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ARTICLE INFO ABSTRACT

Handling Editor: Prof. Ole Thomsen The aerospace industry uses glass fibre reinforced polymer (GFRP) composites to manufacture structural and
non-structural parts of an aircraft as they possess superior strength to weight ratio and exceptional corrosion
resistance. Commercial aircraft operate in a very wide temperature ranges from —54 to 55 °C. Potential GFRP
laminates are susceptible to impact during aircraft operation, and the temperature at impact governs the nature
of damage and failure mechanisms. As a result, the current study focuses on examining how aeronautical GFRP
composites behave in various temperature environments that are encountered during high- and low-altitude
operations. Using S2-glass fibre/FM94-epoxy unidirectional prepreg, GFRP plates were created. Drop weight
impact tests were conducted at ambient (25 °C), high (50, 75, 100 °C), and low (—25, —55 °C) temperatures, as
well as at various impact energies (75, 150, 225 J). The damages were assessed visually, along with their sizes.
Each testing scenario’s impact parameters, including the impact load, deflection, and energy absorption, were
also examined. In Abaqus/Explicit, a coupled temperature-displacement numerical model was created to predict
the onset of stress and damage. According to experimental findings, GFRP plates are stiffer and show less
apparent damage at cryogenic temperatures (~15—34 % lower displacement) than they do at other tempera-
tures. Furthermore, it was observed that the matrix softens at high temperatures, showing larger damaged area at
entry but with less obvious damage and increasing energy absorption, while semi-perforation occurred under
cryogenic temperatures at entry with smaller damaged area. A strong correlation is shown between the exper-
imental and FE data, confirming the capability of FE models to predict impact damage and deflections at
different temperatures in the future.
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1. Introduction

Due to their attractive thermo-mechanical properties, the aerospace
industry utilises significant amounts of polymer-based composite ma-
terials such as CFRP and GFRP (Carbon or glass fibre reinforced plastics)
in aircraft primary and secondary structures. It is common for a com-
mercial aircraft to be exposed to temperature fluctuations during flight,
take-off and landing. This mainly depends on several factors such the
weather conditions and flying speed which sets design consideration for
the structural performance of the materials used in the aircraft. For
example, the maximum operating temperature at ground level during
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take-off and landing in commercial aircrafts ranges between —54 °C and
+55 °C [1]. This can even become greater when operating at higher
altitudes (i.e. up to 12000 m) where temperatures can be as low as —80
°C [2]. Past and future supersonic commercial aircraft skin’s tempera-
tures could be exposed to up to 120 °C when exceeding Mach 2 [3].
Damage mechanisms such as delamination, matrix cracks and fibre
breakage are considered crucial failure modes in composite structures
design investigations [4-7]. Resistance to these damage mechanisms is
significantly affected by temperature and it is therefore necessary to
ensure its effects are considered in predicting damage behaviour. When
a composite structure is subjected to such impact scenarios, several
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damage mechanisms related to fibre and matrix failure can exist
simultaneously [8,9]. Brittle and ductile damage characteristics of
composite laminates must be investigated thoroughly when they are
used in aeronautical structures at different environmental conditions
(elevated and cryogenic temperatures), particularly when an impact
event takes place [10]. Previous studies have shown that the
fibre-reinforced composites with highly cross-linked matrices have
limited resistance to impact loading [11-14], while delamination in thin
laminates and fibre breakage in thicker laminates are the two main
failure modes observed during impact and mainly caused by bending
stresses [15]. Previous studies also showed that glass/epoxy composites
with cross-ply laminates have better impact resistance than unidirec-
tional laminates [16,17]. Depending on the temperature, the toughness
and brittleness of FRP composite structures can vary, thus affecting their
suitability, especially in impact events [10]. High and low temperatures
affect the glass transition temperature (Ty) of the epoxy matrix and alters
the mechanical properties of the composite and its energy absorption
capacity, which, in turn, influences the failure mechanisms [18]. Glass
transition temperature (Tg) for adhesive resin polymers is mostly
considered a crucial design factor of composite laminates including
polymers. Typical service temperatures for thermoset resin-based
polymer composites are preferably below T, but may be higher in
aeronautical applications [19]. However, when reaching T, these ma-
terials will be subjected to a significant reduction in their stiffness.
Comprehensive research has been carried out to study how low
temperature, interlayer reinforcement structure, and stacking sequence
affect the mechanical properties of FRPs under low velocity impact (LVI)
[20-24]. The behaviour of laminated GFRP composites across a tem-
perature range of —60 °C-20 °C shows that even an impact energy of 20
J had a considerable impact on the variation of impact characteristics.
As the temperature decreases, catastrophic fibre damage became more
pronounced, and the perforation threshold increases [24]. However,
other studies showed that the size of the damage and the deflection in
GFRP laminates subjected to impact decreased with the decrease in
temperature attributed to the ductile-to-brittle transition [25]. Polymers
exhibit different mechanical characteristics at different temperatures
leading to a decrease in modulus and strength with decreasing tem-
perature [26]. The cryogenic temperatures increases the contractions in
the epoxy which in turn enhanced interfacial fibre/matrix bonding and
further tightening the fibres [25]. Khojin et al. [27,28] found that the
maximum deflection increased with the increase of impact energy and
temperature during LVI on Kevlar/glass fibre composite. Results also
showed that the initial damage on the back side of the specimens and
fibre breakage decreased significantly at high temperatures, while re-
sults for low temperatures revealed that the maximum impact damage
occurs at —50 °C. The elastic modulus and tensile strength of a com-
posite can reduce drastically by 55-94 % and 45-81 %, respectively, due
to rise in temperature [29]. Additionally, it was previously observed that
the absorbed energy increasingly depends on temperature as the energy
level rises [27,28]. At low temperatures, laminates have a lower
compressive strength compared with those tested at room temperature
[30]. Icten et al. [24] found that the severity of perforation due to LVI of
GFRP composites increased with the decrease in temperature from 60 to
—20 °C. Li et al. [31] concluded that the FE model can be considered a
good candidate for modelling impact damage under variant temperature
conditions compared to the rule of the mixture and Chamis model at
room temperature. T. Gomez del Rio et al. [23] developed an FE model
to study the effect of temperature on impact damage in CFRP tape
laminates under LVI and found that matrix cracking and delamination
are significantly affected by low temperature, while matrix crushing,
and fibre failure occur in a small region regardless of the energy or
temperature level. J. Weng et al. [52] investigated LVI characteristics
and residual tensile/compressive strength of CFRP laminates at high
temperatures both experimentally and analytically. A new integrated
stress-based delamination failure criterion combined with extended
Hashin failure criteria FE model has been established to simulate LVI
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damage and residual tensile and compressive strength of composite
laminates at high temperatures. The impact damage and residual ten-
sile/compressive strength were accurately predicted using the current
model.

