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Abstract

This paper describes a new interleaving methodology to improve composite
laminates’ low velocity impact (LVI) damage resistance. The approach relies
on analyzing interlaminar stress in a conventional aircraft laminate to deter-
mine the appropriate interleaving strategy. A model was built to identify the
larges interlaminar stress, and two interleaving strategies were defined, normal
and shear stress. Four thin interleaving veils were used to validate strategies.
Non- and interleaved laminates were submitted to LVI tests at 13.5, 25 and
40 (J) of energy. Despite interleaved laminates revealed an increase in thick-
ness and resin volume fraction compared to the reference, they were limited to
10% and 7.6% on shear stress interleaved layups. Interleaved laminates also
demonstrated an improved external and internal LVI damage resistance, espe-
cially when shear stress interleaving strategy was adopted, preventing external
damage and mitigating internal damage up to 59%. No correlation between the
veil's type and impact damage demonstrates the importance of interleaving
strategies over the veil's characteristics.

Highlights

« Simplified quasi-static elastic Abaqus model identified the largest in-plane
normal (axial and transversal) and shear interlaminar stresses;

« Four thin veils were used to validate interleaving strategies adopted;

« All laminates were produced using the same conditions to minimize process
influence on experimental tests;

« Under low velocity impact (LVI) tests, interleaving laminates in the largest
shear stress interlaminar can prevent external damage and mitigate internal
damage up to 59%, comparing to the reference;

« No correlation between the veils and damage demonstrates the relevance of
the interleaving strategy over the veil type.
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1 | INTRODUCTION

High-demanding applications, such as aeronautic, aerospace,
sports and defense, have been taking advantage of high in-
plane mechanical performance (e.g., stiffness and strength)
and low-density of laminate fiber reinforced polymer (FRP)
composite materials to enhance performance.'” However,
materials' high brittleness and layer-by-layer architecture
make them quite vulnerable to out-of-plane loading.* Under
these conditions, composite laminates tend to develop inter-
nal barely visible damages that may propagate throughout
the interlaminar region, also known as delaminations, lead-
ing to a catastrophic and unpredictable failure of the com-
posite part.>>®

To improve composites' toughness, composite design
engineers have proposed different numerical and experimen-
tal approaches to address such goals, such as the insertion
of through-the-thickness mechanical reinforcements,”**
matrix'?>** and/or fibers surface’'® modification, or the
inclusion of toughening systems into the interlaminar
resin rich regions of laminates, so-called interleaving
approach.'”'® This last method has been shown to be very
effective in improving interlaminar fracture toughness
(mode I and IT) and impact damage resistance and toler-
ance in composites by delaying interlaminar crack
propagation.'”* In addition, this technique can also pro-
vide composites with multifunctionalities, besides being
cheap and easy to implement in current manufacturing
processes. Since the beginning, a wide range of interlami-
nar toughening systems have been proposed from “high-
strain” resins, polymeric films and shape memory alloy
(SMA) to nanoparticles or thin and nano fibrous
veils."®***° Nevertheless, using films has revealed chal-
lenges to achieving complete impregnation in liquid resin
manufacturing composite processes,”> thus, more porous
toughening systems have been considered. Carbon nano-
tubes (CNTs), whether sprayed, grifted or embedded in
electrospun fibers, have improved the interlaminar dam-
age resistance of laminate composites. This is mainly
attributed to the addition of interfacial bonding and tough-
ening mechanisms, such as CNT bridging and pull-out,
that they can provide to those resin-rich regions due to
their nano-dimensions and high aspect ratio, which pro-
vides high the specific area available to be in contact with
the resin, compared, for instance, with convent fibrous
veils. In addition, their typically low concentration in
interlaminar regions do not compromise fiber dominate
properties, such as in-plane stiffness or strength. In resin
transfer manufacturing processes, such nano interlaminar
toughening systems may minimize issues associated with
permeability. On the other hand, the need for functionali-
sation to improve adhesion and ensure a good distribution
over the interlaminar region are some limitations to their

piratical implementation in industrial processes.'®%72%73

Micro fibers in veil form or just dispersed over the interla-
minar region have also improved composites’ damage resis-
tance and tolerance. Those enhancements were mainly
attributed to the network microstructure (coverage), while
the material of the fibers did not significantly influence
damage response.'®'**> Nanofibrous veils can offer supe-
rior mechanical properties and larger bonding surface
areas (specific surface area) between fibers and matrix.
However, when compared to micro veils, only modest
improvements are observed in interlaminar fracture
toughness above certain coverage value. This suggests that
their higher coverage reduces permeability, making them
to behave more like a film.'®

Some studies have also focused on the suitability of
interleaving techniques to improve LVI damage resis-
tance and tolerance.'®***** Garcia-Rodriguez et al."”
interleaved two types of coPA veils, with identical areal
weights and different melting temperatures, between
each ply of a quasi-isotropic laminate. They observed that
veils that have melted during the composites manufactur-
ing process have reduced LVI damage and enhanced
residual strength in CAI tests. Chen et al.*' have used
short polyimide (PI) fiber nets with different areal
weights as CFRP interleaving structures. Under LVI con-
ditions, veils with areal weight equal to or above 20 g/m>
have improved peak-load and less severe damages on
interleaved laminates compared to the non-interleaved
reference. Jefferson et al.** proposed hybrid multiphase
laminate architectures to improve LVI damage resistance
and tolerance. Two configurations were studied, interca-
late and sandwich layups, where chopped glass fibers
were interleaved and sandwiched, respectively, by a plain
weave glass fiber. The results demonstrated that the
layup configuration significantly affects LVI and tensile
after impact (TAI) composite performance. The sandwich
laminate showed better impact properties and damage
tolerance, while the intercalate layup demonstrated bet-
ter LVI damage resistance due to its ability to redistribute
the damage more effectively.

