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Abstract

Out-of-plane loads induce unsymmetrical damage modes in the laminate thickness direction. Conse-
quently, the authors have recently proposed overcoming the conventional laminate symmetry constraint
by designing unsymmetrical laminates with zero coupling responses. While impact damage is able to
be tailored with unsymmetrical laminates, comparing them to symmetric laminates and assessing their
impact damage tolerances had yet to be addressed. In this paper, we study three unsymmetrical lami-
nates with localized ply clusters positioned at different locations (at the impacted, at the middle and at
the non-impacted sides), along with a standard symmetric laminate as a baseline. Using low-velocity
impact, X-ray micro-computed tomography and compression after impact (CAI), we compared the
impact and post-impact responses to understand the effect local ply clusters and the delamination
location have on the CAI strength. Results revealed that the unsymmetrical laminate with the ply
clusters in the middle, where the dominant delaminations also occured, improved the CAI strength
by a maximum of 10% when compared to the symmetric baseline. Laminates with delaminations at
the outer surfaces offered lesser resistance to buckling. While our study demonstrates that symmetric
laminates are not the optimal damage tolerant solution for impact load cases, it also evidences the
feasibility of unsymmetrical laminates.

Keywords: Delamination, Impact behaviour, Damage tolerance, Unsymmetrical laminates

1. Introduction

Low velocity impact loads continue to be one of the load case threats that aircraft can encounter
in their life-cycles. Low velocity impact damage mainly consists of matrix cracks followed by delami-
nations at the ply interfaces. Impact damage below the detectability threshold (barely visible impact
damage, BVID) formed within the laminate may propagate during aircraft flight cycles, leading to a
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major reduction in residual strength [1], especially the compression after impact (CAI) strength. Dur-
ing CAI loading, the formed delaminations tend to propagate and split the laminate into sub-laminates,
and these thinner sub-laminates buckle easily, leading to final failure. In the case of standard thick
laminates (4-5 mm), delamination induced buckling is the critical phenomenon causing structural col-
lapse under compression, whereas in the case of thin laminates (1-2 mm), impact induced fibre failure
triggers final laminate failure [2; 3].

In the quest to improve CAI strength, numerous researchers [4-6] initially tried to understand
the relationship between impact damage and CAI strength. They studied the effect various damage
parameters such as projected damage area [7], delamination threshold load [8] and impact dent depth
[9] had on CAI strength. Because of unclear conclusions, researchers subsequently focussed on de-
lamination parameters such as the through-the-thickness delamination position, orientation and size
[10-13] and the associated laminate buckling modes [14] and how they affect CAI strength. Hu et
al. [15] performed compressive numerical buckling analysis with one embedded delamination and re-
ported that the buckling load increased significantly as the position of the delamination approached
the laminate mid-plane due to the change in the buckling mode from a local to a global one. A similar
conclusion was reported by Butler et al. [16] using an analytical model. They stated that deep sited
delaminations were safe as they opened under compressive loading and would not grow to cause failure.
Despite these interesting conclusions, in a real impact scenario the effect on CAI strength could be
completely different due to the development of many more damage forms.

Apart from applying material reinforcement methods [17], researchers have also pushed the laminate
design boundaries to propose non-conventional stacking sequences, such as varying mismatch angled
interfaces [18; 19], complete [19; 20] or localized ply clustering [21], or dispersed ply orientations [22—
24] in an attempt to tailor the impact damage resistance and improve the CAI strength. Liv et al.
[19] demonstrated that complete clustering of plies ([905/ — 455/03/453]5) led to a decreased impact
resistance and a 15% lower CAI strength compared to a non-clustered baseline ([90/45/ — 0/ — 45]35).
This was mainly attributed to the wide extended delaminations adjacent to the ply clusters. However,
Sebaey et al. [21] using dispersed ply orientations and localized clusters of 0° plies, reported an
improvement in CAI strength over the baseline quasi-isotropic laminate.

Reviewing the damage morphology, low velocity impact induces damage modes that are unsym-
metrical in the through-the-thickness direction of the laminate [1; 25]. Despite both the loading and
the damage being unsymmetrical in the laminate, the conventional mid-plane symmetry constraint
is still followed. In response, the authors [26] proposed warp-free unsymmetrical laminates (with the
extensional-bending coupling matrix B=[0]) with localized ply clusters placed only on the impacted
side of the laminate. The same laminate, when flipped upside down, led to another unsymmetrical

laminate with clustered plies on the non-impacted side of the laminate. Experimental (low velocity
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impact and quasi-static indentation tests) and numerical studies on the two laminates concluded that
(a) delaminations can be tailored to occur at pre-determined locations and (b) unsymmetrical stacking
designs offer a promising prospect for unsymmetrical loading conditions. Despite demonstrating that
impact damage can be tailored, the study lacked the crucial information of the resulting compressive
strength (CAI) and a comparison with a symmetric baseline in terms of impact resistance and CAI
strength.