To the best of the authors’ knowledge, very few studies have been
presented considering impact damage characteristics of composite
laminates at both high and very low temperatures coupling the effects of
both thermal and mechanical stresses. In addition, the majority of the
GFRP impact studies were on E-glass, carried out using thin laminates
below 3.2 mm and low energies up to 70 J as evident in Appendix A,
while this study included higher impact energy levels and higher lami-
nates thickness. This research has included both experimental (meso-
scale and microstructure laminates) and numerical investigations which
enabled further understanding of damage characteristics of glass-fibre
composite laminates at both high and low temperatures under LVI
loading including the load carrying capacity, energy absorption, and
damage modes. The three-dimensional multiscale numerical model
implemented in this work, including thermal as well as mechanical
strains, enables accurate predictions for in-service LVI at different
temperatures, characterising and comparing the properties of glass-fibre
composites at a range of LVI loads at these temperature extremes. The
high-fidelity FE model included ply-by-ply model for composite lami-
nate simulation considering the real thickness for each ply meshed
separately and also including interlaminar cohesive layers between each
two plies for delamination modelling is considered a great challenge in
this work which helps in accurate prediction for composite laminate
behaviour under impact loading with variant temperatures. It is focused
on the unidirectional glass-fibre composites ’’S2-glass fibre/FM94-
epoxy’’ used for aerospace applications but could also utilised for pre-
dicting impact damage behaviour in other composites subjected high
and low temperatures during their application. The inclusion of thermal
as well as mechanical strains, enables accurate predictions for in-service
LVI at different temperatures, characterising and comparing the prop-
erties of glass-fibre composites at a range of LVI loads at these temper-
ature extremes. Moreover, the brittle and ductile damage characteristics
of composite laminates must be investigated thoroughly when they are
used in aeronautical structures at different environmental conditions
(elevated and cryogenic temperatures), particularly when an impact
event takes place [10] which has been considered in this study.

2. Materials and methods
2.1. Specimen design and manufacturing process

For the impact tests, as indicated in Fig. la, prepregs containing
unidirectional S2-glass fibres and FM94 epoxy resin were utilised to
fabricate the panels. The panels are square with 240 mm length and
4.25 mm thick which were then cut into 70 mm square plates. A total of
32 prepregs were stacked in [0°/90°/90°/0°]4s similar to stacking used
in aircraft structures [17,32]. As seen in Fig. 1b, the panels were cured in
an autoclave set at 120 °C and 6 bars of pressure. An impactor with a 20
mm spherical diameter was used as seen in Fig. 1c [17] and using a
CEAST 9350 impact machine. Table 1 shows the impact energy and
temperature combinations used in the study. Each combination (i.e. of
energy and temperature) was tested on three different specimens.
Therefore, a total number of 45 impact tests were carried out. The results
were also compared against impact tests conducted at room temperature
(i.e. 25 °C) from a previous study [17]. The impact machine thermal
chamber was heated/cooled to the designated temperature level. After
that, the specimen was placed inside the thermal chamber and kept
there for ~45 min to reach thermal equilibrium with the set temperature
of the thermal chamber. After that, the impact test was carried out at the
designated energy level.

Every test carried out in this research has an initial velocity of
approximately 4.44 m/s, making them all low-velocity impact tests. The
force versus displacement and energy versus time data presented are all
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Fig. 1. Fabrication of test specimens showing (a) Layup configuration (b) Curing setup in autoclave [17,33] (c) impact test machine and post-impact specimens.

Table 1
Energy and temperature levels.

Test No. Energy (J) Temperature (°C)
1 75 -50
2 75 -25
3 75 50

4 75 75

5 75 100
6 150 -50
7 150 —25
8 150 50

9 150 75
10 150 100
11 225 —-50
12 225 —25
13 225 50
14 225 75
15 225 100

the mean values of these three repetitions, resulting in a total of 15
impacted samples for each energy level. The study’s impact energy
levels were chosen based on previously published research on the effects

of glass fibre composites and fibre orientation [17]. Using a Nikon XT H
225 X-ray micro-CT (computed tomography) scanner, the plates were
scanned following the impact tests in order to evaluate internal damage
and failure mechanisms. The extent of damage in each panel determined
the range of resolutions that were used, which was approximately 47
pm-162 pm. The scanned data was processed and analysed using
MyVGL 3.5.2 software. To examine the failure phenomena and damage
mechanisms in the samples in more detail, scanning electron microscopy
was employed. One sample was cross sectioned from the centre of each
energy/temperature level for this purpose. The sliced samples were then
sputter-coated and examined under two SEM microscopes at various
magnifications and wide field view.

