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Experimental and numerical investigation of
fracture characteristics in hybrid steel/
composite and monolithic angle-ply
laminates
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Abstract

This study investigated the fracture characteristics of hybrid laminates consisting of CorTen steel and carbon fibre-
reinforced polymer composites under quasi-static loading, both experimentally and numerically. The hybrid laminates are
classified into two groups: one featuring alternative overlaying of steel and composite, and the other with symmetric cross-
ply and angle-ply configurations overlaid within steel layers. The effects of layup sequence and composite-layer ply
orientation on the fracture behaviour are examined. Experimental results revealed these factors influenced the fracture
behaviour and load-carrying capacity. A semi-analytical framework is developed to determine the interlaminar stresses and
assess interfaces susceptible to delamination, identifying whether these stresses are primary or secondary factors
(combined with other fracture modes) in the experimentally observed fracture mechanisms. Angle-ply laminates, known
for exhibiting mode Il delamination at dissimilar interfaces, served as a baseline configuration to establish a “characteristic
distance” for the average stress fracture criterion. This criterion is first utilised to predict mode Ill delamination in angle-ply
laminates and subsequently, using the same characteristic distance in the quadratic average stress criterion, for mixed-
mode I/lll delamination in hybrid laminates. The predicted fracture stresses closely agreed the experimental results.
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undergone significant development. Substituting aramid
fibres with carbon fibres increased stiffness, leading to
Carbon-Reinforced Aluminium Laminates (CARALL),
which, however, faced galvanic corrosion issues in a humid
environment.” In the late 1980s, introduced Glass Re-
inforced Aluminium Laminate (GLARE), which utilised
high strength R or S2-glass fibres in FM94-adhesive,

Introduction

Lightweight engineering has gained significant attention in
recent years as a key enabler of improved energy efficiency
and fuel economy across various industries, contributing to
the overarching goal of achieving climate neutrality by
2050." With their exceptional attributes, such as extended
fatigue life, excellent resistance to corrosion, and high
specific strength and stiffness, fibre-reinforced polymer
composites have become indispensable in sectors like
aerospace, marine, automobile, and construction.””> Despite
these advantages, the applications of composites are greatly
limited by their inherent drawbacks, such as low fracture
toughness, high moisture absorption, poor impact resistance
and residual strength.®® To overcome these disadvantages,
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Fibre Metal Laminates (FMLs), a hybrid material based on
alternating metal and fibre-reinforced polymer composite
layers have been considered and explored.'®

Since the first FML, Aramid Reinforced Aluminium
Laminate (ARALL), which was introduced as a fatigue
resistant material in aircraft structures,'' they have
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improving impact behaviour, fatigue durability, compres-
sive strength and tensile strength.'>'* Another class of
hybrid laminate, titanium interleafed with graphite/carbon
(TiGr), was developed in the early 1990s by NASA Langley
Research Centre and The Boeing Company, for high-
temperature (up to 177 °C) applications, notably in su-
personic aircraft as a primary material.'"* Hybrid laminates
based on magnesium alloy have also been introduced.'"'®

Recently, hybrid steel/composite laminates have
emerged as a promising material due to increase in stiffness
and strength with much lower volume contents of metals
compared to titanium hybridisation.'” Taking advantage of
its constituent material properties, such as toughness of steel
and the high specific strength and lighter weight of com-
posites, opens up new possibilities for steel applications,
particularly in the aerospace sector.'®!” One specific ap-
plication gaining attention involves repair of fatigue damage
in steel structures using composite patches, which has
proved to be both economical and effective in extending the
service life of these structures.?’ Studies have indicated that
externally bonded composites can enhance the buckling,
bending and fatigue properties of steel structures.>' >* Jones
and Civjan® investigated the effects of composite overlays
on steel both analytically and experimentally, noting that
double-sided bonded configuration were more effective in
prolonging fatigue life than single-sided bonded counter-
parts. Reyes and Gupta®® conducted research on hybrid
DP500 steel and glass fibre/self-reinforced polypropylene
composite laminates, where self-reinforced here consisted
of composite made of polypropylene matrix reinforced with
polypropylene fibres. A modified rule of mixtures to predict
the tensile properties of a hybrid laminate from the prop-
erties of its constituents was proposed, which accounted for
the steel stress instead of tensile strength. This adjustment
was made because, at the fracture strength of the hybrid
laminate, the DP500 steel did not reach its tensile strength.
Khalili et al.*” explored basalt fibre-based hybrid laminates
and found that presence of steel improved the tensile and
bending strength. Bambach et al.>*> investigated the
application of steel/composite hybrid materials in frontal
longitudinal beams and vehicle roofs using numerical
analysis, based upon experimental studies, the investigation
particularly concentrated on the crashworthy characteristics
of hybrid steel/composite square tubes. Results indicated
significant enhancements in crashworthiness and weight
reduction with the hybrid components. Koord et al.'® in-
vestigated the influence of thermal residual stresses on the
delamination of hybrid steel/M21-T700 GC composite
laminates using double cantilever beam and end-notched
flexure tests at low temperature (—55 °C) and room tem-
perature (23 °C). A framework was developed to correct the
apparent experimental fracture toughness to include the
thermal effects and for numerical modelling of hybrid
asymmetric steel/composite laminates. The study concluded

that inclusion of thermal effects is necessary for the analysis
of hybrid steel/composite interfaces. Notably, the curvature
of hybrid specimens post cooling and before applying
mechanical loads were significant. Furthermore, steel based
FMLs exhibit superior strength, stiffness, and fatigue
properties when compared to traditional FMLs such as
CARALL and GLARE.>"*?

