMENTAL PROCEDURES
2.1 Materials

Uni Directional (UD) Hexcel S-glass/8552 epoxy pre-
preg was used to manufacture the laminates. Those pre-
pregs are specially formulated resin matrix systems that
are reinforced with man-made fibres such as carbon,
glass and aramid. Table 1 summaries the prepreg pro-
perties used.

The stacking sequence (SS) of the laminates is
quasi-isotropic (QI) i.e. [45,/0,/90/-45],s Where m
and n denote the varying values depending upon the
type of layup used.

Table 2 summarises the values of m and » used in
ply-blocked and sub-laminate lay-ups, where total
number of 32 layers are used. The recommended dimen-
sions of the sample are kept as 150 mm long and 100
mm wide in accordance with ASTM [51]. Figure 5
shows schematic of the geometry and angle of each ply
in the investigated layups.

Table 1. Properties of the prepreg used.

Material S-glass/8552 epoxy
E 11 (GPa) 47.7
E,) (GPa) 12.3
G12 (GPa) 4.83
Gpc(N/mm) 1.00
Poisson’s ratio (v1,) s0.28
Cured ply thickness (mm) 0.155
Areal weight (g/m?) 190
Strain to failure (%) 3.87
Resin type 8552
Manufacturer Hexcel

Table 2. Investigated layups.

Lay-up name m " Thickness (mm)
Plate Ply

Ply-blocked 2 2 4.96 0.310

Sub-laminate 1 4 4.96 0.155

Figure 6 shows the different stages of the manu-
facturing process aiming to produce laminates and sam-
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ples: hand lay-up phase; applying vacuum; autoclave
curing; cutting the cured plates.

90 degree

Ply-blocked

90 degree

Sub-laminate

Figure 5. Schematic of the geometry and angle of each ply
in the investigated layups.

2.2 Specimen manufacturing

The prepregs were laid up in the desired sequence.
Particular attention was paid to the vacuum application
phase which had the dual function of an initial consoli-
dation of layers, but also (and above all) favouring the
escape of molecules of air, trapped between the layers.

2- Applying vacuurn and getting the
samgles ready for autoclave curing

3- Autoclsve curing

4- Cutting the cured plates 1o the test s

Figure 6. The experimental test set-up for the QSI tests.

The tool plates were then placed in autoclave for the
thermal treatment. The recommended curing cycle was
followed 8552 epoxy resin. Initially the laminate was
cured at 110°C for 60 minutes. After that it followed for
120 minutes at 180°C under 0.69 MPa constant pressure.
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After curing, tile cutter was utilised to cut the lami-
nates into desired shapes and dimensions, in accordance
with test standards and procedures.

For indentation testing, rectangular fixtures were
used. The window of the fixture was 125 mm long
while the width of it was 75 mm. This setup closely
followed the ASTM D7136/D7136M [51] is the recom-
mended test method for such type of set ups and was
closely followed in this study. 3 samples from each
configuration were tested to check the repeatability of
the data.

2.3 Test procedure

All the quasi-static (QI) indentation tests reported in this
manuscript were performed on Instron 8872 servo-
hydraulic testing machine as shown in Figure 7. The
machine has a universal hydraulic computer-controlled
system. 25 kN load cell and a hardened steel indenter of
16 mm diameter was used for the testing of the samples.

Testing was conducted under displacement control
and displacement control rate was kept at 1 mm/min.
This loading rate remained same for loading and unloa-
ding phases, with immediate reloading. The displa-
cement control was kept same for all the tests reported
in this manuscript.

S
ﬂnf-

Figure 7. The experimental test set-up for the QSI tests.

3. RESULTS AND DISCUSSION
3.1 Quasi-static tensile test results:

A representative load-displacement plot for the overall
behaviour of the S-glass/epoxy samples is shown in
Figure 8. The samples were kept loaded until complete
fibre failure occurred at their back face due to tension.
The associated three region of degradation mechanism
due to propagation and evolution can be summarised as
following:

Region 1: Linear behaviour in the beginning of the
loading phase is categorised under this
region. The region has an elastic response
and no underlying delamination damage in
the laminate was noted in this region.

Region 2: In this region, the initiation and propagation
phases are related. This results in losing local
rigidity. This is very apparent by change in
the load/displacement slope. This change in
slope noted to be independent of the laminate

290 = VOL. 48, No 2, 2020

thickness. The number and size of
delamination enhanced due to the high load
in this region.

Region 3: In this final region, fibre failure at the back
face of the sample under tension occurred

and hence the drop.
1 Maxi load
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Figure 8. Typical load-displacement responses for the S-
glass/8552 epoxy samples under quasi-static indentation.

3.2 Quasi-static cyclic indentation test results:

It is shown in Figure 8 that Barely Visible Impact
Damage (BVID) occurs at a critical load level and
below this load level there is no induced damage.
However, repeated indentations may cause BVID even
below the critical load level. To investigate this, as
shown in Figure 9, various percentages of the critical
load level were applied on the laminates to initiate
delamination. Load levels for cyclic indentations were
well below the critical load, at a load level of 80% and
90% of the critical load.

° Critical load (Pc) -
ritical load (P¢) —— o
e
l-/
Z3
o
[14]
S2
1 / - — —Sublaminate
0o «
0 1 2 3 4

Displacement (mm)

Figure 9. Typical load-displacement response for the sub-
laminate S-glass/8552 epoxy sample under quasi-static
indentation, and the cyclic indentation scenarios.