3. Finite element model

A three-dimensional finite element model of the composite laminate
was generated in Abaqus software. A ply-by-ply high fidelity technique
was used considering 0.133 mm thickness for each ply [29] in order to
achieve the real total thickness of the specimen 4.25 mm for 32 plies of
fibre composite, and with setting a specific orientation for each layer
with either (0°) or (90°) in order to simulate stacking sequence discussed
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earlier in Section 2.1. The cohesive layers were meshed using the
layer-by-layer technique and were then connected to the neighbouring
composite plies using the tie constraint method which couples all nodes
in the three-coordinate axes. A high-accuracy structured mesh was
created in order to simulate all constituent layers for the laminate as
shown in Fig. 2. The constituent composite layers were meshed using
continuum shell elements (SC8R), while for interlaminar cohesive
layers, a three-dimensional cohesive element (COH3D8) has been used.
The later elements included a thickness of 0.01 mm and a mesh size
length of 1 mm (thickness for the cohesive elements was identified based
on a previous FE analysis on similar fibre laminate structures and the
mesh size was considered based on mesh sensitivity investigations)
[34-37]. The impactor was meshed using a discrete rigid element
(R3D4) since its deformation was negligible during the impact analysis.
The inertia mass of the impactor was estimated based on the kinetic
energy level used in the experiments.

Prescribed temperatures were applied to the laminate using pre-
defined field (temperature type) boundary conditions for initial and
propagated temperatures. This ensured the required temperature was
applied before applying the impact load, allowing for the introduction of
stresses due to differential thermal expansion using the coefficients
given in Table 2 and coupling these thermal stresses with the mechanical
stresses generated by the impact loads. The Hashin damage theory was
used for modelling damage in the composite layers (as detailed in sec-
tion 3.1), with the constituent composite material properties given in
Table 2. Built-in boundary conditions have been used to simulate fixed
edges of the clamps in the tests as shown previously in Fig. 2. Pre-defined
temperature initial conditions were introduced to the model in order to
simulate the thermal stresses produced from temperatures applied in the
experiments, based on the thermal expansion coefficients given in
Table 2.

Following this, the specimens were subjected to low-velocity impact
loads which are introduced using velocity control boundary condition
loading through the impactor. The cohesive zone model method (CZM)
was used to model damage in the interlaminar cohesive layers (as
detailed in section 3.2). The interfacial material properties required to
completely define the CZMs used in this work are provided in Table 3.
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Table 2
S2-glass fibre/FM94-epoxy resin composite material properties [38-40].

Parameter Value

Young’s modulus (MPa)

Eny 50000
Ex 9000
Poisson’s ratio

V12 0.33
2% 0.04
Shear modulus (MPa)

G2 3500
Gas 3000
Tensile strength (MPa)

Xr 2000
Xc 550
Yr 43

Yc 90
Shear strength (MPa)

S12 93
Sa3 50
Critical Strain Energy Release Rate (SERR) (kJ/m?)

Gex 12.0
Gey 1.0
Density, p [39] (kg/m®) 2000
Coefficient of thermal expansion (1/°C)

ay [40] 6.1 x 107°
a [40] 26.2 x 10°°

3.1. Hashin damage criterion

The Hashin damage theory [42] has been utilised for predicting
damage behaviour in composite laminates. This criterion included both
fibre and matrix failure modes and more details about this theory are
given in Ref. [41]. The Hashin damage initiation Equation for fibre
tension (dy) is as follows:

("i)z+("i)z—1 )
Xr Si2)

while damage initiation according to the Hashin theory under fibre
compression (dy) is,

Fig. 2. FE model of the composite plate and the impactor including mesh design (left), boundary conditions and applied loads (right).
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Table 3

Cohesive properties including adhesive epoxy resin FM94 [41].
t0 (MPa) t? (MPa)  (MPa) Gy (kJ/m?) G, (kJ/m?) G, (kJ/m?) E/Ep, (GPa/mm) G1/Es (GPa/mm) G2/E,; (GPa/mm)
50 50 60 4.0 4.0 4.0 10° 10° 10°

2
o1
) =1 2
(Xc> @
Xt and X are the ultimate tensile and compressive strength, respec-
tively, and S;2 is the in-plane shear strength, o1; and o33 are the
principal stresses in the fibre and transverse directions, respectively, and

finally 612 represent the in-plane shear stress. The Hashin damage
initiation criterion for matrix tension (dy,) is,

062\’ (012>
22 12
+ ) Tl ) =1 3
(YT) (512>
while the criterion for matrix compression (dn,.)damage initiation is,
0 2 Yo \? c c 2
22 C 22 12
+ -1 =+ (—) =1 @

(2 SlZ) |:(2 S12> Ye Si2
where Yr and Y. are the tension and compression strengths in the
transverse-direction, respectively.

Damage evolution in composite plies can be calculated using the
following formula: this cannot be achieved until the above damage
initiation criterion is reached. Abaqus/Explicit analysis including con-
verting strains into displacement using the characteristic length of each
element in the FE model [43]. Then based on these damage variables we

can calculate the two-dimensional stiffness matrix of damage C; ateach
integration point as follows,

1 (1 - df)El (1 - df)(l — dm)l/zlEl 0
Cd :B (1 - df) (1 - dm)l/lez (1 - dm)Ez 0
0 0 (1-d,)GD

)

The total damage D can be calculated using the following criterion,
D=1 - (1 — df) (1 — dm)(l/zl.l/lz)

Finally, the two-dimensional stress matrix ¢ can be calculated based
on the two-dimensional strain matrix ¢ and the stiffness matrix of
damage from Equation (5) [41] as follows,

6=0Cqy.€ (6)

The variable d; represents fibre damage and d,, is the matrix damage
while the variables dy, and dj, are the damage in fibre under tension and
compression loads, respectively, also d,,, and d,,, are matrix damage
under tension and compression loads, respectively. Also it’s worth
mentioning that dy can be calculated from the variables d¢, and dy. given
in Equations (1) and (2), While d,, can be calculated from the variables
dft if 6 1 > 0 }

dp and d,,c given in Equations 3 and 4. Where dy = { do.if 611 <0
‘fc 11

[ dmeif 622>0
anddm*{dmcif 022 <0}.