The mechanical properties of hybrid materials are sig-
nificantly influenced by the ply orientation of the composite
layer” and layup configuration, particularly the placement
of metallic layers.** For instance, the effect of ply orien-
tation on the static tensile response of glass-Kevlar fibre/
aluminium laminates was investigated in Ref.35. Statistical
analysis of data was performed, and an estimated ultimate
tensile strength response surface was generated as a function
of ply orientation in each layer. It was shown that Kevlar ply
orientation was the most influential parameter among all
variables and their interactions. In another study,® a
parametric study was performed numerically, after vali-
dating the model against the experimental campaign, to
study the influence of ply orientation sequence on tensile
response of aluminium/carbon fibre reinforced hybrid
laminates. Results indicated that while the tensile modulus
was less influenced when the layup sequence is changed
while keeping the number of 45° oriented composite layers
same and both tensile modulus and strength decreased with
an increasing number of 45° layers. Hu et al.>’ confirmed
that titanium/carbon composite Ti/CF/PMR polyimide
based super-hybrid laminate with unidirectional ply ori-
entation exhibited highest interlaminar shear strength
compared to Ti/CF/PMR with +45° orientation. Shama et
el.** evaluated the tensile response of GLARE by varying
the layup of laminates in terms of the placement of metal
layers while maintaining a constant total metal layer
thickness. They found layup sequence had significant in-
fluence on ultimate strength of GLARE laminates and
FMLs in which composite layers were together had higher
strength than when separated by metallic layers. Moreover,
Rajkumar et el.®® investigated the effect of layup config-
uration and strain rate on the tensile and flexural behaviour
of aluminium-based glass/carbon fibre hybrid laminates.
Their study revealed that placing carbon layer on the ex-
terior, rather than the glass fibre layer, enhanced the me-
chanical strength of FML.

Furthermore, generally, the key issue in hybrid laminates
is the interfacial bonding between metal and composite.’”
Delamination at the metal/composite interface has been
identified as the predominant fracture mode in various
studies involving steel**™** as well as other metals.***
Common causes of delamination in hybrid laminates
originate from material and structural discontinuities such as
free edges, openings, corners, and sudden changes in layer
thickness.**™* The strength and stiffness of hybrid lami-
nates can be reduced significantly and cause interlaminar



Burhan and Ullah

failure such as delamination causing overall failure of the
material and eventually serious damage.*’ Therefore, to
prevent failure it is imperative to analyse failure
mechanisms.

In review of the aforementioned literature, there has been
limited studies that focused on the effect of composite ply
orientation and layup sequence on strength and fracture
behaviour of steel/composite hybrid laminates. To address
this gap, the present study aims to investigate fracture in
hybrid CorTen steel/carbon-epoxy M79 UD600 laminates
through a series of experiments. Effect of layup sequence
and composite layer orientation on laminate fracture be-
haviour and initial fracture was also investigated. Two
different categories of hybrid laminates are considered:
generally stacked (alternating steel and composite layers)
and hybrid symmetrical (cross and angle-ply within steel
layers). Since there may exist multiple interlaminar stresses
at hybrid steel/composite interface, delamination may be
mixed mode at the free edge. The third category is that of
monolithic angle-ply laminates, which is a baseline group,
where delamination is known to induce at dissimilar in-
terface at free edges. This monolithic angle-ply laminates
also serves to establish the characteristic distance parameter
required for fracture criterion. The same characteristic
distance parameter is also utilised in the hybrid laminate
subjected to mixed mode fracture. Numerical investigations
are performed on the selected hybrid and monolithic lam-
inates to determine interlaminar stresses that may induce
interlaminar fracture. The laminates that undergo interfacial
fracture, confirmed from experimental observation and
numerical investigation, are further utilised to predict the
longitudinal fracture stresses using average stress criterion.

Theory and methods

In Figure 1, a bi-material laminate is schematically pre-
sented. H and /4 are the thickness of the bottom and top
layers, respectively, L > H is the length, and 2W = 15H is

t

top layer Et, v
p lay ~

resinrich layer

bottom layer
b b
EP, E, GP5, 035, 035

Figure |. Three-dimensional bi-material laminate.

the width. Assume orthotropic material, such as carbon
fibre-reinforced polymer composites, for the bottom layer,
and isotropic material, such as metal, for the top layer. The
laminate is subjected to uniform loading using displacement
control (), and the reaction force resulting from this applied
displacement is used to calculate remote stresses o.,. The
bottom layer is oriented at 90°. Global coordinate system of
the laminate is represented with xyz-axes, where x, y are in-
plane (xy) and z is out-of-plane (z) directions, respectively,
and is situated at the bottom surface of the bottom layer. In
addition, both layers are assumed as linearly elastic. The
resin rich layer is modelled as a transition layer at the in-
terface between the bottom and top layers.

Dimensional analysis

The interlaminar stresses for a general bi-material laminate
as in Figure 1 depend on the set of parameters such as
remote stresses o.; elastic material properties of bottom
layer (EV, E5, G5, 0%,,05,) and top layer (E', 0'); geometric
dimensions, H and #; and distance from free edge of the
laminate y. Therefore, for a given orientation of bottom
composite ply, the interlaminar stresses o;, for an arbitrary
bi-material system and geometry is expressed as:

O, ¥, H, h, ) |

o= oy G o RO

Material invariant trace, 5, defined in Ref.50 is utilised
to represent the elastic properties of the two substrates. The
trace of the bottom composite layer, denoted with Jj, is
determined from the 3D elastic stiffness matrix. The
Composite Laminate Plate Theory (CLPT) is incorporated
to generate the trace-normalised 3D stiffness components
(see Appendixes A & B) for several CFRP materials, and
the Master Ply is defined based on the average values of
these components. The computation of individual elastic
constants for an arbitrary CFRP material can then be
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calculated using their individual traces and the Master Ply
trace-normalised components. Similarly, the top metal layer
trace, 3;, is computed from 2D elastic stiffness matrix. The
elastic properties of metals considered are taken from
material suppliers and are listed in Table 1 along with their
corresponding traces.

The incorporation of trace reduces the number of ma-
terial properties to a single material property. This allows a
convenient way to study the effects of material contrast.
Therefore, following sequential elimination, equation (1)
can be expressed in terms of non-dimensionalised groups

as:
O %b h y
gyl 2V 2
d ﬂ{aw’S,’H’H @)

For a given bottom layer orientation, the interlaminar
stress component for a bi-material system reads:

i (w rz%) = O Y. (w 7, %) 3)

where y, are non-dimensional stress functions of non-
dimensional parameters: @ = J,/J; (the material param-
eter), # = H/h (the geometric parameter, denoting an in-
versely expressed dimensional group), and y/H. Once the
stress functions of a bi-material laminate in equation (3) are
known, interlaminar stresses can be determined for an ar-
bitrary load, material, and geometry without re-solving the
underlying boundary value problem.