Hence, in this paper we propose three unsymmetrical laminates, where local ply clusters are placed
at the impacted side, the middle of the laminate and the non-impacted side, and a reference symmetric
baseline laminate (with no ply clusters). Using low velocity impact, micro computed X-ray tomography
inspections and CAI tests, we compare the impact resistance, damage evolution and CAI strengths
of all four laminates. The objective of the study is twofold: (a) to understand the effect the local
ply clusters, their location in the laminate, and the location of the dominant delaminations (imposed
by the clusters) have on the CAI strength and (b) to compare the damage tolerance of the proposed
non-conventional unsymmetrical laminates to that of the symmetric baseline laminate (as suggested
in ASTM standards [27]) to assess the prospects of the unsymmetrical laminate designs. According
to the authors’ knowledge, this is the first report of a comparison between conventional symmetric
laminate and nonconventional unsymmetrical laminates in the framework of impact damage and CAI

strength.

2. Laminate design

2.1. Optimization

Different laminates with local ply clusters at the impacted side, the middle of the laminate and the
non-impacted side were designed. Because the clusters were placed only at particular locations in the
laminate, this meant violating the conventional mid-plane symmetry constraint and therefore leading
to unsymmetrical laminate solutions. Since unsymmetrical laminates can induce coupling responses
under loading (due to the presence of non-zero extensional-bending coupling matrix ([B]) [28]), such as
warping during the curing process, optimization methods were used to obtain unsymmetrical laminates
with zero or close to zero B matrix terms.

Using a genetic algorithm from MATLAB [29], we obtained three unsymmetrical laminates (two
that had already been proposed in the previous work [26]) with clustered ply blocks placed at the top,
the middle or the bottom of the laminates. Note that top refers to the impacted side and bottom refers
to the non-impacted side of the laminate. The objective function was set to minimize the summation
of the B matrix terms to avoid undesired coupling responses. In addition, the following constraints

were also included: (a) the laminate had to be quasi-isotropic and balanced with 24 plies in total, (b)
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four clustered ply blocks (one cluster for each ply orientation i.e., 0°, £45° and 90°) were placed at the
respective desired location (top/middle/bottom) to impose delamination damage at that location; (c)
no more than three plies of the same orientation were placed together, (d) outer laminate plies were
fixed to be either 45° or -45° to counteract the shear loads [22], and (e) the equivalent bending stiffness
parameter D* of the proposed laminates were to match within 5% that of the baseline laminate (D* was
proposed by Olsson [30; 31] to ensure proper comparisons between laminates, as was also implemented

in [32]).

2.2. Laminates

The unsymmetrical laminate obtained with local ply clusters at the impacted side (top side) is
referred to as LPCI, while the same flipped laminate with ply clusters at the non-impacted side
(bottom side) is referred to as LPCN (as presented in [26]). Finally, the unsymmetrical laminate with
ply clusters at the middle of the laminate is hereafter referred to as LPCM. Note that LPCI and LPCN
have null B matrices while LPCM has low but non-zero B matrix terms (with a maximum term of 2
kPa.m?). In addition, we introduce a symmetric laminate (as recommended in the ASTM standard
[27]) as the baseline comparison case. Table 1 details the stacking sequences and Fig. 1 provides an
illustration of all four laminates and the through-the-thickness location of the ply clustered blocks.
Fig. 2 (a) and (b) represent the polar plot of the in-plane and bending stiffness, respectively, of all
the laminates. It is important to note that all the laminates are in-plane quasi-isotropic with equal
ply counts in all the orientations. All the laminates have the same number of 0° plies, thus assuring a
fair comparison for CAI strength which is measured at 0°. The equivalent bending stiffness values of
LSYM, LPCI, LPCN and LPCM are 373.9, 372.2, 372.2 and 373.1 Nm, respectively, and the values of
the proposed laminates fall within 1% of that of the baseline laminate. The bending stiffnesses of all

three unsymmetrical laminates in the 0° and 90° directions are the same.
[Figure 1 about here.]
[Table 1 about here.]

[Figure 2 about here.]