3.2. Cohesive zone model

A bilinear cohesive zone model (CZM) considering mixed-mode
damage is developed to simulate delamination onset and evolution in
the interlaminar layers of composite laminates. A quadratic nominal
stress formula [41] has been used to obtain damage initiation in cohe-
sive layers as follows,

((GI> >2+( On )2:1 %)
Glmax Gnmax

where (—) is the Macaulay bracket which refers to that the pure
nominal compressive stresses do not develop damage initiation. The
damage evolution in cohesive layers was modelled using the power law
damage criterion [41] which includes the strain energy release rates G;
and Gy and the critical strain energies G;. and Gy, for modes I and II
respectively,

Gi > " (Gu > "

—_— + =1 (8)
(GIC GIIc
where n is a power law criterion coefficient and depends on the failure

mode interaction (normal and shear) and its value can be assumed as a
unity for the linear mix mode [44].

4. Results and discussion

The post-impact front and rear views of one batch of tested samples
are shown in Fig. 3 and the sectioned micro-CT graphs are given in
Fig. 4. The optical images and CT-graphs show the severity and various
forms of damage that occurred due to impact using different energy
levels and various temperatures. These images will be used to support
the analysis and discussion in the following subsections. Several forms of
damage occurred due to impact, mainly delamination and debonding,
matrix cracking, fibre/matrix bulging due to incomplete penetration
(semi-perforation) and strain crystallisation. A local indentation was
formed at the centre of the front face of all the specimens due to the
spherical impactor. The shape and size of the indentation and sur-
rounding damage varies according to the energy and temperature levels
used. The cracks on the front face of the specimens appear to propagate
from the centre of the impact zone in four perpendicular directions as it
can be seen from all the images in Fig. 3. The impact caused bending of
the specimens which varied significantly depending on the energy and
temperature levels which in return affected their failure characteristics.
For example, in Fig. 3 (first row) which present images of the front of
specimens tested at temperatures (50-100 °C) shows that they exhibited
impact damage starting with partial fibre breakage in the 0° and 90°
fibre plies indicated by the white lines (crazing) extending in the lon-
gitudinal and transverse directions of the specimens’ surface, aligned
with the fibre orientations. This is due to the lower shear strength and
impact damage resistance of specimens at high temperatures leading to
increased softening of the matrix. As the resin becomes weaker resulting
in only the fibre layers carrying the applied loads leading to partial fibre
damage in the 0°, 90° directions. Fig. 3 (first row) also shows that at
50-100 °C, the impact area at the front is circular and resembles the
imprint caused by the spherical impactor. The impact area appears to
increase with the rise in impact energy. Furthermore, at these higher
temperatures, strain crystallisation is also noted on the front surfaces as
seen by the white segments forming between the white lines, which
appears to increase with temperature and energy level due to increased
softening of the matrix. In addition, according to Figs. 3 and 4, the
bending forces due to impact resulted in Fig. 3 (second row) shows that
for higher temperatures, dome-like bulge is formed without penetration
or fibre/matrix rupture. The size and height of the bulge appear to
decrease with the rise of temperature which could be due to increased
retention in fibre/matrix plies after impact. Images of the rear of the
specimens also confirm that delamination and matrix cracks developed
in the background GFRP layers and increased with the increment of
applied impact energy. The front of the specimen is subjected to
compression loading due to the bending forces caused by the impact
which increases the delamination in the inner plies as it can be seen in
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Fig. 3. Front and rear images of the experimental impact damage for the S2- glass fibre/FM94-epoxy specimens under impact energies 75 J,150 J and 225 J and

temperature range between —55, and 25, 25 [17], 50, 75 and 100 °C.
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Fig. 4. Through-thickness C-scan images of the impact damage for the S2/FM94 glass fibre plates under impact energies 75 J,150 J and 225 J and temperature range

between —55, and 25, 25 [17], 50, 75 and 100 °C.

specimens under temperatures of 25-100 °C.

Fig. 3 (third row) shows that at cryogenic temperatures (—25 and
—55 °C) delamination was not observed, with only matrix cracks and
shear damage in the middle of GFRP plates which increases with the
increment of applied impact energy. This damage is mostly due to
penetration in the centre of the plates particularly at higher impact
energy levels. The main reason for such penetration is that the resin
layers become more brittle at cryogenic temperatures as mentioned
earlier which reduces their impact resistance. Fig. 3 (fourth row) pre-
sents that for room and cryogenic temperatures, at lower energy dome-
like bulge is also noticed without penetration or fibre/matrix rupture.
While at higher impact energy levels fibre/matrix damage is observed
with partial penetration at lower temperatures as the resin layers
become more brittle at cryogenic temperatures possibly due to a visco-
elastic deformation behaviour. In addition, it can be said that the load

deflection response in fibre/epoxy composites is rather a complex phe-
nomenon which involves nonlinear material response as well as the
varying contact area between the impactor and the plate that ultimately
influences the contact friction behaviour and affect not only the strain
rate/stresses but also the deflection behaviour of the plate [45]. Fig. 4
shows that matrix cracking and delamination are present under all
impact energy levels and temperatures. The severity however varies
significantly with minimal damage seen in samples impacted at 100 °C
and 75 J. Maximum damage occurred at 150-225 J at cryogenic
temperatures.