For a given interface in a hybrid symmetrical (cross and
angle-ply within metal layers) laminate, the interlaminar
stresses for a given w, #, and stacking sequence is written as:

0 (37) = 0 (35). @

Equation (4) can also be utilised for a monolithic
symmetrical laminate with a given stacking sequence and
material system, where interlaminar stresses o, at a dis-
similar interface can be determined for an arbitrary ply
thickness once y;, is evaluated.

Theory of critical distances

The Line Method (LM) is an averaged formulation and
one of the manifestations of Theory of Critical Distance

Table I. Elastic properties of metals considered for top layer
with their traces.

Material E'(GPa) vt 3.(GPa)
Aluminium 7075-Té 71.7 0.33 215
Titanium-Grade 2 105 0.37 320
CorTen steel 207 0.29 612

(TCD).>" It describes that the failure occurs when the
value of stress averaged over a certain characteristic
length, equals the corresponding strength of the mate-
rial. Kim and Soni’? utilised this criterion for inter-
laminar normal stress distribution at the free edge in
composite laminates. The LM for an interlaminar stress
component is written as:
1 Yo
- ozdy =028, (%)
Yo Jo
where G;, is an average of a stress component, S; is the
corresponding interlaminar strength, and yy is the critical
length. Equation (5) is rewritten from equations (3) or (4) as:
0o Yo

— X dy =0.>8S;. (6)
Yo Jo

Equation (6) can be written explicitly for o, as:

YoSi

/ Xi- Ay
0

Equation (7) is the average stress criterion that involves a
single component of interlaminar stress. Fracture may be
induced due to multiple interlaminar stresses that exist at a
particular interface. In the fracture criterion proposed by
Sun and Zhou’? the quadratic interaction of the interlaminar
stress components is written as:

= \2 5 \2 5 \2
= 2= Z)>1 8

$)+ &) &)= o

where S, and S, are interlaminar shear strengths for o,. and
o0y., respectively, and S is interlaminar normal strength

(tensile) for o0,,. Combining equations (4) and (8), the
mixed-mode interlaminar average stress criterion reads:

(N

(o

Yo 2 Yo 2
o : X Xy,
= Edy | + /—Zdy
<J’O> /Sv Sy
0 0
Y0 2
XZZ
~=d >1. 9
o [ew)|= ©)

Rearranging for 0., equation (9) is written as:

Yo
Yo 2 Yo 2 Yo 2 (10)
(oo (5o ([
0 0 0

The integrals in the equation (10) are computed nu-
merically. Equation (10) predicts the failure for a given
interface due to multiple interlaminar stresses.

00>
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Finite element model

The Finite Element (FE) model is utilised to evaluate the
interlaminar stresses numerically. The normalised inter-
laminar stresses, y,,, can subsequently be determined using
equation (4). A thin resin-rich layer is introduced at the
hybrid metal/composite interface where stress assessment is
required. The three-dimensional numerical model is in-
corporated in commercial FE software Abaqus® and the
interlaminar stresses are computed at the integration points
of elements within the resin layer. The elastic properties of
this layer are assumed as, £ = 3 GPa, and v = 0.3. The
three-dimensional model in Abaqus® utilises 8-node linear
brick, reduced integration, C3D8R elements. The resin-rich
layer contains one through-the-thickness element, and a
typical FE mesh is presented in Figure 2. The integration
point of elements at the free edge is situated at y = 0.025H,
which is sufficiently close to the free edge (y/H = 0). This
is to ensure that the current numerical model captures the
weakly singular nature of interlaminar stresses.

The analysis in Ref.54 revealed that a resin-rich layer
with thickness of 2% of the ply thickness ensures accurate
computation of the interlaminar stresses. Furthermore, there
is no practical difference in stresses obtained when utilising
quad over linear brick elements.” Therefore, thickness of
the resin-rich layer as 2% of the composite layer and linear
brick elements are utilised throughout the present study.

It is noted that the resin rich layer mimics the adhesive
layer at hybrid interfaces, as they have similar properties.
Although the actual adhesive layer thickness used in ex-
periments is 0.2 mm thick, the resin layer thickness rep-
resenting adhesive film in hybrid laminates is taken as 2% of
the composite layer throughout, as mentioned above. The
adhesive film as 0.2 mm is within 10% of the composite
layer considering different configurations of hybrid lami-
nates. It is shown in Ref.54 that the influence of the variance
of resin layer thickness on the distribution of interlaminar
stresses is insignificant when within 10%. While a thinner
adhesive film potentially increases the singularity order of
stresses at the free edge, the use of an average stress criterion
(TCD) for fracture prediction makes these effects insig-
nificant in the current calculations.

resin rich layer
2W > 4(H +h)

Experimental

The present experimental study investigates the initial
failure in hybrid and monolithic composite laminates using
Edge Delamination Tests (EDT) performed under uniformly
remote tensile loading.

Specimen characteristics and manufacturing

The materials considered in this study are carbon/epoxy
M79/UD600 and CorTen Steel. The number of specimens is
categorised into three groups. Group-1 comprise generally
stacked hybrid laminates which consists of Type I, IT and IIT
configurations, as schematically shown in Figure 3. Type I
represents a bi-material laminate ([St/90]) with a steel layer
overlaid onto a composite layer (oriented at 90°). Type II
consists of the interposition of a steel layer between two
composite layers ([90/St/90]). Type III is an alternating
arrangement of steel and composite layers, resulting in a
configuration with [St/90/St/90/St]. Group-2 comprises
Type IV and V configurations, which are symmetrical hy-
brid laminates. Type IV denotes a cross-ply laminate
overlaid between two layers of steel ([St/0/90],), while
Type V represents an angle-ply laminate overlaid between
two layers of steel ([St/+45])), as shown in Figure 3.
Group-3 is composed of monolithic angle-ply laminates,
[+6h),, Where 8 = 10°,20°,30° and n = 1, 3.

The surface of the steel shims was polished using emery
papers ranging in grain numbers from #60 #80 to achieve a
suitably rough yet chemically active surface, thereby pro-
moting enhanced mechanical interlocking. A modified
epoxy film adhesive, Hexbond 679, fully compatible with
M79 and suitable for steel to composite bonding, was
employed to facilitate the adhesion of hybrid steel/
composite interfaces. The Hexbond 679 is utilised in all
hybrid interfaces as illustrated in Figure 3. To optimise
bonding efficacy, hybrid panels were clamped and pres-
surised using bench vice for 20 mins prior to curing, en-
suring enhanced interfacial adhesion. All the laminates are
cured at 70 °C and 1.01325 bar (vacuum bag cure) with
2 °C/min as heat up rate for 480 min in an autoclave fol-
lowing the temperature cycle (70 °C *480 min or 80 °C

+ Metal

—» 90°CFRP

free edge

Figure 2. Typical FE mesh at the free edge of a bi-material laminate.
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Figure 3. Different types of hybrid laminates considered for experimental investigation.