3. Experimental methods

The material used was IM7/M21 prepreg uni-directional tape, and the panels were cured in an
autoclave. Impact specimens of 150 x 100 mm were cut out from the panel with 0° fibres aligned
in the direction of the specimen length. The unsymmetrical laminates had no warping, with respect

to the zero or low values of the B matrix. With a ply thickness of 0.184 mm and 24 plies, all the
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laminates resulted in a nominal thickness of 4.41 mm. The LPCI specimens were flipped upside
down to obtain LPCN laminates. In accordance with ASTM D7136/D7136-M standards [27], impact
tests were performed on the 150 x 100 mm specimens using a CEAST Fractovis Plus instrumented
drop-weight tower. A total of four impact energies were explored: 10, 16, 24, and 35 J, with three
specimens per laminate tested for each impact energy. The range of impact energies was selected such
that the lowest energy induces minimum damage in order to understand the damage initiation process,
while the higher energies lead to barely visible impact damage and extended delaminations inside the
laminate. Impact specimens were placed over a metallic fixture base with a rectangular cut out of 125
x 75 mm, and four rubber tipped clamps restrained the specimen during impact. A 16 mm in diameter
hemispherical tip impactor, with a 5 kg impactor setup mass was used for all the tests in the study.
For further details of the test setup, refer to [20; 33].

All the impacted specimens were subjected to compression using an MTS INSIGHT 300 machine
with a 300 kN load cell, following the ASTM D7137/D7137-15 [34] in order to obtain the compression
after impact strength. The impacted specimen is placed between flat plates in the test fixture, and
end-loaded under compression to obtain a compressive failure induced by the impact damage (refer to
[33] for details of the test fixture). To measure the out-of-plane displacements and study the buckling
modes, we placed two LVDT sensors, one each at the centre of the impacted and non-impacted sides of
the impacted specimen. Furthermore, to evaluate the pristine compression strength, plain compression
strength tests were performed in accordance with the ASTM D6641/D6641M-16 [35]. The compressive
force is introduced into the specimen by combined end- and shear-loading and the specimens were
tabbed leaving a 13 mm tab free region in the centre (refer to [33] for more details). Five 140 x 13
mm specimens per laminate were tested under plain compression, and both compression tests above
were performed with a cross head displacement of 0.5 mm/min.

The impact damage in all the laminates were inspected using a pulse-echo ultrasonic C-scan tech-
nique. We used an OLYMPUS OMNI MX system equipped with a 5 MHz piezoelectric probe. The
specimens were immersed in a water pool and the probe’s movement was controlled by an automatized
robotic arm (Refer to [33] for the details). Furthermore, one of the 10 J impacted specimens per lami-
nate was subjected to an X-ray micro-computed tomography (#CT) inspection. Before the inspection,
the impact specimens were cut into 30 mm wide strips (with the impact point as the centre), making
sure that all the impact damage was within this strip (determined by C-scan inspection). Using lami-
nate strips instead of the whole impact specimen was done to minimize the unwanted X-ray absorption
perpendicular to the axis of rotation as reported in [36]. The scanning parameters were: 50 kV, 175
1A, 1400 projections with three integrations per projection, an effective pixel size of 10 ym with a
field of view of approximately 22 mm and the inspection time was two and a half hours per specimen.

The uCT slices were post-processed using Matlab [29] and 3D rendered in Starviewer software [37],



140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

where we differentiated matrix cracks and delaminations in the final 3D image. For more details of
the inspection equipment and the post-processing of the slices, the reader can refer to [36; 38]. All the
above-mentioned tests and inspections were performed at the AMADE research laboratory, which is

NADCAP certified for non-metallic material testing, at the University of Girona.

4. Results

4.1. Impact responses

Figs. 3, 4 and 5 represent the force-time, force-deflection and energy-time responses of all the four
laminates for all the impact energies, respectively. Due to the excellent repeatability in the impact
responses, only one specimen data per impact energy per laminate is shown. The figures convey
that the global impact responses of all four laminates are quite similar, mainly in terms of their
maximum peak forces, impact response times and the energy evolution (in Figs. 3 and 4). Despite
their similar responses, the delamination threshold loads (Fy) differ between the laminates. With
LSYM as the baseline, laminate LPCN exhibited an early delamination initiation (13% reduction in
the delamination threshold load), while LPCI and LPCM increased the threshold load by 7% and 5%,
respectively, over LSYM (as in Fig. 3 (¢)).

[Figure 3 about here.]
[Figure 4 about here.]
[Figure 5 about here.]

Figs. 6 (a) and (b) present the maximum peak loads and projected damage areas, respectively, for
all the laminates. As previously mentioned, the peak loads are roughly the same for all the laminates
throughout the entire range of energies, thus indicating the similar load carrying capability the four
laminates have, despite the presence of clusters in the unsymmetrical laminates. However, this is not
the case with the projected damage area. On comparing all four impact energies, the baseline LSYM
exhibited the least damage area whereas LPCN exhibited the highest. For the lower impact energies
(10 J and 16 J), LSYM and LPCM exhibited roughly the same damage areas. For higher energies,
LPCM exhibited a 50% higher damage area, while LPCI showed a 60% more damage area than the
baseline. Throughout all the impact energies, LPCN exhibited more than twice the damage area as
that of LSYM.