4.1. Effect of low-impact energy level of 75 J

Loads, displacements and kinetic energies were recorded for S2/
FM94 glass fibre plates under 75 J impact energy at temperatures
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between —55 and 100 °C as shown in Fig. 5, which presents both nu-
merical and experimental results. From the experiments at room tem-
perature and cryogenic temperatures between (—25 to —55 °C) tests
present similar behaviour with the load increasing with time up to a
maximum strength of about 25 kN. After that, the load drops sharply due
mostly to fibre breakage as shown in Fig. 5a. Results for higher tem-
peratures between (50-100 °C) exhibited a drop in compression strength
with increasing temperature as resin layers reach their glass transition
temperature (Tg) which leads to a reduction in their strength [46,47].
Similar behaviour was observed for all specimens tested at higher
temperatures compared to those tested at lower temperatures (see
Fig. 5). Load drops were also noticed for all specimens early on in the
tests at about (1 ms). These were due to matrix cracking and matrix
compression damage when the impactor first hit the specimens. The
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displacement curves in Fig. 5c show increasing displacement with
increasing load for all specimens tested until the ultimate compressive
strength is reached. At room temperature and cryogenic temperatures
between (—25 to —55 °C), deformation reaches a maximum of 6 mm
again mostly due to fibre and matrix compression damage. After this,
displacements start to reduce due to the bridging of fibres in the
cross-ply laminates which provide high resistance under impact loading
reaching about half their maximum value at the end of the test [48]. As
no penetration was occurred, thus impactor bounces back after hitting
the specimen and this was noticed through reduction in the out-of-plane
displacement which is reduced gradually up to the end of test. At higher
temperatures (50-100 °C) out-of-plane deformation reaches up to 7-8.5
mm before reducing again to approximately half of their maximum
value at the end of the test. For all specimens tested kinetic energy
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Fig. 5. Load vs. time; out-of-plane displacement curves and energy vs. time relation for S2- glass fibre/FM94 epoxy composite plates under 75 J impact energy at a

temperature range —55, —25, 25 [17], 50, 75 and 100 °C, FE and experimental results.
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Fig. 6. SEM images for samples after impact at 75 J and different temperatures.

reaches a maximum value of 75 J as planned before reducing sharply for
low and room temperature tests as shown in Fig. 5c. In contrast, for
specimens tested at higher temperatures, energy reduced more gradu-
ally and then started to recover at a time (5 ms) remaining constant up to
the end of the test.

Fig. 5 also presents the FE results, with excellent agreement between
these and the experimental results in terms of maximum impact strength
for all specimens over a range of temperatures. This exhibits the capa-
bility of the Abaqus/Explicit solver and the predefined thermal bound-
ary conditions to simulate the coupling of thermal and mechanical
impact under LVI. At the relatively low energy level of 75 J, FE results
reveal significant effects due to thermal stresses in addition to me-
chanical stresses where specimens with cryogenic temperatures failed
with a higher strength (23-25 kN) compared with those at higher tem-
peratures (50-100 °C) which failed at 14-20 kN mostly due to the resin
layers reaching their glass transition temperature. Comparison of the
out-of-plane displacements between FE and experimental results also
shows a good correlation up to the maximum impact strength although
the FE results overestimate the displacement at the end of the test. This is
thought to be a result of misalignments in extracting the displacement
from the crosshead of the impact machine during the test and more
advanced instrumentation (High-speed digital image correlation sys-
tem) is recommended for future work. Finally observed energies are also
successfully predicted as the FE model considers the effect of thermal
stresses and mechanical impact stresses simultaneously. As can be seen
from Fig. 6, the main damage in specimens under 75 J was delamination
and matrix cracking which further confirms the previous discussion.
Impact damage was more prevalent at temperature range of —25 to 75
°C where severe bending, delamination and fibre/matrix failure can be
observed.

4.2. Effect of medium impact energy level of 150 J

The experimental results for specimens subject to 150 J impact en-
ergy at temperatures ranging between —55 and 100 °C are presented in
Fig. 7. At room temperature and cryogenic temperatures between —25
and —55 °C tests present similar behaviour with load increasing to a

maximum strength of about 30 kN, 5 kN higher than for an impact of 75
J as can also be seen in Section 4.1 Fig. 5. Again, following this point,
there is a sharp drop in load but in this case, it was accompanied by a
greater level of matrix cracking and compression due to the higher
impact energy followed by fibre breakage as seen in Fig. 7a.

For higher temperatures (50-100 °C) the compression strength was
reduced due to the resin layers reaching their glass transition tempera-
ture (Tg) reducing their strength [46,47]. A sharp drop was again
noticed for all specimens at the beginning of the test due to matrix
cracking and compression damage when the impactor first hits the
specimens. Out-of-plane displacements for all specimens again increased
with increasing load until the ultimate compressive strength. At room
temperature and cryogenic temperatures between —25 and —55 °C
deformation reached about 7-9 mm at maximum compression strength
and then reduced reaching about half its maximum value at the end of
the test. At higher temperatures (50-100 °C) out-of-plane deformation
was higher, reaching 10-12 mm at maximum compression strength
before falling to approximately half the maximum value at the end of the
test as seen in Fig. 7b. Again, similar to previous results of 75 J energy, as
no penetration occurred, thus impactor bounces back after hitting the
specimen and this was noticed through reduction in the out-of-plane
displacement which is reduced gradually up to the end of test. Finally,
the kinetic energy after reaching a maximum value of 150 J reduced
sharply for low and room temperatures but more gradually for higher
temperatures as seen in Fig. 7c. Fig. 7 also presents an excellent corre-
lation between FE results and experiments in terms of maximum impact
strength for all specimens at different temperatures again showing the
effect of the induced thermal stresses at higher temperatures with
specimens at cryogenic temperatures failing with a slightly higher
strength of about (33-35 kN) compared to those at room and higher
temperatures (25-75 °C) which failed at (25-30 kN) reducing down to
about 22.5 kN at 100 °C. A good correlation is also seen for impact
displacements between FE results and experiments. Finally, observed
energies were also accurately predicted through microstructure analysis
represented by the SEM images, as seen in Fig. 8. In addition, SEM im-
ages reveals that the failure mechanism vary with temperature. The
main damage forms at 150 J were delamination, matrix cracking and
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Fig. 7. Load vs. time; displacement curves and energy vs. time relation for S2/FM94 glass fibre plates under 150 J impact energy at a temperature range between