*360 min or 90 °C *240 min), pressure cycle (0.5-5 bar),
and heat up rate (0.5-5 °C/min) recommended by the
composite prepreg manufacturer. After curing, the
specimens were cut using abrasive water jet cutting into
desired dimensions. Hybrid panels were cut into speci-
mens with lengths > 200 mm and widths of 20 mm,
except for Type I ([St/90]), which had lengths of 145 mm
and widths of 30 mm. Monolithic angle-ply panels were
cut into specimens with lengths > 160 mm and widths of
20 mm. The difference in specimen dimensions was
because of practical resource constraints such as material
availability. It was reported in Ref.56 that the scaling of
length and width of FML coupons have little influence on
the tensile fracture strength, an effect that was attributed
to free edge delamination. In another study,’’ no effects
of scaling dimensions on tensile strength in FML were
observed. In fact, the width does not influence the in-
terlaminar stress field, provided the specimen is wide
enough (which is the case in the present study), and
hence should not affect the strength.”® The gauge length
constituted 60% of the total length of specimen length
across all laminates. Nominal ply thickness of a com-
posite ply measured after curing is 2° = 0.617 mm. The
thickness of a steel shim is 2= 1.5 mm and the epoxy film
adhesive is 0.2 mm thick.

Material mechanical characteristics

The mechanical properties of the M79/UD600 material
system were characterised experimentally using [0g], [90s],
and [+45,]; laminates. Tensile tests performed on these
laminates allows to assess the in-plane mechanical prop-
erties summarised in Table 2 where Ej; represents the
longitudinal modulus of elasticity, E,, the transverse
modulus of elasticity, G, the in-plane shear modulus and
vi, the longitudinal Poisson’s ratio. Employing the trans-
verse isotropic assumption, the out-of-plane elastic con-
stants were derived from experimentally measured
characteristics, with v,3 assumed to be 0.5.%° Elastic con-
stants for CorTen steel were obtained from the material
supplier and are listed in Table 1. Strain measurements were

obtained using extensometer, strain gauges, or a combi-
nation of both.

Notably, the influence of thermal and moisture expansion
in both hybrid and monolithic angle-ply laminates, induced
by curing, on interlaminar stresses was not taken into the
consideration. In the development of the hybrid laminate,
the combination of CorTen steel and carbon/epoxy
M79 UD600 was specifically selected to minimise resid-
ual thermal stresses during curing. This is because M79 is a
low-curing temperature (70°C) epoxy, which, when com-
bined with HexBond 679 adhesive, is compatible with steel/
composite bonding at this low curing temperature.

The absence of delamination and bending post-curing, as
well as no delamination after abrasive water jet cutting of
the pristine hybrid specimens, indicated that residual
thermal stresses are negligible. Given that the hybrid Type |
([St/90]) laminate is an asymmetric bi-material system, it is
highly susceptible to bending if significant residual thermal
stresses were present. Typically, the experimentally mea-
sured curvature of a hybrid laminate during the cooling
process to the room temperature can be used to estimate
residual thermal stresses,’™' assuming the curing tem-
perature is a stress-free baseline. In this study, no mea-
surable curvature was observed in the post-cured pristine
specimens, suggesting that the thermal residual stresses are
insignificant. A picture of post cured pristine hybrid
specimens demonstrating flatness, and no curvature is
shown in Figure 4. Furthermore, it is noted that thermal
expansion effects in bi-material steel/epoxy systems are
often counterbalanced by moisture effects in a laboratory
environment,*’ further supporting the minimal impact of
residual stresses in hybrid laminates. This counterbalance
effect is also observed on monolithic composites.®

Testing procedure

The EDT were performed on Zwick Roell Z100 tensile
testing machine with a 100 kN load cell in a displacement
control at a crosshead speed of 2 mm/min. In the present
experiments, tests were run until the initial indication of
fracture, involving a combination of visual and audible
detection, along with measured stiffness loss indicated by an
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Table 2. Mechanical characteristics of M79/UDé600.

Mechanical characteristics E\ (GPa) Ex = E3; (GPa) G2 = Gi3 (GPa) Gy3 (GPa) Vi2 = Vi3 V23
Value 136.5 10.1 4.1 34 037 0.5
Standard deviation 19.4 0.8 0.9 - - -
[st/90]
it
[90/St/90]
[St/90/St/90/5t]

[St/0/90]s
|

[St/45/-45]s

Figure 4. Flatness of hybrid laminates post curing.

instantaneous drop/deviation in the load-deflection curve.
This approach, as utilised by O’Brien®® for detecting de-
lamination initiation, was complemented by a high-speed
digital camera with capability to capture 240 fps to monitor
the fracture at the free edges. Specimen edges were polished
to enable inspection by a stereo microscope to confirm the
fracture. A picture of the tensile test setup with specimen
attached to strain gauge and an extensometer is shown in
Figure 5.

Results

The prominent failure mechanisms experimentally identi-
fied in all the laminates were transverse matrix cracking,
interlaminar fracture in composites and interlaminar de-
bonding between steel-composite interfaces. Tables 3 and 4
synthesises all the test results for hybrid and monolithic

laminates, respectively, and the corresponding stress-strain
curves are shown in Figure 6.

All three hybrid laminate configurations in Group-1
initially exhibited linear stress-strain behaviour until the
fragmentation (transverse cracking) was spotted in the
composite layers. This transverse cracking is followed by
interlaminar delamination at the steel/composite interfaces,
predominantly in the immediate vicinity of fragmentation.
The fracture growth was stable and therefore some of the
tests were stopped before failure indication on the load-
displacement plot to further analyse the samples using
microscopy. Microscopic images shown in Figure 7(a) for
Type 1 and Figure 8 for Type II and III show fracture
mechanisms. The initial linear response is where load
transfer occurs between steel and composite. A slight drop
in stress-strain response (see Figure 6(a)), or equivalently a
stress plateau region in Type III, indicates initiation of
cracks at multiple sites. Further loading leads to stable
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Figure 5. Tensile test setup with the specimen attached to (a) a strain gauge and (b) an extensometer.