Despite the promising results claimed by the authors,
in many cases, this approach revealed a negative effect
on in-plane mechanical properties, reducing tensile, flex-
ural and compression properties.’” Such a phenomenon
is attributed to reduced fiber volume fraction and
increased thickness of interlaminar toughened region.*
Complementary to this, other studies suggest that thinner
interleaved layers may mitigate the adverse effect on in-
plane properties since the intra-ply shear resistance of
the interlaminar toughening layer is increased.*"**

Given the benefits of the interleaving technique for
LVI damage resistance in composite laminates, it is of par-
amount importance to optimize the design of interleaved
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composites by identifying the interlaminar regions suscep-
tible to delamination and avoiding excessive interleaving
which leads to increased thickness and reduced fiber vol-
ume fraction. A few works can be found in the literature
aiming at a selective interleaving approach.”**** Yi and
An® spread a toughening agent, amorphous polyether
ketone with phenolphthalein group (PEK-C), into a quasi-
isotropic laminate using different interleaving sequences.
They concluded that the interleaving arrangement influ-
ences the impact damage and residual strength after impact.
Saghafi et al.*® used cohesive zone modeling to identify the
optimal interleaving location in thin and thick quasi-
isotropic composite laminates. Simulation results indicated
top layers as the best interleaving location for thick lami-
nates to reduce impact damage, while mid layers are optimal
for thin composites. Ramiji et al.”*® studied the influence of
interleaf distribution of polyphenylene sulfide (PPS) veil into
a bidirectional carbon/epoxy laminate. They observed that
interleaving configuration could modify the mechanical
impact response of the laminate after delamination onset
load. Specifically, the laminates with the higher number of
interleaved veils and interleaved in the mid layers had
reduced damage. Despite the promising results obtained by
selective interleaving regarding low velocity damage, none
of the studies cited above mentioned its impact on in-plane
mechanical properties nor any alternative strategy mitigation
of its possible adverse effect. In this context, numerical simu-
lations can be essential in the selective interleaving
approach. They can identify critical internal stresses through
the thickness of the laminate, predict the micro- and macro-
scale interactions between the different material systems
and interfaces, or even optimize the structural design of the
toughening layer, as currently is done in other composite
structures.****

According to Choi and Chang,4 when an impact
occurs, minor damages such as matrix cracking initially
occur at the intralaminar level due to shear stresses.
These damages then spread up to the interlaminar region
due to bending stresses and propagate throughout the
resin-rich regions. This causes critical damages such as
fiber breakage or delaminations, which can result in the
composite part failing catastrophically.

Assuming that the interleaving method mainly pre-
vents damage propagation in interlaminar regions, in this
work, we propose a new methodology for selective inter-
leaving to improve the LVI damage resistance of lami-
nated composites and minimize thickness increment and
fiber volume fraction reduction. The herein proposed
approach relies on a preliminary study of interlaminar
stresses in the design stage of the composite project that
will determine the appropriate interleaving strategy. In
light of this, a simplified finite elements (FE) elastic
model was developed to identify the most significant in-
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plane normal (both axial and transversal) and shear
stress mismatches between two adjacent plies in a con-
ventional aircraft carbon/epoxy laminate (LS), which the-
oretically should pinpoint the regions where damages are
most likely to propagate. Afterwards, both strategical
interleaving approaches were evaluated and compared to
the non-interleaved reference laminate. Four thin veils
made from glass, carbon, aramid and polyester fibers were
used as interlaminar toughening systems to validate the
proposed strategies. Each veil microstructural network
was characterized prior to laminates’ production under
similar conditions of vacuum bag infusion. Finally, LVI
mechanical response and damage resistance of interleaved
configurations were compared with a non-interleaved
reference layup.

2 | EXPERIMENTAL

2.1 | Materials

The laminates were produced using Angeloni's Dynano-
tex HS 24/150 DLN2 150 g/m” unidirectional carbon fiber
(UDCF). The matrix system was a low viscosity bicompo-
nent epoxy resin from Sika®. A 7:3 ratio of CR83 neat
resin and CH83-6 hardener were mixed. For interleaving,
ACP Composites provided four thin non-woven fibrous
veils made of glass (17 g/m?), carbon (17 g/m?), aramid
(14 g/m?), and polyester (17 g/m?).

The fibrous network of each veil was analyzed to
assess its coverage. Ten samples of each veil were
inspected under transmission magnifier (Olympus SZ-PT)
and their coverage was determined by using the Leica
Application Suite (LAS v4.4.) image analysis software. The
theoretic contact area between fibers and matrix, specific
surface area (Sf), and the fibers' cross-section of each veil
were evaluated under a scanning electron microscope
(SEM). Details about Sf determination can be consulted in
Data S1, Part A.

2.2 | Laminates
Laminates were vacuum bag infused under identical con-
ditions. UDCF tissues and veils were laser-cut, stacked
manually, and vacuum-bagged onto a flat glass mold.
Before infusion, the resin and hardener mixture were
degassed in a vacuum chamber for 20 min to remove air
bubbles. Resin infusion was performed at room tempera-
ture, and left to cure for 48 h, before a post-curing process
at 70°C for 8 h.

This work used a standard aircraft laminate (LS) as
a study case. Thus, interleaved and non-interleaved
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TABLE 1 Laminates' layup.
Layers

Laminate Interleaving location = UDCF tissue  Veil  Stacking sequence

LS Non-interleaved 28 - [0/45/90/—45/45/—45/0/0/—45/45/—45/90/45/0]s

Interleaved laminates Normal stress 28 6 [0/V/45/V/90/V/—45/45/—45/0/0/—45/45/
—45/90/45/0]5

Shear stress 28 6 [0/V/45/90/—45/V/45/V/—45/0/0/—45/45/

—45/90/45/0]5

Note: V interleaf veil.