—55, and 25, 25 [17], 50, 75 and 100 °C, FE and experimental results.

fibre/matrix rupture. Matrix cracking due to shear stresses mainly
occurred at cryogenic temperatures (—25 and —55 °C) which is a clear
indication of a brittle fracture/failure. This can be explained as follows:
since the matrix is responsible for supporting the fibres when subjected
to compressive loading [46], its increased stiffness at cryogenic tem-
peratures shifts the failure from delamination due to bending stresses to
matrix cracking failure due to shear stresses as shown in (—25 and —55
°C) Specimens in Fig. 8. The reduced matrix ductility at cryogenic
temperatures limits it from yielding and therefore increases the damage
in the laminate due to impact. Moreover, glass fibres contract in the
axial traverse directions when cooled down which in return affects the
stress-strain state of the fibre/matrix interface. Compressive stresses
occur on the fibre/matrix interface since the matrix contraction is larger
than that of the glass fibres [46], which could also explain the reduced
damage tolerance of the specimens at cryogenic temperatures.

Meanwhile, delamination appears to be the main failure mechanism in
specimens impacted at 25-100 °C with complete absence of other failure
modes. The difference in damage and failure mechanisms could be also
attributed to the change in the molecular movement of the epoxy matrix
with temperature (increased ductility) which in return affect the stress
relaxation of the laminate and leads to higher damage tolerance due to
impact. However, this is highly dependent on the molecular structure of
the epoxy matrix.

4.3. Effect of the high impact energy level of 225 J

Loads, displacements and kinetic energies were recorded for S2/
FM94 glass fibre specimens tested under impact energy of 225 J at a
temperature range between (—55 and 100 °C) which are presented in
Fig. 9, which shows the experimental results. At cryogenic temperatures
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Fig. 8. SEM images for samples after impact at 150 J and different temperatures.

between (—25 to —55 °C) tests present similar behaviour to those for an
impact energy of 150 J with the load increasing with time up to a
maximum strength of about 28 kN as shown in Fig. 9a. The load then
dropped sharply due mostly to fibre breakage in the fibre plies. While
results for specimens tested at room temperature and high temperatures
between (50-100 °C) exhibited higher compression strength approxi-
mately between (30-40 kN) demonstrating a higher resistance to impact
when the glass transition temperature is reached reducing matrix
cracking and matrix compression.

Specimens tested at room temperature exhibited similar behaviour to
those tested at high temperatures. Similar behaviour was noticed for all
specimens tested at high temperatures compared to those at low tem-
peratures in terms of sharply decreasing compression strength directly
after reaching ultimate strength with an additional failure mode - that of
delamination in the interlaminar layers of the laminates. A sharp drop
was also noticed for all tested specimens at the beginning of the test due
to matrix cracking and initial matrix compression damage when the
impactor first hits the specimen. Fig. 9b presents increasing out-of-plane
displacements with increasing load until the ultimate compression
strength is reached. At room temperature and cryogenic temperatures
between (—25 to —55 °C), deformation reaches about (7 mm) at
maximum compression strength due to fibre and matrix compression
damage. Afterwards, the displacement decreases due to bridging of the
fibres in the cross-ply laminates which causes high resistance to impact
loads eventually reaching about half their maximum value at the end of
the test. Again, similar to previous results of 150 J energy, as no pene-
tration was occurred, thus impactor reflected back after hitting the
specimen and this was noticed through reduction in the out-of-plane
displacement which is reduced gradually up to the end of test. At high
temperatures (50-100 °C) out-of-plane deformation reaches about
(11-14 mm) at maximum compression strength due mostly to fibre and
matrix compression damage. Similar to the behaviour at low tempera-
tures, displacements show decreasing in their values as a result of fibre
breakage, and also due to the delamination at the interlaminar layers
which causes deformation in the negative out-of-plane axis direction
opposite to the direction of the applied load until it reaches to approx-
imately half its maximum value at the end of the test. Finally, as it can be
seen from Fig. 9c, for all specimens tested, the kinetic energy reaches a
maximum value of 225 J as planned then starts to reduce gradually for
certain values then starts to recover at a time range (7-10 ms) onwards
and remain constant up to the end of the test. Fig. 9 also shows the FE
results which reveal an excellent correlation in terms of maximum
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impact strength for all specimens at different temperatures. At the high
energy level 225 J, FE results show the predominant effect of the me-
chanical impact stresses over the thermal stresses causing specimens at
cryogenic temperatures to fail at a lower strength of about 30 kN
compared to those at room and high temperatures (25-75 °C) which
failed at (35-40 kN). This is due to the high-velocity impact loads for the
higher impact energy 225 J and the brittleness of the epoxy resin at low
temperatures. At a high temperature of 100 °C impact strength was
significantly reduced to about 30 kN due to the resin layers reaching
their glass transition temperature. The second row of Fig. 9 also shows a
good correlation with the displacements from the experiments. Finally,
the observed energies are also perfectly predicted as the FE model
considered the effect of both thermal and mechanical impact stresses
simultaneously. As evident from SEM images (Fig. 10), the severity of
the impact damage is increased, and fibre/matrix rupture can be clearly
seen at cryogenic temperature which is similar to penetration damage
that usually is seen in high-velocity impact scenarios. At higher tem-
peratures, delamination is more common especially at the bottom layers
of the specimens due to increased bending during impact. The
through-thickness images (see Fig. 10) confirm that delamination and
matrix cracks develop in the GFRP layers at higher temperatures
(50-100 °C) and increase with the increment of applied impact energy.
At cryogenic temperatures matrix cracks and partial fibre breakage are
only seen at high energy levels and increase with the increment of
applied impact energy. This damage mostly results from the penetration
in the centre of the plates. The main reason for such penetration is that
the resin layers become more brittle at cryogenic temperatures as dis-
cussed earlier.