Figs. 7 (a) and (b) show the dissipated energies and impact dent depths, respectively, of all the
laminates for all impact energies. For the lowest energy, 10 J, all the laminates dissipated roughly the

same amount of energy. In the cases of 16 J and 24 J, all three unsymmetrical laminates exhibited
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roughly the same dissipated energy (around 10% higher than LSYM), whereas for the highest energy,
35 J, LSYM exhibited the least and LPCI dissipated the highest (18% higher than LSYM). Of the
three unsymmetrical laminates, LPCM dissipated the least energy considering all the energies. In view
of the impact dent depth, laminates LSYM and LPCI displayed similar dent depth values, whereas
LPCN exhibited the highest for all the impact energies. For the highest impact energy, LPCM and
LPCN displayed approximately 25% higher dent depth compared to the baseline LSYM.

[Figure 6 about here.]

[Figure 7 about here.]

4.2. Impact damage inspection

Fig. 8 presents the damage footprint (matrix cracks and delaminations) of all the laminates ob-
tained from the post-processed pCT slices of the lowest impact energy (10 J). Using the same field
of view for all the laminates, LPCN clearly exhibits a higher projected damage area, whereas LPCM
displays the least. LSYM and LPCI exhibit similar projected damage contours with similar areas.

[Figure 8 about here.]

The projected damage presented above has been extruded in the laminate thickness direction to
present a 3D view of the damage (Fig. 9) in order to: (a) identify whether the local ply clusters
have induced delamination at their respective locations, and (b) understand and compare the different
damage modes in the thickness direction between all the laminates. The laminates are presented as
three sub-laminates where SL-1, SL-2 and SL-3 represent the top, middle and bottom sub-laminates.
The clustered blocks, which consists of 9 plies, of the unsymmetrical laminates are grouped as one
sub-laminate and are represented by a green box for easy comparison.

LSYM and LPCI displayed similar damage patterns when the three sub-laminates of both laminates
are compared. Both laminates had their dominant delaminations in the sub-laminate closest to the
non-impacted side (SL-3). Note that with LPCI, the clustered plies are in SL-1 and the dominant
delaminations are found in SL-3, contrary to the prediction we made in the laminate design phase. As
mentioned earlier, LPCN showed the highest projected damage and it is evident from the 3D view that
all the damage is concentrated in the sub-laminate SL-3 (closest to non-impacted side), i.e., the sub-
laminate where clustered plies were imposed. The delaminations within these interfaces (int. 15, 16,
17 and 18 as given in Fig. 1) have extended to the boundaries of the inspected field of view; something
not observed in any other laminate. Finally, the LPCM laminate was found to have the least amount
of damage when compared with all the sub-laminates (SL-1, SL-2, and SL-3) of all four laminates.

The dominant delamination was found in the clustered plies sub-laminate (SL-2), oriented in the 0°
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direction (int 10: (45/0), delamination marked by green). Note that all the laminates exhibited matrix
cracks at the impacted surface (shown in black colour in the SL-1 sub-laminates) around the vicinity

of the impactor.
[Figure 9 about here.]

Moving to the higher impact energies, Fig. 10 presents the images of the C-scan inspection (from
the impacted face) of all the laminates for 16, 24 and 35 J impact energies. The dominant delamina-
tions identified as well as the projected damage areas, are marked in the same figure. Compared to
the proposed unsymmetrical laminates, the symmetric baseline laminate, LSYM, exhibited the least
damage area for all the energies. Furthermore, due to the contribution of the different delaminations,
it was difficult to pinpoint particular dominant delaminations. Moving to LPCI, lower energy 16 J
produced a similar damage footprint as that of LSYM, but at higher energy levels the delamination at
the clustered zone (Int 3: (452/03), oriented in the 0° direction) became prominent. LPCN displayed
the largest projected damage area compared to other laminates, and dominant delaminations were
identified at the last three bottom interfaces (Int 16, 17 and 18), at the site of the clustered block.
Out of the three unsymmetrical laminates, LPCM exhibited the lowest damage area, and from 24 J to
35 J, the dominant delaminations were found within the clustered zone (Int 10 (-455/03)) and below

the cluster (Int 14 (-45/90)).

[Figure 10 about here.]