(reference) laminates were produced using the same
base UDCF layup. The proposed interleaving strategy
aims at a selective interlaminar region modification
using thin commercial veils, thereby minimizing
thickness incrementation and fiber volume fraction
reduction. A simplified FEA mesoscale quasi-static
indentation model was first conducted to identify the
most significant in-plane normal and shear stress mis-
match between adjacent plies of LS laminate. From the
results, two sets of only six interfaces (in a total of 27 inter-
faces), were identify and interleaved by the veils. These
interfaces, corresponding to normal and shear stresses,
identified from now on as critical normal and shear stres-
ses, respectively, were interleaved by the four types of veils
mentioned above. More details about the FE model are
discussed later in Section 3. All layups, namely, non- and
interleaved laminates, are presented in Table 1.

The thickness of the laminates was evaluated by mea-
suring all LVI specimens of each configuration in four
different places using a caliper rule. Four small samples
were randomly taken from each laminate to examine its
cross-section. All samples were embedded in resin using
a silicone mold, finely polished, and covered with a thin
layer of gold before being observed under SEM.

Laminates' carbon fibers, resin and veils volume frac-
tions were also determined. The procedure used to deter-
mine them is described in detail in Data S1, Part B.

2.3 | Drop-weight low velocity
impact tests

The LVI tests were conducted using Ceast's “Fractovis
Plus” drop-weight impact testing machine equipped with
an anti-rebounding system. The machine used a 20 mm
diameter piezoelectric hemispherical steel strike impactor
weighing 5.045 Kg for the entire testing campaign.

The primary goal of this study is to assess the effec-
tiveness of interleaving techniques in reducing the
impact of Barely Visible Impact Damage (BVID) on com-
posite laminates. In light of this, initial LVI tests on LS

laminates limited impact energy to a maximum of 40 J,
ensuring that no perforation occurs. So, three impact energy
levels, namely 13.5, 25 and 40 J, were selected. To ensure
the desired impact energy, the distance between the impac-
tor tip and the impact surface was carefully adjusted. Speci-
mens measuring 150 mm x 100 (mm), according to ASTM
D7136/D7136M standard, were clamped to a plate with four
rubber tips. Three interleaved and four non-interleaved
specimens were tested for each energy level.

Samples were visually inspected after impact for
back-face damage analysis and measured with a caliper
rule to evaluate their maximum diametral extent. Ria
Blades.SA conducted ultrasonic inspections before and
after impact tests using 1 MHz Olympus—Omni Scan Sx
C-scan equipment to evaluate internal damages induced.

3 | FEMODEL

A preliminary study was conducted to determine the stra-
tegic placement of thin veils between layers of LS lami-
nate. This study examined the distribution of normal
(axial and transverse) and shear stress at interlaminar
regions across the thickness of reference laminate under
bending conditions.

Some studies have reported similarities between LVI
and quasi-static indentation tests.”>>' Using ABAQUS®
FEM software, a simple quasi-static elastic FE analysis
was used to evaluate interlaminar stresses in the indenta-
tion region under the elastic regime. The simulation of
the LVI experimental tests involved modeling the simply
supported impact specimen and the indenter with the
exact same geometry. The specimen was modeled as an
elastic solid using conventional linear cubic C3D8R ele-
ments where elastic orthotropic properties were set lam-
ina by lamina. The indenter was modeled as a discrete
rigid part. A mesh convergence study was conducted to
ensure an accurate representation of the test during elas-
tic deformation for a maximum displacement of 2.5 mm.
The study revealed an error of approximately 5% in the
loading force obtained compared to the experimental
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FIGURE 1 Representation of the finite elements model.
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Interlaminar
region

TABLE 2 Lamina's engineerin,
& & En Eyp = E33 G12 = G13 = G23
constants.
GPa GPa GPa LU V13 = V23
99.78 + 9.38 6.45 + 0.09 2.96 + 0.05 0.32 + 0.04 0.017 + 0.001

results of the reference laminate under an impact of
13.57J energy. The normal (61| and |6,,|) and shear
(Jt12]) stress fields on each ply were evaluated in a 20 mm
square area just under the indenter (indentation region),
as illustrated in Figure 1. The mesh used in this region
was composed by 0.1 mm wide square in-plane
(xy) element across the thickness. Table 2 presents lami-
na's engineer constants used in the model and experi-
mentally determined in.*®

To determine the interlaminar in-plane stresses
between two generic plies, we calculated the stress differ-
ence between the top integration points of the ply k-1
(bottom ply) and the corresponding stress in the bottom
of the ply k (ply above). This procedure was performed
for all pairs of integration points in the impact area as
shown in Figure 1.

For the propose of this study, the most critical inter-
faces were considered those presenting largest mismatch
of stresses between two generic adjacent plies (interla-
minar stresses), called from now on critical interfaces in
this paper.

Although minor, fibers in veils can become slightly
oriented during the manufacturing process. As a result,
thermal stresses may develop during the curing process,
causing the laminate to physically bend and twist due

to the anisotropic in-plane coefficient of thermal stresses.
To minimize this effect, a symmetric interleaving strategy
was imposed. Accordingly, the FEA model identified the
three most critical interlaminar regions across the laminate,
and the remaining three interfaces were set symmetrically.

4 | RESULTS

41 | FE model
In Figure 2A-C are graphically represented the interlami-
nar regions with large normal (axial |Acy;| and transver-
sal |Ac,,|) and shear (JAti,|) stresses, respectively. For
each case, the three most critical interlaminar regions are
highlighted by a red line while a green line identifies
their respective symmetries. Based on the results, the
highest interlaminar stresses are located near the top of
the specimen on the compression side. The most critical
interlaminar normal stresses, |Acy;| and |Ac,,|, share the
same locations: interfaces 1, 2 and 3, while the larger
interlaminate shear stresses were identified on interfaces
1,4 and 5.