4.4. Effect of temperature variation

4.4.1. Maximum impact force

Fig. 11 presents the maximum force and displacements for specimens
under different impact energies 75, 150 and 225 J and temperatures
from —55 to 100 °C. The experimental results show that at room tem-
perature and cryogenic temperatures between —25 and —55 °C tests
present similar behaviour under impact energy of 75 J with a maximum
strength of about 25 kN. For higher temperatures between 50 and 100 °C
there is a drop in ultimate strength which ranges between 22 and 14 kN.
As discussed in section 4.1 this is probably due to resin layers reaching
their glass transition temperature (T,). The maximum force or ultimate
strength for specimens tested under 150 J at cryogenic temperatures is
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Fig. 9. Load vs. time; displacement curves and energy vs. time relation for S2/FM94 glass fibre plates under 225 J impact energy at a temperature range between

—55, and 25, 25 [17], 50, 75 and 100 °C, FE and experimental results.

higher (33-35 kN) than those under 75 kJ and again drops at increased
temperatures to between 31 and 22.5 kN for temperatures between 50
and 100 °C (again higher than at comparable temperatures under 75 kJ).
For specimens tested under 225 J at cryogenic temperatures (—55 °C)
the maximum strength is 32 kN similar to that for tests under an impact
energy of 75 J. Results for room temperature and temperatures ranging
between (25 and 50 °C) have a higher ultimate strength of 39 kN. It is
thought that this is because at the higher velocity impacts at 225 J, the
resin does not have enough time to reach to (T), resulting in it having
higher strength. The FE results in Fig. 11 show an excellent correlation
with the experimental ones in terms of maximum impact strength for all
specimens across different temperatures and impact energy levels.

4.4.2. Maximum impact displacement

Maximum out-of-plane displacements for each of the different
impact energies and temperatures are presented in Fig. 11. From the
experimental results, under an impact energy of 75 J at room
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temperature and cryogenic temperatures between (—25 to —55 °C) tests
present similar behaviour with a maximum displacement of about 6.5
mm. The results for higher temperatures between (50-100 °C) exhibited
gradually increasing displacements ranging between (7-8.5 mm), due to
resin layers reaching their glass transition temperature (Ty) as discussed
in section 4.1. The displacement at cryogenic temperature is ~15-34 %
less compared to those at higher temperature due to the decrease in the
fracture strain at cryogenic temperatures leading to brittle fracture [49].
For an impact energy 150 J behaviour is similar to that for 75 J with tests
at cryogenic temperatures having a maximum displacement of about 9
mm, and those at room temperature having a slightly higher displace-
ment. The results for higher temperatures (50-100 °C) exhibited a
gradually increasing maximum displacement (9.5-12 mm) slightly
higher than for 75 J, due to the increasing temperature exacerbating the
effects mentioned above. The results for impact energies of 225 J show
slightly different behaviour from those for 75 J and 150 J. For temper-
atures between —25 and 50 °C the maximum displacement is
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approximately 12 mm, as a result of the high velocity of the impact load
which means the resin does not have enough time to reach to Ty as
discussed earlier. For higher temperatures between 75 and 100 °C there
is a gradual increase in the maximum displacement between 13 and
14.5 mm, due to the increasing temperature being sufficient to enable
the resin layers to reach the glass transition temperature (Tg) as
mentioned earlier. Once again maximum impact displacement FE results
present an excellent correlation with experiments.

4.5. Impact damage analysis

The effect of temperature variation on impact damage progression
was also investigated both experimentally and numerically. Different
behaviours in the form of different modes of failure were noticed for
impact energies of 75, 150 and 225 J for temperatures ranging between
—25 and 50 °C. FE results from Fig. 12 illustrating the predicted damage
in the cohesive layers (SDEG) at 150 J also confirm that delamination
and matrix cracks developed in the plies on the reverse side to the
impact and increased with the increment of applied impact energy at
room and higher temperatures. At cryogenic temperatures however,
only matrix cracks and shear damage were noticed in the middle of the
plates which also increased with the increment of applied impact en-
ergy. Results for other impact energies tested showed very similar
behaviour.

The FE results in Fig. 13 represent the in-plane Mises stresses (512)
and confirm that delamination and matrix cracking develop near the
front surface and increase with each increment of applied impact energy
at room and high temperatures. Delamination is predicted by the orange
segments (positive in-plane stress) in the first and third quarters of the
impacted circular area, with blue segments in the second and fourth
quarters of the impacted footprint circle (negative in-plane stress). At

13

cryogenic temperatures, however, no delamination is predicted with
only matrix cracking and shear damage. Again, these results are for 150
J, similar results are found for the other two impact energies.