Since the glass layer was translucent, it was possible
to visually see the matrix crack-induced delamination
during the tests. Figure 10 shows the appearance of the
samples after being under cyclic indentation for 300
cycles. The un-damaged areas appear brown, and the
locally matrix-cracked and delaminated areas are visible
as bright. The central area of the plate is under the
indenter and appears to be brown due to the comp-
ressive load that hinders the damage appearance.

From Figure 10, the sub-laminate laminate has less
visible damage and the damage size for the 80% and
90% cyclic indentations is very similar. However, the
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ply-blocked laminate has higher indentation induced
damage, and there is a higher damage area for the 90%
cyclic indentation than the 80%. The difference between
the sub-laminate and ply-blocked laminates is due to the
change in their ply thickness, where the ply thickness
for the ply-blocked laminate is two times higher than
the sub-laminate sample. As a result, due to the low
energy release rate, thinner ply in the sub-laminate
sample had no microcracks and/or delamination.

Ply blocked  Sub laminate
80% of the 10 mm
critical load ]
@
o
90% of the %"
critical load o
90 degree

Figure 10. Appearance of the S-glass/8552 epoxy samples
after 300 cyclic indentations.

Table 2. Investigated layups.

(1}
Experiment DanE:lng::l ;1)read STDV (%)
Ply-blocked-80% 10.5 12
Sub-laminate-80% 33.3 6
Ply-blocked-90% 10.2 7.5
Sub-laminate-90% 70.0 3

The induced damage areas are measured and plotted
in Figure 11 and listed in table 3, for the comparison
purpose, where it is clearly showing the significant
difference in the damage size for different layups and
load levels.

Sub laminate-90% -
Ply blocked-60% )

Sub laminate-80%

Sample name

Ply blocked-80%

0 20 40 60
Damage area (mm2)

Figure 11: Measured damage area for the investigated
samples.

4. CONCLUSION

In this manuscript, load level effect and ply thickness on
the matrix crack-induced delamination damage is
investigated for glass/epoxy laminates under cyclic
quasi-static indentation loadings. The laminates were
subjected to load levels lower than the critical load

FME Transactions

level, the load that causes delamination, and there was
no damage for the indented sample when indented just
once. However, by increasing the number of cycles,
matrix crack-induced delamination appeared in the
samples. It was observed that the ply thickness and load
level have significant effects on the intensity of the
induced damage, where decreasing the ply thickness and
load level resulted in a lower matrix crack-induced dela-
mination area. The study suggests that ply thickness is
an important parameter and should be considered when
designing a laminate with high-performance in cyclic
indentation and impact.
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YTUHAJ AEBJBUHE CJIOJA HA MEXAHU3ME
OIUTEREHBA KOMITIO3UTHUX IAMMWHATA
I1Oo1 IOHAB/bAHUM OIITEPEREILEM

X.T. Amn, C. ®otyxu, P. Akpamu, ®@. lammdopymx
A. ITaBnoBuh, M. ®yTyxn

Jensa BumspuBa omrehewa npuimkoM yaapa (BBUJ)
HacTajy y KOMIIO3UTHUM JIaMHHaTHMa KOjU Cy W3JIO0-
KEHH yJapyMa IpH ManuM Op3uHaMa u MOT'Y MOKa3aTH
3HaYajaH yTWIa] HA MeXaHHuKke InepdopmaHce amu-
Hara. [IpeTXxonHO je aHAIUTHYKH U EKCIIEPUMEHTAIHO
nokazaHo na ce BBU/JI nemaBa Ha KPpUTHUUHOM €HEp-
TeTCKOM HHBOY M HCIIOJ OBOI HHBOAQ CHEpPruje Hema
nHAyKOBaHUX omTehema. Mel)yTiM, TTOHOBIbEHH ynmap
Moxke n3asBatd bBUJ yak u ucrox kpuTuaHe OpasuHe
exepruje. OBaj paj je HOBO HCTPAKHBAIE KOje ce OaBu
HUKJIAYHUM T[OHAIakhEM KBa3nu-U30TPOIMHUX CTAKJIO /
CMOKCUIHUX KOMIIO3MTa JIAMHHHPAHUX TMOX yIyO-
JbEHEM, LITO je KBa3H-CTAaTHYKa Bep3uja yJapa Malie
6p3une. [loceban b OBOT paja je ga ce UCTPaxu
yTunaj neOJpMHE ciloja JIAaMMHAapHMX KOMIIO3MTa Ha
oumrrehema JenaMupama HM3a3BaHOT MyLAmEeM Ha
MaTpULM II0J LUKIMYHUM KBa3H CTaTHYKUM OITepe-
hemnma. OBze je MCTpaXKeH YTHUIIA] pa3IHIUTHX Mapa-
MeTapa, Kao MTO Cy HHBO ontepehema u nebipuHA
cioja, Ha pas3Boj omrehema. TecToBu cy u3BeneHH
mpema ACTM 7136 cranmapay. Ilomro je crakieH:
cioj 6uo mpoBuzaaH, takohe je 6uo moryhe BU3yesHO
nperjiefaTtd oJlaralbe MaTpHIEe TOKOM —TECTOBa.
JlaMuHaTH Cy TOJABPTrHYTH HHMBOY onrtepehema HUXeM
Ol KpUTHYHOr HHBoa ontepehema J0K HHUje OMIIO
JoKaza o omrehemy Kaja Cy y30pLH ype3aHH Camo
jemHom. Melytum, mnosehamem Opoja 1mKIyca, y
y30puuMa ce rojaBwia JedopMmannja W3a3BaHa ITyla-
BEM NYKOTHHA. YKpaTko, mpuMmeheHo je ma neOrpuHa
clioja M HHUBO CHEpPrHje WMajy 3HadajaH YTHUIA] Ha
WHTEH3UTET UHAYKOBaHOT omTehema.
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