To summarize, based on the given criteria, the top six
interlaminar regions for normal stresses are: 1st, 2nd,
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FIGURE 2 Inred the three most critical (maximum) interlaminar normal, (A) |Acy;| and (B) |Ac,,|) and shear (C) |Aty,| stresses,
respectively. In green their respective symmetric interfaces.

TABLE 3 Results of veils' specific

Veil Glass fiber Carbon fiber Aramid fiber Polyester fiber

S surface area (Sy) and coverage
Sf(m /m ) 2.56 6.64 2.65 1.40 (i standard deVla.thn)
Coverage (%) 46.6 + 2.0 70.8 + 3.1 57.0 + 4.2 56.0 + 6.1

(B)
FIGURE 3 Images under transmission microscopy and, in the top left, SEM images of their fibers magnified 5000 times, where (A) is

glass, (B) is carbon, (C) is aramid and (D) is polyester. Characteristic SEM images of (E) aramid veil reinforced interlaminar region and (F) a
void in polyester veil interleaved laminate.

3rd, 25th, 26th, and 27th. For shear stresses, the top inter- 4.2 | Raw materials characterization
faces are: 1st, 4th, 5th, 23rd, 24th, and 27th.

The layup arrangements corresponding to both strate- ~ Experimental results of veils' specific surface area (Sy)
gies are presented in Table 1. and coverage are presented in Table 3.
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FIGURE 4 Comparison between non- and interleaved laminates (A) thickness; (B) component volume content.

Figure 3A-D presents representative black-
and-white photography of glass, carbon, aramid, and
polyester veils, respectively, under transmission
microscopy. The coverage of each veil was experimen-
tally determined by evaluating the percentage of dark
area that covers the white background surface. As
intuitively expected by comparing the four photo-
graphs, the results clearly indicate that the carbon
fiber veil delivers superior coverage, followed then by
aramid, polyester, and glass, respectively. Less cover-
age may suggest large resin-rich areas, as can be seen
in Figure 3E, and an easy impregnation. On the other
hand, the low resin flow on vacuum bag infusion may
lead to trapped air inside low-coverage veils, as shown
in Figure 3F. A deeper discussion on this subject is
provided in Section 5.1.

A representative SEM image of one of its fibers is pre-
sented in the left-top corner of each veil photography.
The images revealed that polyester fibers have a trilobal
cross-section (Figure 3D), whereas all the others have cir-
cular cross-sections (Figure 3A-C). Images analysis also
allows us to measure fibers' characteristic perimeter and
determine each veil's specific surface area (Sf). Results
showed that the carbon fiber veil has the highest poten-
tial contact area with the matrix, followed by aramid,
glass and polyester veils.

The results indicate that the carbon fiber veil will
offer higher delamination resistance since two energy
dissipation mechanisms are competing: matrix/fiber
debonding, provided by the high S5, and constant front
crack redirecting, from the high coverage.’’” On the
other hand, the lower coverage of the glass fiber veil
indicates better impregnation and fewer dry areas due
to the resin flow resistance during the vacuum bag
infusion process.

4.3 | Laminate characterization

The experimental measurements of laminates’ thickness
and volume content of their constituents are presented in
Figure 4A,B, respectively. Compared to non-interleaved
layup, interleaved laminates have increased by at least
8% in thickness and 5% in resin volume fraction. Further-
more, these increments had shown to be more prominent
when the critical normal stresses interleaving strategy
was used. This is particularly visible on carbon fiber veils
interleaved laminate, which shows an increase in thick-
ness of 25% and 11% in resin volume fraction compared
to non-interleaved laminate.

In Figure 3E is presented a representative image of
interleaved regions morphology observed by SEM. As
may be seen, these regions are characterized by large
resin-rich areas due to veils' higher porosity when com-
pared to UDCF plies. From such observations, it was
also possible to visualize a small number of voids in
the laminates (Figure 3F). When the critical normal
stresses strategy was adopted, few voids were mostly
found in or close to the interleaved regions. In contrast,
a negligible number of voids were observed dispersed
into the laminate when the shear stresses strategy was
applied. On the other hand, no voids were found in the
reference laminate.

44 |
results

Drop-weight low velocity impact

Figure 5 shows the LVI load versus displacement curves
for each layup, at the three impact energy levels of LVI.
Curves overlapping at the different impact energy levels
confirm tests' reliability.

85U8017 SUOWWIOD BRI 3|(dedl|dde 8Ly Aq peusenob ase sooiie YO ‘85N JO Sa|nJ 10} Aiq18UlUO /8|1 LD (SUOTPUOD-PUR-SLLIBI IO A8 | 1M ARe.d 1 jBu [UO//:SdhL) SUOIPUOD Pue SWLB | 8U188S *[1202/¥0/zz] Uo Akeiqiauljuo (1M ‘oyuliN od apepseAIuN Ad £9v8Z 9d/Z00T 0T/I0p/W00 A8 M Akeiq Ul |uo'suo redljgndadsty//Sciy Wwo.y pepeojumod ‘0 ‘69508rST



AMORIM ET AL.

I WILEY-(T e rome

PROFEssiONALs  COMPOSITES

LS Glass fibre veil Carbon fibre veil ~ Aramid fibre veil Polyester fibre veil
1ol ' Non-iﬁterleavéd__ “Normal Stresse's_L ~ Normal Stressés__ ~Normal Stressés__ "~ Normal Stresses
—— Shear Stresses —— Shear Stresses —— Shear Stresses —— Shear Stresses
Z s
k=)
8
135 3
k3]
8
=
3
)
z g 4
= /| '
§ / f / ) /
-3 f
£ /
=
3
O
_ ; g : o
Z P ]}
9 {l Y4 ol {
8 // [ | i i
401] 2 /, / y
k3] /, Vi
<
E 7
3
O /
7 v
‘ ‘ £ ‘ ‘ . Z - .
6 80 2 4 6 80 4 6 80 2 4 6 80 2 4 6 8
Displacement (mm) Displacement (mm) Displacement (mm) Displacement (mm) Displacement (mm)
FIGURE 5 Load versus displacement curves at the three impact energy levels.