The experimental impact damage shown previously is again sup-
ported by the damage predicted using the Hashin criterion as given in
Fig. 14. FE results are for 150 J, and results for other impact energies
showed similar behaviour. At higher temperatures a higher intensity of
stresses is seen in the area surrounding the circular footprint of the
impactor, this revealed the ability of the Hashin damage criterion to
predict impact damage in composites. The micro-CT images shown
previously in Fig. 4 confirm that matrix cracks damage occurred in this
area, and this was confirmed via Hashin criterion FE analysis through
matrix tension damage. Also, matrix compression damage from experi-
ments seen in Fig. 3 was perfectly predicted by Hashin theory through
the high activity of matrix compression variable in the middle front side
of the specimens, while at room and cryogenic temperatures it predicted
noticeable damage initiation and evolution within this area, a high out-
of-plane deformation was noticed, mostly due to bending in the area
surrounding the impactor head after impact which due to the high
strength of the unidirectional fibre layers causes damage to be mostly
limited to the resin layers. This was confirmed by the FE results which do
not show any fibre tension or fibre compression damage using the
Hashin criterion. Future analysis can be implemented to identify these
damage mechanisms.

FE results from Fig. 15 represent through-thickness images for
damage in cohesive layers (SDEG) and also confirm that delamination
and matrix cracks develop in the GFRP layers at room and higher tem-
peratures. Conversely, at cryogenic temperatures, no delamination in
the interlaminar layers is noticed with only matrix cracks predicted in
the middle of the plates, particularly at the impacted circular area. FE
results are for impact energy at 150 J, and results for other impact
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Fig. 14. FE results for damage evolution variables based on Hashin theory for the S2-glass fibre composite laminate, after the impact; impact at 150 J and for a
temperature range between —55 and 100 °C.
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Fig. 15. Experimental through-thickness (C-scan images) and FE model (SDEG) results comparison for the damaged laminates after the impact at 150 J and for a

temperature range between —55 and 100 °C.

energies exhibit similar behaviour. Bending represented by high cur-
vature in the interlaminar layers for the impacted circular area was also
successfully predicted using the cohesive zone model method available
in Abaqus/Explicit analysis. The results confirm that the severity of
damage increases with the energy level and reduction in temperature. At
—25°C (225 J), and —55 °C (125 and 225 J), the samples experienced
partial penetration, some fibre/matrix petaling and fragmentation due
to increased plastic deformation. Sever bending and bulge like dome can
be clearly seen in samples impacted at 50 and 75 °C and at 150 and 225
J. This is mainly due to the increased elastic deformation of the samples
at those temperatures which allowed the fibre/matrix to stretch further
than at room or subzero temperatures.

5. Conclusions

The low-velocity impact behaviour of S2-glass fibre/FM94-epoxy
composite laminates at three different impact energies and different
temperatures ranges (including elevated and cryogenic temperatures)
were investigated both experimentally and numerically. A total of fifty-
four specimens were analysed, with an average of three specimens for
each repeatability test. Impact damage characteristics of the specimens
were investigated under cryogenic and high temperatures and results
were evaluated based on the experiments and numerical analysis. The
following conclusions are obtained.
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(1) Temperature has a significant effect on the low-velocity impact
response of laminated composites. More impact damage is
induced in specimens impacted at lower temperatures than those
at higher temperatures.

(2) Cross-ply composite laminates present higher impact strength at
room and cryogenics temperatures compared with those at high
temperatures.

(3) Delamination was observed in the impacted specimens at room
and high temperatures, however, those tested under cryogenics
temperatures did not show any delamination.

(4) Partial fibre breakage in the 0°, and 90° fibre plies was noticed in
specimens tested at higher temperatures which aligned with the
fibre orientation angles of cross-ply laminates.

(5) Matrix cracks (tension and compression) were more severe in the
middle of GFRP specimens tested at cryogenic temperatures
compared with those tested at high temperatures which led to
penetration in the centre of the laminates at higher impact energy
levels.

(6) Numerical results show excellent correlation with experimental
results at all impact energy levels and for different temperature
ranges.

(7) The Hashin damage criterion can accurately predict damage in
composite laminates under low-velocity impact. The discrepancy
between the experimental and numerical results was higher at
lower impact energy of 75 J and cryogenic temperatures of —25
and —55 °C.
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(8) Cohesive zone model theory is also able to predict damage in the
interlaminar layers of composite laminates under low-velocity
impact.
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Appendices

Appendix A: Table showing summary of past studies on low velocity impact of glass fibre composites.

Material Stacking sequence  Thickness Temperature (°C) Energy (J) FE Notes Ref
(mm)
E-glass/ [0°/90°/+45°/ 3 20, —20, —60 10, 30, 50, No Perforation 1 as temperature | [24]
epoxy —45°] 70
E-glass/ [0] and [0°/90°] 3.2 —20,0,10,20 12.8 No Cross-ply laminates have better impact resistance [16]
epoxy
E-glass/ [0°/30°/60°/90°] 2.9 Room temperature 10, 20, 30, Yes  Impact velocity and energy affect damage differently [50]
epoxy 40
S2-glass/ [0/90/+ 45/— 4.25 Room temperature 75, 150, Yes [0/90/90/0] showed superior resistance to impact among [17]
epoxy 45] 225 other configurations
[0/90/90/0]
[+45/— 45]
[0]
E-glass/ Woven ~2.5 —50, 25, 70, 120 8, 15, 25 No Ductility index 1 as temperature 1 [28]
epoxy
GFRP Woven 1.46 —173, —-74, 22 NA No Size and depth of damage | as temperature | [25]
E-glass/ Filament winding 2.375 -196, 0, 22, 50, 100 5,7.5,10 No Stiffness 1 and deflection | as temperature | [51]
epoxy
E-glass/ [0°/90°] woven 5,7,10 —25, 20, 100 50, 100, No Max displacement | with 1 of laminate thickness and as [52]
epoxy 150 temperature |
E-glass/ [0°/90°] woven 2.1,35,5 —50, —25, room 41-111 No Absorbed energy is affected by thickness and temperature [53]
epoxy temperature differently
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