4.3. Compression after impact

Fig. 11 (a) presents the pristine compression strengths along with the CAI strengths of all the
laminates for increasing impact energies. Fig. 11 (b) depicts the compression strengths normalized
with respect to the baseline LSYM. All three unsymmetrical laminates exhibited slightly higher plain
compression strength over the baseline LSYM (LPCN and LPCI by 3% and LPCM by 7%). For the 10
J energy, LPCM exhibited the highest CAI strength out of all laminates (10% higher than the baseline
LSYM), whereas LPCN exhibited the lowest (5% lower than LSYM). Moving to 16 J, LPCI showed a
sudden drop in the CAI strength (from an increase of 5% for 10 J to an 8% reduction for 16 J, over
the baseline LSYM). Both LPCI and LPCN showed reduced CAI strength over LSYM for the 16 J
impact. Over the entire impact energy range, LPCM exhibited higher CAI strength than LSYM by
an average of 8%. It should be noted that even though LPCN exhibited lower CAI strength for the
first two impact energies, for the last two energies, LPCN showed the same CAI strengths as those of
the baseline LSYM. On comparing the three unsymmetrical laminates, LPCM (laminate with the ply
cluster in the middle) displayed higher CAI strength over the other two laminates (15% over LPCI

and 10% over LPCN, considering the last three energy levels). Fig. 12 shows the normalized reduction
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(with respect to the pristine strength) in compression strength due to the impact damage for different
impact energies. Almost similar strength reductions were observed with all the laminates, with LPCI

exhibiting the highest reduction in residual strength, by around 60% for the higher impact energies.
[Figure 11 about here.]
[Figure 12 about here.]

Fig. 13 displays the macro photos of the failed CAI specimens’ edge for all the laminates from the
highest impact energy. The compression loading direction is represented in the figure and note that all
the laminates are presented such that the impacted side of the specimen is at the top. In addition, the
through-the-thickness location of the clustered block is marked by a yellow box for all unsymmetrical
laminates. The dominant delaminations from the impact have propagated to the specimen edge and
are seen in the figure. While in LPCI, the dominant delamination in the clustered block (at the top) is
seen to have propagated and created a sub-laminate, the same is seen with the bottom delaminations
of LPCN. In the case of LPCM, delamination close to the laminate mid-plane has reached the specimen
edge. Hence, it is evident that the dominant delaminations (formed during impact damage) located
at the imposed clustered plies have propagated to the specimen edges to create sub-laminates during

CAT loading (as reported in [6]).
[Figure 13 about here.]

Fig. 14 presents the evolution of the out-of-plane displacements of the LSYM and LPCM laminates
obtained from LVDT-1 and LVDT-2 (placed at the centre of the impacted and non-impacted sides,
respectively) during the CAI test of the 16 J impact. LVDT readings confirm that both laminates,
LSYM and LPCM, buckled towards the non-impacted side during the CAI loading. LSYM buckled
progressively towards the non-impacted side and finally led to the collapse of the laminate marking
a maximum out-of-plane displacement of 0.2 mm. In the case of LPCM, at lower CAI loads (around
30 KN), there is a higher out-of-plane displacement compared to LSYM. But with increased loading,
there is a saturation in the displacement value, evidence of the laminate resisting buckling. At the
failure load, the out-of-displacement observed is roughly similar to the value seen at lower CAI loads.
Furthermore, the final out-of-plane displacement value at the point of laminate failure is four times
lesser for LPCM compared to LSYM. LPCI showed similar out-of-displacement values as LSYM but
buckled globally towards the impacted side. LPCN behaved differently with respect to the impact
energy levels. For the lower energy levels, LPCN showed an open buckling mode where the impacted
side and non-impacted side buckled towards the respective sides. Meanwhile for the higher energies it

buckled as a whole towards the impacted side.

[Figure 14 about here.]
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5. Discussion

5.1. Impact damage analysis

During an impact, the laminate bends towards the non-impacted side which introduces in-plane
tensile stresses in the bottom plies. The tensile loads induce transverse matrix cracks in the bottom
plies, and, in addition, due to bending, the bottom interfaces are subjected to higher interlaminar
shear stresses. The transverse tensile cracks and the shear cracks link up in the through-the-laminate
thickness to induce delamination. Hence, in a conventional impact damage morphology, the laminate
exhibits a spiral stair-case delamination pattern (as reported in [1; 39]), where the delaminations are
extended in the bottom interfaces and are reduced towards the impacted side. This is similar to what
is seen in LSYM and LPCI for the 10 J impact case from the post-processed tomography images (Figs.
8 and 9). In addition, the existence of an undamaged cone under the impactor, as observed in [7], is
evident in all the laminates studied (Fig. 9).