To better analyze the LVI mechanical response of
each configuration, four key indicators were considered:
peak load, final absorbed energy (Eaps), critical load (P.,)
and critical energy (E.,). Peak load and E,,s show maxi-
mum load-bearing and energy absorbed during impact.
On the other hand, P, and E., correspond to the load
and energy registered when severe damages initiate, cor-
respondingly. Such damage indicators can be identified
in LVI load versus displacement curves by a sudden load
drop, denoting a loss in stiffness and suggesting the for-
mation of critical damages, such as delaminations or fiber
breakage.” Thus, the maximum load recorded just before
the drop indicates the load and correspondent energy
needed to onset severe damages. It is also important to
note that, up to this point, only sub-critical damages such
as matrix cracking are formed, and most of the energy is
elastically transformed.

In this work, this critical threshold was particularly
visible at 25 and 40 (J) of impact energy, occurring in all
tested specimens under these conditions. On the other
hand, at 13.57J, this damage indicator depends on the
laminate configuration. Although all non-interleaved

specimens showed P, no specimens of polyester veil
interleaved layup on the critical shear stress interfaces
exhibited this indicator. In contrast, only one specimen
from all other configurations showed such a damage
indicator.

The impact response of composites is greatly influ-
enced by their thickness.”** Therefore, to fairly compare
the performance of laminates, all LVI mechanical indica-
tors were normalized to their thicknesses.

Figure 6A-D show normalized results for peak load,
P.;, Eups, and E¢, at three impact energy levels. After
normalizing, non-interleaved laminate demonstrated
slightly better mechanical performance than the new
strategically interleaved configurations. Moreover, the
most critical shear stress interleaving strategy typically
outperformed critical normal stresses approach, regard-
less of the type of veil used. It is also interesting to
observe that the type of veil did not seem to play a rele-
vant role in impact mechanical response since no noto-
rious differences were observed between laminates
tested at the same impact energy, interleaved with the
same strategy using different veils.
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FIGURE 6 Normalized (A) peak load, (B) P, (C) E.ps and (D) E, of each layup for the three impact energy levels.

4.4.1 | Visual inspections
Only a few interleaved laminates specimens showed
external damage at 13.5 J, while above 25 J, all specimens
showed visible back-face damages.

At 13.5 J, the interleaved laminates showed no signifi-
cant differences in their back-face failure mode. All lami-
nates developed small fiber breakage on their back faces
under the impactor, except for the laminate interleaved
with polyester veils using the shear stresses strategy,
which remained undamaged. Non-interleaved laminate
specimens developed localized matrix splitting. At 2517,
all laminates exhibited fiber breakage on their back-face,
surrounded by small and localized matrix splitting.

At 40 J, most of the interleaved layups experienced
a combination of fiber breakage and extensive matrix
splitting. The only exception was the laminate inter-
leaved with carbon veils at the most critical shear stress
interfaces, which exhibited extensive matrix splitting
similar to what was observed in the non-interleaved
configuration.

Figure 7 shows photographs of characteristic back-
face failure mode developed on each laminate at 40 J of
impact energy.

Impact Energy (J)

D)

Figure 8 shows the extent of back-face damage, A, mea-
sured in each laminate. As observed in other studies,’ as
the impact energy level increases, the damage on the back
face of the specimens becomes more extensive. Further-
more, regardless of the veil used, all laminates where the
critical shear stress strategy was adopted have developed
smaller damages than the non-interleaved layup, contrary
to those interleaved on critical normal stress interfaces.

442 | Internal damage area after impact

Ultrasonic C-scan inspections were carried out both
before and after the impact tests. The inspections con-
ducted before the impact tests showed a consistent ultra-
sound signal, which allowed the failures in the signal
observed during the C-scan inspection of impacted speci-
mens to be identified as damage caused by LVI tests.

An ultrasound C-scan was used to evaluate the area
and shape of internal damage. It was found that when
the impact energy was at 13.5 J, all laminates formed cir-
cular internal damages. However, at higher energies,
such as 40 J, the damages became oval-shaped, as shown
in the grayscale C-scan images in Figure 9.

85U8017 SUOWWIOD BRI 3|(dedl|dde 8Ly Aq peusenob ase sooiie YO ‘85N JO Sa|nJ 10} Aiq18UlUO /8|1 LD (SUOTPUOD-PUR-SLLIBI IO A8 | 1M ARe.d 1 jBu [UO//:SdhL) SUOIPUOD Pue SWLB | 8U188S *[1202/¥0/zz] Uo Akeiqiauljuo (1M ‘oyuliN od apepseAIuN Ad £9v8Z 9d/Z00T 0T/I0p/W00 A8 M Akeiq Ul |uo'suo redljgndadsty//Sciy Wwo.y pepeojumod ‘0 ‘69508rST



10 | oY2) INSPIRING Polymer AMORIM ET AL.
Wl LEY—W PROFESSIONALS CO);\/\POSITES
Interleaved
Non-Interleaved
Glass Carbon Aramid Polyester

Eibre breakage

~
s

tensive matrix splitting

Fibre
breakage

Normal S.

Fibre breakagce

encive matrix splitting

t X splitting

Shear S.

i

Eibre breakage

FIGURE 7 Characteristic back-face failure mode developed at 40 J.