Table 3. Test configurations of hybrid laminates and its corresponding first fracture tensile test results.

Stacking Tested Average fracture  Standard
Group Type sequence specimens  stress (MPa) deviation (MPa)  First fracture
Group-| Type | St/90 6 171 10 Transverse crack in 90
Type |l 90/St/90 5 114 4 Transverse crack in 90
Type lll St/90/St/90/St 4 193 | Transverse crack in 90
Group-2  Type IV [St/0/90], 5 660 72 Unidentified (unstable fracture)
Type V. [St/+45] 6 269 5 Delamination at the St/45 interface

Table 4. Test configurations of monolithic angle-ply laminates and its corresponding first fracture tensile test results.

Average fracture Standard deviation

Group Stacking sequence Tested specimens stress (MPa) (MPa)
n=1 n=3 n=I n=3 n=1 n=3
Group-3 [£10,], 3 4 565 449 15 30
[£20,], 3 3 409 220 21 34
[#30,], 6 4 199 121 31 5

delamination of the hybrid laminates. Additionally, Type L, II
and III configurations exhibit similar behaviour except that
the Type III shows higher load carrying capacity than the rest.

A separate Type I laminate was also prepared with a
semi-elliptically shaped pre-crack introduced using release
film inserted at the free edge. The crack was inserted at the
steel-adhesive interface. This was to investigate whether the
crack would trigger a noticeable delamination prior to
transverse cracking. The blue coloured pre-inserted crack,
with semi-axes ¢ and b as 15 mm and 5 mm, respectively,
can be seen in micrograph shown in Figure 7(b) post
fracture and the schematic diagram of this specimen is il-
lustrated in Figure 9. A prominent delamination was

observed, as shown in Figure 7(b), with the first fracture
occurring at approximately 10% lower fracture stress
compared to the Type I laminate without pre-inserted crack.
However, transverse cracks were still observed elsewhere,
distinct from this prominent delamination region.

The hybrid symmetrical Type IV ([St/0/90],) laminate
from Group-2 exhibited bilinear trend in stress-strain response
(Figure 6(b)), followed by a sudden unstable (brittle) and
audible failure. Composite failure occurred instantaneously
after first fracture. Prominent interlaminar delamination were
observed both at the hybrid steel-composite and within com-
posite at 0/90 interfaces, along with transverse cracks in the
90 plies. In some cases, delamination also progressed in 90°
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Figure 7. Typical failure mechanism of Type | [St/90] laminate (a) without pre-crack, and (b) with semi-elliptical pre-crack at the hybrid
interface.
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Figure 8. Typical failure mechanism of (a) Type Il [90/St/90] and (b) Type Il [St/90/St/90/St] hybrid laminates.
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plies, while in other specimens, intraply failure of the 0° was
observed. Micrograph Figure 10(a) illustrates different failure
modes observed. The experimental results in the Type IV
laminate also showed some plastic deformation in the steel.
Due to the challenge of explaining the fracture source with
certainty in the Type IV laminate test, a numerical investigation
on the interlaminar stresses, that sheds some light on the
fracture origin, will be conducted later.

Type V ([St/+£45],) hybrid symmetrical laminate ex-
hibited non-linear stress-strain response (Figure 6(b)). The
fracture and crack propagation were observed stable, and
the first fracture stress was about 41% of that of Type IV.
The interlaminar delamination at the hybrid steel/composite
interface was the first and primary mode of fracture and is
illustrated in Figure 10(b). In addition to that, local plastic
deformation was observed induced by interfacial delami-
nation, which placed imperfection in the laminate.

Furthermore, an interesting observation was that inter-
laminar delamination occurred consistently between steel/
adhesive layer in all the hybrid laminates. This may be
primarily because the epoxy matrix of composite and ad-
hesive film has similar properties.

In Group-3 monolithic angle-ply laminates, [£6,],, where
6 = 10°,20°,30° and n = 1, 3, delamination were observed

Steel
modified epoxy

B Lo g ot " S e

at the §/ —0 interfaces, as shown in Figure 11. [+10,], and
[20,], laminates exhibited linear stress-strain response (see
Figure 6(c)) until initiation of interlaminar delamination. The
delamination growth was unstable (brittle), and failure oc-
curred instantaneously after initiation. On the contrary the
behaviour of [+30,], laminates were observed exhibiting non-
linear response and less unstable delamination growth was
observed. Furthermore, experimental test results, listed in
Table 4, indicate decrease in average fracture stresses with
increasing normalised ply thickness, n. This observed size-
effect phenomenon is well known and can be explained
through energy considerations. A larger ply thickness implies
more strain energy is stored per ply. This excess energy is in
turn available for formation of fracture.®* The experiments also
indicate with increasing ply orientation, #, average fracture
stresses decrease. These observations are in accordance with
the previous experimental studies on angle-ply laminates.>**

Semi-analytical investigation of
interlaminar stresses

This section provides a detailed analysis of the interlaminar
stress distributions of the laminates (hybrid and monolithic)

Semi — elliptical
inserted crack

[ SR S Ry G g

L | Delamination Transverse crack
15mm in90°plies

(a)

Delamination

T

Modified epoxy film
adhesive (white layer)

(b)

Figure 10. Typical failure mechanism of (a) Type IV [St/0/90]; and (b) Type V [St/ £ 45], hybrid symmetrical laminates.
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Figure I 1. Delamination at the (a) +10/—10 interface of [+10,], and (b) +30/—30 interface of [£303]; monolithic angle-ply laminates.
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Figure 12. Interlaminar (a) normal o, and (b) shear (0., 6,;) stress distributions at the 0/90 interface of generally stacked [45/—45/0/

90] laminate in comparison to Ref.66.

considered in the experimental campaign. The assessment
offer insights into what specific interlaminar stress that exist
at an interface may contribute to first fracture, describing
whether they play a significant role in fracture mechanisms.
Furthermore, the assessment will lead to information re-
garding the susceptibility of an interlaminar fracture across
different interfaces, distinguishing between those prone to
fracture and those where such occurrences are unlikely. It is
noted that within the scope of current study, it is assumed
that the plastic deformation of metals does not influence the
interlaminar stress distributions.