Further, when the similar oriented plies are clustered, they introduce a higher bending stiffness
mismatch [40] and thereby higher interlaminar shear stresses at the adjacent interfaces compared to the
non-clustered ply interfaces. Moreover, the transverse cracking is less constrained in the thicker plies
(i.e., clustered) compared to the non-clustered, due to the in-situ effect [41]. Hence, as explained above,
the bottom interfaces of the laminate are more prone to having extended delaminations compared to
other locations, and clustering the plies at the bottom (as in laminate LPCN) serves as a catalyst to
the already prone delaminations at the bottom. These bottom-clustered plies act as a source of early
initiation of cracks and delamination and hence the delamination threshold load was seen to be the
least for LPCN (as in Fig. 4). This also explains the reason behind the large extended delaminations
found in the bottom sub-laminate for LPCN compared to the other laminates (Figs. 9 and 10).

In the case of LPCI (where the localised cluster is placed in the top sub-laminate), the lowest
energy level 10 J failed to impose dominant delaminations at the top of the laminate (as was expected
during the laminate design phase). Nevertheless, they were seen at the bottom sub-laminate similar
to the case of LSYM. This is due to the effect of local through-the-thickness compressive stresses right
under the impactor that delay the delamination by increasing interlaminar shear strength and mode II
fracture toughness [26; 42-44]. However, for the higher impact energies, the C-scans inspections (Fig.
10) reveal that the dominant delaminations are formed at the location of the clustered plies, as the
delaminations have extended outside the local compressive region thereby counterbalancing the effect
of the local compressive stresses.

On the other hand, LPCM (where the cluster is in the middle of the laminate) also followed the
predictions of the laminate design (delamination was observed at the middle sub-laminate, Fig. 9),

even though smaller, but significant delaminations, were found in the bottom sub-laminate too. The
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delaminations induced by the clusters in the mid-plane have significantly reduced or even avoided the
delaminations at the top and bottom sub-laminates, when compared to the other three laminates. At
higher energies, the delaminations within the clustered zone were prevalent, as evidenced by the C-scan
images. Hence, the idea of forcing delamination to occur at desired places through laminate design
techniques is demonstrated. Similar observations of forcing delaminations were reported in [19; 21]
using laminate stacking sequence designs.

Despite the similar impact response curves by all the laminates for all the impact energies, the
increased projected damage area for the unsymmetrical laminates over the symmetric baseline laminate
is a result of the effect local clustered plies have. The effect the through-the-thickness delamination

location has on impact resistance is evidenced by LPCM’s reduced damage area and dissipated energy.

5.2. Effect of local ply clusters and delamination location on CAI strength

The small improvement in the plain compression strength of the unsymmetrical laminates over
the baseline (Fig. 11) signifies that the thicker plies (or clustered plies), mainly the 0° plies, help in
effectively carrying the compressive load. Further, the effect of the position of the local cluster is also
significant as the laminate with the cluster at the middle showed higher compression strength over
the ones with the clustered blocks placed at the specimen surfaces (top or bottom as in LPCI and
LPCN, respectively). LPCM improved the CAI strength over LSYM due to the effect of clustered
plies (mainly 0° plies) and the mid-plane location of the dominant delaminations it imposed. The
lower CAI strength of LPCN and LPCI over LPCM shows that delaminations closer to the mid-plane
resist buckling compared to the surface delaminations under compression loading. This is in line with
the conclusions from the numerical studies in [6; 15], which reported that near surface delaminations
induced buckling at lower loads. Nevertheless it should be noted that despite understanding the
significant effect of delamination location on the CAI strength, other factors such as the thickness
and orientation of the other plies, laminate thickness, material system etc. play a significant role too,
whose effect is not discussed in this study.

The LPCN laminate exhibited different buckling modes depending on the impact energies. For
lower energies, the dominant delaminations of LPCN at the bottom split the bottom sub-laminate
from the rest of the laminate, and the plies within this sub-laminate easily buckled outwards to the
non-impacted side. But for higher energies, the same bottom sub-laminate buckled inwards to the
impacted side where the intact top sub-laminate helps resist and delay the final failure. This could be
the reason behind the lesser reduction in the CAI strength of LPCN (almost the same CAI strength
as LSYM at 24 and 35 J) when moving from lower to higher energies.