60 - Glass veil interleaved laminates 60 Carbon veil interleaved laminates [ Non-interleaved

[ /]Normal Stresses
] Shear Stresses
50 +6 % 50
| 23 % 3%  -3%

40+ 40
fom —~
g £
£ 30 J13% 299 E 301 +1 % -40 %
< <

204 204

109 789 -35% 109 439 -58%

. R N e
13.57 251 407 13.57 251 407
60 Aramid veil interleaved laminates 60 Polyester veil interleaved laminates
0,
50 50 vt
25% -16% | -13%

40 1 40 4
E )
E 309 30%  -13% E 309 6% 6%
e < &

204 204

109 41% -53% 109 449

0 0 //‘
1357 257 407 1357 257 407

FIGURE 8 Back-face damage extent ()) on each interleaved laminate and its variation to non-interleaved at each impact level.
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FIGURE 10 Internal damage area of each interleaved layup and its variation to non-interleaved at each impact level.

Figure 10 presents the internal damage areas mea-
sured in all specimens. It can be observed that regardless
of the interleaving strategy or veil type, all laminates that
were interleaved developed smaller damages than the
non-interleaved configuration when subjected to 13.5
and 25 J impact energy. However, at 40 J impact energy,
laminates interleaved at critical normal stress interfaces

developed more significant damages than the non-
interleaved ones. It is important to note that the critical
shear stress strategy outperforms both the non-
interleaved and interleaved laminates on the most crit-
ical normal stress interfaces. At 25 and 40 J of impact
energy, this approach significantly reduces the internal
damage area.
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5 | DISCUSSION

5.1 | Laminates' characterization
The resin-rich areas observed in Figure 3E mainly result
from the high permeability of veils compared to UDCF
layers, leading to an overall increment of laminates’ vol-
ume. This resulted in a higher resin volume fraction of
interleaved laminates and up to 25% increment in thick-
ness compared to the non-interleaved configuration, as
seen in Figure 4A. The thickness of such interlaminar
regions may play a role in mechanical performance and
impact damage resistance depending on their location in
the layup, as will be discussed later. Thicker interleaved
regions lead to higher resin volume fraction in the inter-
laminar region, decreasing stiffness and toughness,
which typically leads to larger delamination areas.*"**
Laminates interleaved with shear stress had less
thickness increase than those with critical normal stress.
This indicates different impregnation and veil relaxation
during the vacuum bag infusion process. Further study is
needed to understand this phenomenon. Nevertheless,
the superior thickness observed on interleaved laminates,
generically, led to superior LVI mechanical indicators, as
peak (bending) load as well as damage onsetting load
and energy on these configurations. However, as men-
tioned above, to minimize the effects of geometry, all
mechanical properties obtained were normalized to the
thickness of their respective configuration in this work.
The observation of the laminates’ cross-section
revealed a few voids inside most interleaved configurations
(Figure 3F), in contrast, no voids were found in the non-
interleaved layup. Typically, they were found within inter-
leaved layers and mostly on interleaved laminates where
the critical normal stress strategy was adopted. Based on
literature,>* voids formation in vacuum bag infusion pro-
cess is primarily attributed to the resin flow and porosity
of the fibrous medium. This process has a relatively slow
resin flow, which means capillary flows are dominant over
hydrodynamic ones. As a result, UDCF are impregnated
first due to the small gaps between fibers and their higher
superficial tension. This can lead to air entrapments in
more porous mediums such as veils. Therefore, their
apparently higher compaction and lower thickness justify
the smaller number of voids found in shear stresses inter-
leaved laminates.

5.2 | Mechanical behavior under low
velocity impact (LVI) tests

Figure 6 shows that most interleaved laminates have
inferior mechanical indicators to non-interleaved ones

under LVI tests. However, in most cases, critical shear
stress strategy performs better than critical normal
stress’, regardless the interleaved veil. This overperfor-
mance is clearly visible for the peak load and E,, in
Figure 6A,C, respectively. On the contrary, critical nor-
mal stress strategy apparently depend on the veil type,
however, no trend is identified for different impact
energy levels. As an example, carbon fiber veil shows
interleaved composites lower load-bearing capability
and absorbed energy at 13.5J. Although they present
the highest peak load at 40 J, while absorbed energy
remains the lowest among.

Regarding the severe damage indicator, results
at 13.5] revealed that critical shear stress strategy
presented similar P.. and E.. values as the reference
(Figure 6B,D), except polyester veil interleaved lami-
nate, where no damage indicators were found. Con-
versely, the critical normal stress strategy was found to
be more susceptible to severe damages at lower impact
energy levels. At 257J, critical shear stress strategy
using glass, carbon and polyester veils had similar
values of P., and E., than the reference. However, in
all other configurations where the normal stress strat-
egy was adopted, those values were lower, suggesting
higher susceptibility of these laminates to develop
severe damages under intermediate loading conditions.
At 40 J, regardless of the interleaving strategy used, all
interleaved laminates presented slightly lower damage
indicators compared to reference. It is important to
note that, once again, the shear stress interleaving
strategy proved to be more effective than the normal
stress approach in most cases.

To summarize, critical shear stress interleaved
laminates outperformed those where the normal stress
strategy was used regarding load and energy needed
to trigger the first severe damage, P., and E.,, respec-
tively. However, no correlation was possible to
establish regarding the type of veil used. Furthermore,
the overall superior mechanical performance of criti-
cal shear stress interleaved configurations indicates
that interleaving strategy plays a more significant role
than the type of veils selected. The higher number
of stiffer layers of UDCF close to the outer surfaces
compared to the normal stresses interleaving
approach, provides higher bending resistance, generi-
cally addressing better mechanical performances to
these laminates.

Nevertheless, the higher number of voids observed
on configurations where the normal shear stress strat-
egy was applied, compared to all the other layups,
may have a negative influence on their mechanical
performance. To clarify this hypothesis, additional
studies need to be conducted.
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5.3 | Low velocity impact (LVI) damage
resistance
5.3.1 | Role of interleaving strategy on

impact damage

Figure 8 compares the back-face damage extent (1)
among the different laminates after impact. The labels
above the patterned bars indicate the deviation of inter-
leaved laminates from the non-interleaved reference.