A simple semi-analytical framework to calculate inter-
laminar stresses, outlined in the sections on dimensional
analysis and finite element model, is implemented for various
hybrid and monolithic laminates. The resin-rich layer is
modelled at the interface where interlaminar stresses as-
sessment is required in both monolithic and hybrid laminates.
For validation purposes, a generally stacked four-layer [45/
—45/0/90] laminate with ply thickness, /, is considered.
Figure 12 shows the interlaminar stress distributions (as

normalised by remote strain €p) at 0/90 interface and is
compared against the reference results taken from Ref.66.
The geometric and elastic properties of a ply is also taken
from Ref.66. In general results show close agreement to that
of reference results. The interlaminar normal stress, o, at the
free edge yields stress singularity and is illustrated in
Figure 12(a). At the free edge, shear stress o, yields a finite
value, while oy, value also yields a finite value but tends
towards zero, as presented in Figure 12(b).

Hybrid Type | ([St/90]) bi-material laminate

Type I bi-material laminate (see Figure 1) is studied for
various material, w, and geometric, 7, parameters. Inves-
tigation of these parameters, influencing the interlaminar
stresses is imperative for fracture criterion. Figure 13(a) and
(b) shows the effects of @ on normal, .., and shear, yx,,,
stress functions for a fixed # = 1.234. The influence of w on
the y,, distribution is found to be insignificant, and
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Figure 13. Normalised interlaminar (a) normal y,, and (b) shear, y,, stress distributions at the metal/composite interface for various
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Figure 14. Normalised interlaminar (a) normal y,, and (b) shear, y,, stress distributions at the metal/composite interface for various

geometric parameter, #, values.

compressive at the free edge. In the case of ., the variation
in the distribution increases moderately with increasing w. It
should be noted here that the value of geometric parameter
n = 1.234 corresponds to the Type I laminate considered in
the experiments, as shown in Figures 3, and 13 illustrates
the corresponding influence of material contrast (either in
metal or composite) on interlaminar stresses.
Subsequently, the influence of # on a bi-material lami-
nate on non-dimensionalised functions is investigated for a
given w = 0.317. x, and y,, distributions are presented in
Figure 14(a) and (b), respectively. The y,, distribution is
again compressive in nature that increase near the free edge
and decrease away from it as # is increased, with a crossover

point occurring around y/H = 0.78. On the contrary,
Xy- distribution decreases throughout y /H with increasing 7,
except at the free edge where it remains unchanged. The
material parameter v = 0.317 corresponds to Type I lam-
inate considered in the experimental campaign and
Figure 14 shows corresponding influence of variation in
layer thickness (either in steel or composite) on interlaminar
stresses.

Interestingly, the component y,, tends to approach zero
at the free edge, although finite in value, indicating no
contribution to fracture. However, a compressive singularity
exists in the distribution of y,, at the free edge. This sin-
gularity, as noted by Kim and Soni,"” may contribute to
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Figure 15. Normalised interlaminar (a) normal y,, and (b) shear x,, stress distributions at different interfaces for Type IV ([st/0/90],)

symmetric laminate.

delay in delamination. Therefore, it is improbable for Type I
([St/90]) laminate to fracture induced by interlaminar
stresses alone. This aligns with the experimental findings of
Type I laminate mentioned in results section, where transverse
cracks were observed first in the composite layer. The subse-
quent delamination in all Group-1 (Type L, I, IIT) laminates near
transverse crack zones may be due to the compound effect of
transverse cracks and interlaminar stresses interaction.

Hybrid Type IV ([St/0/90],) symmetric laminate

The interlaminar stress functions of Type IV (see Figure 3)
hybrid symmetrical laminate at both steel/composite and 0/
90 interfaces are illustrated in Figure 15 versus distance
from free edge, y, normalised with total thickness of lam-
inate, t. Normal distribution (Figure 15(a)) shows tensile
singularity at 0/90 interface, while steel/composite interface
exhibits compressive interlaminar stress distribution. Shear
distribution tend to approach to zero (although finite) at
y/t =0, as presented in Figure 15(b) at both interfaces,
therefore does not contribute to fracture at free edge.

The distribution of y,, at the 0/90 interface within a
composite is the only probable interface where fracture,
mode I in nature, may be induced due to interlaminar
stresses. However, there is still a possibility of 90° ply
experiencing matrix/transverse cracking before possible
interlaminar fracture at the 0/90 interface. In fact, Wang
et al.®® described that in cross-ply [0,/90,], where n=1,2,4,
laminates edge delamination alone cannot occur; rather 90°
ply transverse cracking is the first failure event. Further,
Wang et al.®® explained that the load initially experienced by
90° plies is transferred to 0° plies, leading to stress con-
centration zone near the vicinity of the transverse crack in
which both in-plane and out-of-plane stresses exist.

Consequently, the in-plane stresses may induce intraply
failure of the 0° ply, while interlaminar stresses can cause
delamination, due to the combined effect of a transverse
crack and interlaminar stresses. Additionally, interlaminar
shear stresses can be of significant magnitude in the pres-
ence of a transverse crack, making eventually nature of
fracture propagation mixed-mode post fragmentation. Ex-
periments conducted on Type IV laminates (results section)
reveal a fracture pattern comparable to that of [0,/90,],
described. Moreover, Reiner et al.’’ performed experi-
mental study of hybrid titanium ([Ti/0/90],) laminates
under tensile loading and confirmed matrix cracking in 90°
plies of the composites as early failure modes observed at
lower load levels at 65% of ultimate tensile strength.
Therefore, it is concluded that matrix/transverse cracking of
90° plies may serve as the first fracture mechanism.

The interlaminar stress analysis of ([St/90/0],) laminate
configuration is also conducted to anticipate the outcomes
of experiments. Figure 16(a) and (b) depicts the normal and
shear distributions at different interfaces. It is interesting to
observe that no significant variation is observed compared
to Type IV, suggesting a likelihood of similar fracture
behaviour.