Similarly with LPCI, the dominant delaminations split the laminate where the clustered block at

the top can easily buckle outwards due to the reduced stiffness of the sub-laminate. In the case of
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LPCM, the out-of plane displacements suggest that there was initial global buckling towards the non-
impacted side, but that the delamination propagation split the laminate into sub-laminates with the
intact clustered block taking the compression load (Fig. 13). In addition, this cluster of plies (especially
the 0° plies) resisted buckling (as also reported in [45]) because of the surrounding plies at the top and
bottom. This is in agreement with the results reported in [21; 45], where clustered plies improved the
damage tolerance through reduced buckling. Hence, it was the compressive failure of the main load-
bearing plies that triggered the final CAI collapse (as evidenced in Fig. 14). This alternative failure
mechanism of compressive fibre fracture because of the buckled plies was also reported in [46]. It is
worth remarking that even though complete clustering of a laminate was reported to impair the impact
resistance and damage tolerance [19; 20], clustering plies locally is observed as being advantageous in

this study (as also reported by Sebaey et al. [21]).

5.3. Damage resistance parameters v/s CAI strength

The similar impact response curves of the different laminates elucidate the effectiveness of the lam-
inate design study where the laminates were designed to have similar in-plane and bending responses
for fair comparison. Since all four laminates have similar impact responses, it holds this as a fair
platform from which the correlation of different impact resistance parameters on CAI strength can
be studied. Aircraft manufacturers still use projected damage area to correlate CAI strength, where
a higher area denotes less CAI strength. From this study, it is clear that projected damage area is
a very misguiding parameter to relate CAI strength to, as also observed in [2]. For the highest im-
pact energy, LPCN showed 115% increased damage area compared to the baseline LSYM, but both
laminates showed similar CAI strength values. Similarly, the unsymmetrical laminate, LPCM, showed
7% higher CAI strength despite having 55% higher projected damage area over LSYM for the 35 J
impact. A similar trend is seen for dissipated energy, where the lower dissipated energy of LSYM did
not proportionate to a higher CAI strength. Moreover, it is also observed that if a laminate has a
higher resistance to the onset of delamination (LPCT in this case), this does not imply a higher CAI
strength. LPCI delayed delamination onset and LPCN exhibited early delamination onset, but finally
LPCN displayed higher CAI strength over LPCI. Hence, it is clear that CAI damage morphology is too
complex to be predicted or correlated with the impact resistance parameters. The final failure is seen
to depend more on the through-the-thickness position of the dominant delamination, the thickness of
the sub-laminates formed during CAI loading and the buckling modes of the sub-laminates, rather
than simply just the damage resistant parameters (as discussed above).

From an industrial point of view, the damage tolerance concept suggests that the structure should
have enough strength to continue in service until the damage is detected by a scheduled inspection. A

dent depth greater than 0.25 mm has greater probabilities of being detected during a visual inspection
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[47], and the corresponding energy level is termed as BVID energy level. Hence, in combining the
laminate residual strength and the damage detectability, laminates LPCM and LPCN displayed higher
dent depth (BVID energy level of 24 J) than LSYM and LPCI (BVID energy level of 36 J). Thus,
despite having higher (as for LPCM) or equal (as for LPCN) CAI strengths compared to LSYM, the
chances of detecting the damage in LPCM or LPCN are also greater compared to LSYM. The worst
case is when the cluster is placed at the impacted side (as in LPCI), where the CAI strength and the

chances of detecting the damage are the lowest, leading to a critical situation.

5.4. The prospects of unsymmetrical laminates

Using warp-free unsymmetrical stacking sequences, we have exhibited the capability to improve
the damage tolerance compared to the standard ASTM baseline laminate. It should be kept in mind
that even though the improvement is not dramatic, it was achieved economically by simply clustering
some plies and through an unsymmetrical design (without reinforcing the material system or using
dispersed ply orientations [21; 22]). That said and putting this improvement to one side, the different
unsymmetrical laminates helped to obtain a clear understanding of the effect delamination position has
on CAI strength, which until now had been missing, despite the conclusions reported from numerical
and analytical studies [15; 16].

With the objective to investigating the CAI response of unsymmetrical laminates and their compar-
ison with a symmetric baseline laminate) missing from the previous work [26], this study demonstrates
that symmetric laminates are not the optimal damage tolerant solution to impact loading cases. A
similar conclusion was reported by Baker et al. [48] supporting the idea of unsymmetric laminate
design.

In instances such as aircraft skins, unsymmetrical laminates may be a promising solution (e.g.,
for higher impact damage tolerance or higher electrical conductivity). Furthermore, unsymmetrical
laminates can be looked upon as being an option to design hybrid laminates tailored for impact loads
(as performed by the authors with thin laminates [32]), where the plies on the impacted side can be
designed with thick plies and the non-impacted side with thin plies, thereby mitigating the critical

delamination damage at the non-impacted side using thin plies.