As may be seen, regardless of the impact energy level,
laminates strategically interleaved on critical shear stress
interfaces always exhibited less back-face damage com-
pared with the non-interleaved layup, while more exten-
sive damages were observed in some cases where the
critical normal stress strategy was employed. At 13.5 7,
the best performance was achieved by the laminate inter-
leaved with the polyester veil on the critical shear stress
interfaces, where no damage was observed in any speci-
men. On the other hand, configuration with the aramid
veil on critical normal stress revealed the worst perfor-
mance with a similar damage extent to the reference. All
the other interleaved configurations showed a significant
reduction in external damage. In particular, laminate
interleaved with glass on the critical normal stress showed
impressive performance, reducing its external damage by
78%, compared to the reference.

At 25 J, most interleaved structures showed to be less
prone to develop extensive damages compared to the ref-
erence, with the only exception being the layup inter-
leaved with an aramid veil on most critical normal stress
interfaces. It should be noted that laminates interleaved
with carbon and polyester veils demonstrated antagonis-
tic performances simply by changing the interleaving
strategy. In both cases, when the critical shear stress
strategy was applied, a damage reduction of about 40%
and 26% was observed in laminates interleaved with car-
bon and polyester veils, respectively. On the other hand,
when these veils were placed on the most critical normal
stress interfaces, both laminates presented slightly larger
damages compared to the reference.

Regardless of the interleaving approach, at 40 J, lami-
nates interleaved with carbon and aramid veils formed
smaller damages compared to the reference. The better
performance was achieved by the laminate interleaved
with the aramid veil on the critical normal stress inter-
faces, with a reduction of 25% compared to the reference.
On the other hand, depending on the strategy, laminates
interleaved with glass and polyester veils revealed opposite
behavior. When placed on critical shear stress interfaces,
they developed smaller damages than the reference, by
23% and 13%, respectively. On the contrary, when the criti-
cal normal stress interleaving strategy was implemented,

{
PROFESSIONALS  COMPOSITES

both layups revealed more significant damages than the
same reference.

It is well known that under LVI, composite laminates
can develop internal damages almost imperceptible to the
naked eye, the so-called Barely Visible Impact Damage
(BVID). Figure 10 compares internal damage areas devel-
oped on interleaved and non-interleaved laminates at each
impact energy level. Irrespective of the interleaving
strategy, up to 25 J impact energy, interleaved laminates
developed smaller internal damages than the reference.
Furthermore, regardless of the impact energy, laminates
interleaved at critical shear stress interfaces continuously
developed fewer damages than the reference. This inter-
leaving strategy also demonstrated to be less sensitive to
damage formation, especially at higher energy levels
(25 and 4017J), showing a damage area variation between
—6% and —43%, whereas the normal stress interleaving
strategy presented a variation from —16% to +58% com-
pared to the reference. At 13.5 17, all interleaved laminates
demonstrated an impressive damage resistance compared
to the reference, reducing damage area by 62%-50%. At
257, all interleaved layups also outperformed the non-
interleaved. However, the critical normal stress strategy
reduced damage area by 16%-11%, whereas the shear
stress interleaving strategy exhibited reductions of up to
43% (carbon veil interleaved laminates). The superior per-
formance of laminates interleaved at critical shear stress
interfaces was further confirmed at an impact energy of
40 J, where they developed fewer damages than all the
other laminates. Moreover, while the shear stress inter-
leaving strategy decreased the impact damage area by up
to 33% (aramid veils), all laminates interleaved at critical
normal stress interfaces developed damages at least 6%
larger (carbon veil) than the reference.

In summary, the LVI damage resistance analyses pre-
sented here revealed the importance of the interleaving
strategy on damage formation and propagation in com-
posite laminates. As observed, the critical shear stress
interleaving strategy consistently outperformed all other
configurations in terms of both external and internal
damage, regardless of the interleaved veil or impact
energy. On the other hand, the role of the nature of the
interleaved veil showed an erratic performance, depend-
ing on the interleaving strategy approach and impact
energy. These results suggest that the interleaving strat-
egy is crucial in mitigating LVI damage formation in lam-
inate composites. In particular, incorporating veils into
interlaminar regions with higher in-plane shear stress
gradients between adjacent plies significantly improves
composite laminates' resistance to LVI impact damage.
Nevertheless, must be noted that depending on the appli-
cation or service environment conarium, the selection of
veils may be an essential rule in the materials selection
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FIGURE 11

stage. Properties such as areal density, moisture and
water absorption ratio, or the coefficient of thermal
expansion may introduce additional weight or dimen-
sional uncertainty in service, which can increase opera-
tional costs and accuracy concerns in some industries,
such as aerospace.

5.3.2 | Role of veils microstructural network
on impact damage

The role of veils' microstructure, namely coverage and
the specific surface area, is considered in this section to
evaluate their effect on back-face and internal damage.

Figure 11A,B show the evolution of back-face damage
extent (1) against veils' coverage and specific surface area,
Sy, respectively, of interleaved laminates at the three
impact energy levels. From the trendlines plotted in
Figure 11A for each impact energy level, it may be con-
cluded that veils' coverage did not have any influence on
back-face damage extent, contrary to S; which seems to
play a much more important role (Figure 11B).

At 13.5 ], laminates interleaved with intermedium Sy
veils (glass and aramid veils) developed slightly more
extensive back-face damage than those with smaller and
larger Sy, polyester and carbon veils, respectively. Never-
theless, not all specimens presented external damages at
this impact energy level, suggesting that 13.57J is the
impact energy threshold for developing back-face damage
under these conditions. Therefore, no correlation can be
made between different laminate configurations. At
25 and 4017, yellow and orange trendlines, laminates
interleaved with the lowest Sy, specifically the polyester
veil, contributed slightly to larger external damages.