Hybrid Type V ([St/ £45],) symmetrical laminate

The distribution of normal, y,,, and shear (y,,x,,) stress
functions of Type V (see Figure 3) laminate is illustrated in
Figure 17(a) and (b), respectively. All three interlaminar
stresses exist at both hybrid steel/composite and 45/—45
(within composite) interfaces. Steel/composite interface is
particularly interesting due to existence of normal, y,,, and
shear, y,,, singularities at the free edge. While, shear, y,,,
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Figure 17. Normalised interlaminar (a) normal x,, and (b) shear (x,,,,,) stress distributions at the different interfaces for Type V

([St/ £45],) symmetric laminate.

singularity also exist at the 45/—45 interface, the normal,
Xz distribution is compressive at the free edge. Therefore,
steel/composite interface exhibits mixed-mode I/IlI, while
45/—45 exhibits pure mode III fracture mechanisms at the
free edge. Although, y,,, distribution at the steel/composite
interface changes its sign and the effectiveness of this
component is confined in a small distance from the free
edge, the interlaminar normal strength is generally lower
than the interlaminar shear strength. Consequently, con-
tribution of y,, must be considered.

The metal/polymer interface is considered weak as compared
to fibre/polymer interface.”” Also, due to the variation in
structural and thermal properties, the metal/composite interface

is the most critical one.”' Therefore, interlaminar strengths of
steel/composite interface in the present study is assumed to be
low compared to interlaminar strengths of composite. Thereby,
for a given interlaminar strengths, interface fracture induced at
the steel/composite interface can be the first fracture mechanism.
This is in accordance with the experimental findings of Type V
laminate discussed in results section.

Monolithic angle-ply ([£6,]) laminate

In contrast to the previously analysed hybrid laminates, the
interlaminar stress distribution in monolithic angle-ply
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[+6,),, with ply thickness, A, is simpler. These laminates
exhibit only an interlaminar shear component at the 8/ — 6
interface, as depicted in Figure 18, where a stress singularity
in this component is evident at the free edge. This significant
singularity arises due to the material mismatch at the dis-
similar interface, and its magnitude increases with increase
in ply orientation. Consequently, [+6,]; laminates display
mode III delamination at these dissimilar 8/ — 0 interfaces,
an observation supported by experiments outlined in results
section.

Fracture criterion

Since the experimental findings (results section) together
with the numerical interlaminar stress analysis confirm that
the Type V ([St/ £45]) symmetric and ([+6,];) angle-ply

0.7 T T T
M79/UD600
081 —[+107 ||
05} —— [£20°]| |
[+30°],
: 0.4
N
X 0.3
0.2
0.1
0 | ; ‘ |
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Figure 18. Normalised interlaminar shear y,, stress distribution
at 6/ —0 interface for Group-3 ([+6,],) angle-ply laminates.

laminates exhibit interlaminar delamination as primary
fracture mechanism. This section utilises TCD (average
stress criterion) to predict the first fracture.

Angle-ply laminates are considered first due to their pure
mode III delamination. Utilising equation (7) the fracture
stress is predicted by taking the characteristic length, yy,
equal to nominal ply thickness of the composite, as Kim and
Soni’? related. Sun and Zhou>® have used characteristic
length as twice of the ply thickness, while Brewer and
Lagace’” and Lagunegrand et al.%® recommend its deter-
mination from experimental test results. More details on free
edge delamination of monolithic composites using TCD can
be found in Ref.73. The interlaminar shear strength, S, = 75
MPa, is taken from the material manufacturer. Figure 19
illustrates the comparison of predicted fracture stress against
experimental test results. In general, a close agreement is
achieved. Since a constant interlaminar shear strength value
is considered for various ply thicknesses and orientation, a
slight discrepancy may arise. This is due to reason that
interlaminar strength depend on layer thickness.”®’* In
accordance to experiments, the predicted fracture stress
decreases with increasing normalised ply thickness, n. This
well-known thickness effect is captured qualitatively.
Furthermore, the predicted fracture stresses decrease with
increase in ply orientation, 6, aligning with experimental
observations.

After validating that TCD predict fracture strength ef-
fectively in ([£6,),), an attempt was also made to obtain
prediction of fracture strength in Type V ([St/+45]))
laminate. This was performed by using a mixed-mode
average stress criterion (equation (10)). The characteristic
length, yy, is assumed to be the nominal ply thickness of the
composite, the same value as previously utilised in angle-
ply laminates. The required interlaminar strengths
(Sy = S. = 10 MPa) for epoxy are taken from Ref.75. The
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Figure 19. Predicted fracture stresses for different laminates in comparison to the experimental test results.
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final bar in Figure 19 shows current prediction using TCD
against experimental test result, indicating good agreement.

It is noted that a slightly unconservative prediction of
Type V ([St/ £45],) laminate may occur for several reasons.
Firstly, the plastic deformation of metals was not considered
in the interlaminar stress analysis and may contribute to this
discrepancy. Secondly, TCD predictions depend on the
selection of values for characteristic length and interlaminar
strengths. Furthermore, while accurate prediction might be
achievable by adopting different strength values appropriate
to the laminate configuration, the assumption of charac-
teristic length relating to ply thickness may not adequately
apply to hybrid laminates. This aspect needs further
investigation.

Conclusion

The fracture mechanisms of two groups of hybrid steel/
composite laminates were investigated experimentally
and numerically. Group-1 ([St/90], [90/St/90], [St/90/
St/90/St]) exhibited fragmentation (transverse cracks)
followed by interfacial delamination at the hybrid steel/
composite interface. Numerical investigation of inter-
laminar stresses concluded that it is unlikely for [St/90]
laminate to exhibit interface fracture due to interlaminar
stresses alone and that a compound effect of transverse
cracks with interlaminar stresses may induce interface de-
lamination at the steel/composite interface. Furthermore,
[St/90/St/90/St] laminate was observed to have higher
load carrying capacity.

The fracture mechanism of [St/0/90], laminate from
Group-2 was observed unstable and composite failure oc-
curred instantaneously after first fracture. Numerical anal-
ysis of interlaminar stresses suggested a possible interface
fracture at the 0/90 interface. Since current numerical
analysis did not include any intralaminar investigation, it
was concluded that there is a chance of transverse cracking
in 90° plies occurring first before 0/90 interface delami-
nation. A steel/composite interfacial delamination was
observed experimentally in the second [St/+45] laminate.
It was confirmed from interlaminar stress analysis that the
multiple singular stresses arise at the steel/composite in-
terface and therefore, interfacial delamination can be ex-
pected. Additionally, [St/0/90], was observed to have about
2.45 times more load carrying capacity than [St/+45]
laminate configuration.