6. Conclusion

This study extends the findings of a previous work [26] on unsymmetrical laminates tailored for
impact resistance by evaluating the compression after impact strength and providing a comparison with
a symmetric baseline laminate. In this paper, we designed three warp-free unsymmetrical laminates
to have local ply clusters placed at the impacted side, middle and non-impacted side of the respective

laminates, with the aim of imposing delaminations at these particular through-the-thickness locations.
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By means of low velocity impacts, X-ray tomography and ultrasonic C-scan inspection of the impacted
specimens and compression after impact tests, we compared the impact responses, damage and the
compression after impact strengths to that of a symmetric baseline laminate. The site of dominant
delaminations at the location of clustered plies in the unsymmetrical laminates supports the concept
that damage can be imposed at desired locations through laminate design. Despite the reduced impact
resistance (50% increased damage area and 10% higher energy dissipated) over the baseline laminate,
the unsymmetrical laminate with ply clusters at the middle improved CAI strength by 10%. The same
laminate with delamination in the middle buckled the least under CAI (four times lesser out-of-plane
displacements compared to symmetric baseline laminate) and increased the failure load (by 15%) over
the other unsymmetrical laminates with delamination at the outer surfaces. We demonstrated that
unsymmetrical over symmetrical laminates can offer improved CAI strengths and can be an optimal

solution for application in structures such as aircraft skins.
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Figure 1: Illustration of all the laminates used for the study: LSYM, LPCI, LPCN and LPCM, where LPCN is obtained
by flipping upside down LPCI. Note that T (top), B (bottom) and M (middle) refer to the location of the clustered block
in the through-the-thickness direction of the laminate.
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Figure 2: Polar plot representation of the (a) in-plane stiffnesses and (b) bending stiffness of all the laminates.
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Figure 3: Impact force-time response curves of all laminates for all impact energies (Note that the responses of LPCI,
LPCN and LPCM are offset by 0.3, 0.6 and 0.9 ms from LSYM, respectively, for proper comparison)
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Figure 4: Impact force-deflection response curves of all laminates for all impact energies
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Figure 5: Impact energy-time response curves of all laminates for all impact energies
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Figure 6: Impact damage resistance parameters (a) peak load and (b) projected damage area for all laminates for all
impact energies
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Figure 7: Impact damage resistance parameters (a) dissipated energy and (b) impact dent depth for all laminates for all
impact energies
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Figure 8: Projected damage footprint of all the laminates obtained from the post-processed pCT slices of the 10 J
impact. Delaminations at different interfaces and matrix cracks are represented using colour codes as given in the legend
and the represented field of view is 22 mm for all the laminates.
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Figure 9: A 3D extruded illustration of the damage obtained from the post-processed uCT slices of the 10 J impact. Each
laminate is divided into three sub-laminates and the sub-laminate containing the clustered plies of each unsymmetrical
laminate is marked by a green box.
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Figure 10: C-scan images of all four laminates inspected from the impacted side for the impact energies 16, 24 and 35
J. Projected delamination area is marked in the bottom left corner of each box and the field of view represented is 80 x
80 mm with the impact point as the centre.
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Figure 11: (a) Absolute and (b) Normalized (with respect to LSYM baseline) plain compression strengths and CAI
strengths of all four laminates for all impact energies.
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Figure 12: Normalized reduction in the compression strength due to the impact induced damage for all the impact
energies.
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(d) LPCM
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Figure 13: High resolution macro photos of the specimen edges showing the final CAI failure state of all four laminates
(location of the clustered block is shown by the yellow box).
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Figure 14: Out-of-plane displacements recorded by the LVDTs placed at the impacted and non-impacted face laminate
centres during the CAI loading of a 16 J impact for LSYM and LPCM laminates (Note that blue indicates LVDT 1
placed at the impacted side and red indicates LVDT 2 placed at the non-impacted side. Outwards buckling (shown by
the black arrows in the sub-figure) is indicated by positive values of LVDT 1 and negative values of LVDT 2).

33



599

Table 1: Laminates and their details

Laminate Description Stacking sequence (impacted side to non-impacted side)

LSYM Symmetric baseline [27] [45/0/-45/90]55

LPCI Unsymmetric, Clustered block at the top [-452/902/4542/05/45/90/-45/0/45/90/-45/0/45/90/-45/0/45/90/-45]
LPCN Unsymmetric, Clustered block at the bottom  [45/90/-45/0/45/90/-45/0/45/90/-45/0/45/90/ — 45/03/-452/902 /454]
LPCM Unsymmetric, Clustered block at the middle  [45/90/-45/0/45/0/90/-452/904 /452 /05 /-45/0/-45/90/45 /-45/90/45]
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