(B)

Back-face damage extent (1) versus (A) covered surface area and (B) specific surface area on interleaved laminates.

Referring to Figure 12A, for internal damage and up
to 25 J of impact energy, veils' coverage did not signifi-
cantly influence its formation. Nevertheless, a stronger
correlation was observed at the highest impact energy
level. At 40 J, laminates interleaved with a glass fiber veil
(lowest coverage) developed larger damages. While this
veil's characteristic increased, smaller damages were pro-
gressively observed.

Figure 12B displays the internal damage area plotted
against the veils' specific surface area. As observed, up to
25 ], internal damage seems independent of S However,
at 40 J, laminates interleaved with intermediate Sy (glass
and aramid) developed more extensive damage than
those with lower and larger Sy.

Accordingly, external back-face damage seems more
dependent on veil Sy than on coverage, suggesting that
fiber bridging, rather than matrix cracking, is the primary
damage mechanism forming this type of damage. On the
other hand, internal damage primarily depended on
the interleaving strategy used, while the microstructure
of the veils only seems to play a role in higher impact
energies. In these conditions, laminates interleaved with
veils of low coverage developed larger damages, indicat-
ing that cracks grow preferentially through the resin-rich
medium. Contrarily, when gaps between veils' fibers are
smaller, cracks tend to be constantly redirected, dissipat-
ing more energy and leading to minor damages. Simi-
larly, laminates interleaved with veils of high S, such as
the carbon veil, also have higher impact damage resis-
tance. This may result from more energy expended on
debonding and fiber bridging.

Interestingly, laminates interleaved with the polyes-
ter veil, which has the lowest Sj, revealed a performance
comparable to the carbon veil interleaved layup.
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FIGURE 12 Influence on interleaved laminates internal damage area of (A) covered surface area and (B) specific surface area.

The justification of such results may rely on the trilobal
geometry of polyester fibers. According to M. Herrdez
et al,>® trilobal cross-section fibers tend to develop
higher residual interfacial stresses, comparatively to
circular cross-section fibers, which results in easier
interfacial debonding. On the other hand, J. Mohan
et al.>® studied the interlaminar fracture toughness, in
mode I, of composite joins using epoxy film reinforced
with trilobal cross-section polyester fibers. Under micro-
scope, they observed some cracks growing against the
main crack direction. Based on those observations, it's
plausible that both phenomena contribute to higher
energy dissipation and, consequently, improved damage
resistance. Despite out of the main focus of this work,
the slight trends and observations presented here
regarding the role of veils' microstructural network in
LVI damage formation deserve careful consideration in
future research. Of particular interest is the influence of
the fibers cross-section geometry of interleaving veils on
impact energy dissipation, as this is a subject that has
been poorly studied to date.

6 | CONCLUSIONS

The influence of the interleaving strategy on low velocity
impact damage resistance of composite laminates was
investigated in this work. A conventional baseline aircraft
laminate was modified at the interlaminar regions with
the most significant in-plane interlaminar stress, as previ-
ously identified in an FEA simplified quasi-static model.
Accordingly, two interleaving location sets were defined:
the most considerable in-plane normal (axial/transverse)
stress and in-plane shear stress mismatch between

adjacent laminae. Four veils, made of glass, carbon, ara-
mid and polyester fibers, were used as interlaminar
toughening systems to validate the proposed strategic
interleaving approach. Interleaved and non-interleaved
laminates were produced by vacuum bag infusion under
the same conditions.

Laminates' characterization showed an increase in
thickness and resin volume fraction, both interleaving
strategies. It was especially visible when the critical nor-
mal stress strategy was applied, reaching 25% and 11%,
respectively, compared to the non-interleaved laminate.
SEM observations revealed interleaved resin-rich regions
punctuated with few voids in contrast with the reference.
Non-interleaved laminate revealed higher LVI mechani-
cal indicators, namely, peak load, P, E.. and E,,, than
the most interleaved layups. Among the interleaved con-
figurations, shear stress strategy interleaved layups,
generically, have demonstrated superior mechanical per-
formance. It terms of LVI damage resistance, both inter-
leaving strategies led to an improvement, reducing, in
most cases, internal and external impact damage com-
pared to the reference laminate. Regardless of impact
energy, interleaving shear stresses showed remarkable
results in preventing external damage and reducing inter-
nal damage up to 59% at 13.5 J. At 25 J, it mitigated exter-
nal and internal damage by 40% (carbon veil), and at
40 J, those damages were reduced by 33% (aramid veil)
and 23% (glass veil), respectively. Nevertheless, no corre-
lation was observed between the type of veil (material)
used and the impact damages. This indicates that the
interleaving strategy is more vital in LVI damage resis-
tance than the veils' material. Results also revealed that
veils with intermediate specific surface area, Sf, seem to
reduce back-face damages, while high coverage veils can
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significantly constrain delaminations at higher impact
energies (40J). From the results, it is clear that a thor-
ough analysis of interlaminar stresses in a laminate and
implementing an appropriate interleaving strategy can
effectively reduce LVI damages. Despite the promising
results, further work must be carried out to understand
better the relationship between veils' network structure
and LVI damage resistance, as well as the veil's location
in the laminates and voids formation during the vacuum
bag infusion process. It would also be interesting to eval-
uate the performance of the newly proposed interleaving
approach using pre-impregnated material systems and
different composite manufacturing processes, such as resin
transfer molding (RTM) or autoclave. This interleaving
methodology significantly enhances the LVI damage resis-
tance of composites in high-demanding applications, lead-
ing to reduced thickness, increased fiber volume fraction,
and decreased maintenance costs.
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