Monolithic angle-ply laminates, [+6,]; were also con-
sidered. Since these laminates are known to exhibit a single
mode III delamination as a fracture mode at the dissimilar
0/ — 0 interface, an average stress criterion was utilised to
predict the fracture stresses. In general, close agreement was
obtained against the performed experimental test results.
This average criterion was subsequently utilised to predict a

mixed-mode I/III interface fracture in [St/+45]  laminate
and good agreement was obtained.
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Appendix
Appendix A

2D and 3D traces of stiffness and frace-normalised 3D stiffness components for [0] ply considering various CFRP
materials.

12D 13D |
Material ck Cy Cs C. ck (GPa) (GPa) 3D/2D
IM6/3501-6 0.7401 0.0613 0.0268 0.0281 0.0259 167 200 1.199
IM7/977-3 0.7702 0.0551 0.0264 0.0274 0.0229 184 218 1.184
T300/5208 0.7500 0.0516 0.0198 0.0219 0.0292 206 245 1.189
IM7/MTM45-| 0.7391 0.0577 0.0228 0.0183 0.0265 167 200 1.197
T800/924C 0.7850 0.0476 0.0164 0.0131 0.0212 187 216 [.155
IM7/8552 0.7605 0.0575 0.0277 0.0292 0.0240 177 211 1.192
T800/3900 0.7715 0.0584 0.0306 0.0315 0.0211 159 189 1.188
T300/934 0.7372 0.0554 0.0217 0.0170 0.0283 167 200 1.198
T700/M21 0.7604 0.0538 0.0256 0.0194 0.0243 149 176 [.18l
AS4/3501-6 0.7314 0.0667 0.0316 0.0353 0.0259 165 202 1.224
T650-35/PMR-15 0.7496 0.0617 0.0376 0.0299 0.0237 145 177 1.220
T300/970 0.7554 0.0504 0.0169 0.0173 0.0276 153 18l 1.183
T700/MTM57 0.7803 0.0570 0.0240 0.0232 0.0179 143 167 1.167
AS4/8552 0.7248 0.0691 0.0283 0.0370 0.0261 162 199 1.228
T300/914 0.7191 0.0664 0.0309 0.0324 0.0284 162 200 1.235
HTS/977-2 0.7468 0.0611 0.0236 0.0297 0.0248 158 189 1.197
T300/QY8911 0.7463 0.0627 0.0308 0.0307 0.0240 154 186 1.207
IM7/5250-4 0.7380 0.0665 0.0323 0.0379 0.0250 189 231 1.222
G947/M18 0.7196 0.0778 0.0436 0.0402 0.0218 13 142 1.257
T800/914 0.7383 0.0649 0.0339 0.0320 0.0247 16l 196 1.217
M79/UD600 0.7371 0.0717 0.0402 0.0370 0.0212 157 194 1.236
Std dev 0.0181 0.0073 0.0069 0.0076 0.0028 0.024
Coeff var % 242 11.99 24.56 27.00 11.29 2011

Master ply 0.7477 0.0607 0.0282 0.0281 0.0246 1.204
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Appendix B
Engineering constants with their references and determined elastic properties of laminates.
From literature Determined from traces
Material E| Ez V)2 G|2 023 Ref E| Ez V)2 G|2 023
IM6/3501-6 145 9.65 0.3 52 0.45 [76] 146.17 9.50 0.32 4.92 0.45
IM7/977-3 164 8.97 0.32 5 0.49 [77] 159.09 10.34 0.32 5.35 0.45
T300/5208 181 10.3 0.27 7.17 0.42 [78] 178.79 11.62 0.32 6.01 0.45
IM7/MTM45-1 145 10.3 0.3 5.3 0.31 [79] 145.95 9.49 0.32 491 0.45
T800/924C 168 9.5 0.27 4.6 0.27 [80] 157.63 10.25 0.32 5.30 0.45
IM7/8552 157 8.96 0.32 5.08 0.5 [81] 153.98 10.01 0.32 5.18 0.45
T800/3900 142 7.79 0.34 4 0.53 [82] 137.93 8.97 0.32 4.64 0.45
T300/934 145 9.99 0.3 5.68 0.3 [83] 146.10 9.50 0.32 491 0.45
T700/M21 131 82 0.35 4.3 0.35 [84] 128.44 8.35 0.32 4.32 0.45
AS4/3501-6 144 9.65 0.31 5.24 0.52 [85] 147.41 9.58 0.32 4.96 0.45
T650-35/PMR-15 127 8.25 0.41 4.2 0.469 [86] 129.17 8.40 0.32 434 0.45
T300/970 135 8 0.25 5 0.34 [87] 132.09 8.59 0.32 4.44 0.45
T700/MTM57 128 79 0.3 3 0.4 [88] 121.87 792 0.32 4.10 0.45
AS4/8552 141 9.75 0.267 5.2 0.528 [89] 145.22 9.44 0.32 4.88 0.45
T300/914 140 10.05 0313 5.7 0.478 [90] 146.03 9.49 0.32 491 0.45
HTS/977-2 139 8.8 0.26 4.7 0.48 [91] 138.07 8.98 0.32 4.64 0.45
T300/QY8911 135 8.8 0.33 4.47 0.48 [92] 135.74 8.82 0.32 4.57 0.45
IM7/5250-4 166 10.34 0.31 5.79 0.56 [86] 168.58 10.96 0.32 5.67 0.45
G947/M18 98 8 0.37 3.1 0.5 [65] 103.63 6.74 0.32 3.49 0.45
T800/914 140 9.57 0.35 4.85 0.48 [93] 143.03 9.30 0.32 4.8l 0.45
M79/UD600 137 10.1 0.37 4.1 0.5 - 141.57 9.20 0.32 4.76 0.45
Nomenclature L Length of laminate
. . n Normalized ply thickness
CLPT Composite Laminate Plate Theory .
EDT Edge Delamination Tests Sy, Sy, S; Interlaminar s.tfength.s for 0., 0y, 0;
E',0  Elastic properties of metal TCD  Theory of Critical Distances
(top layer) x,y,z Global coordinate system
FEM  Finite Element Method ¢ Ply orientation
FML Fibre Metal Laminates x  Stress function
Ply thickness of top layer ® Material parameter

T =

Thickness of bottom layer
Trace of a material

Oxzs Oyz, Oz
Ow

Interlaminar stress components
Remote stress
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