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This paper investigates the effect of the fabric architecture and the z-binding yarns on the compression after
multiple impacts behavior of composites. Four fiber architectures are investigated: non-crimp fabric (NCF), 2D
plain weave (2D-PW), 3D orthogonal plain (ORT-PW) and twill (ORT-TW) weave. The specimens were subjected
to single and multiple low-velocity impacts at different locations with the same energy level (15 J). Non-de-
structive techniques including ultrasonic C-scanning, X-ray CT and Digital Image Correlation (DIC) are employed
to quantitatively analyze and capture the Barely Visible Impact Damage (BVID) induced in the specimens.

Although the absorbed energy was approximately the same, damage was the least in 3D woven architectures. In
the case of compression after impact, 3D woven composites demonstrated a progressive damage behavior with
the highest residual strength (~92%) while 2D plain weave and NCF specimens showed suddenly catastrophic
damage and the residual strength of ~65% and ~55% respectively.

1. Introduction

Fiber-reinforced composites are widely used in automotive, oil and
gas, aerospace and wind energy industries nowadays thanks to their
high strength and stiffness to weight ratio compared to traditional
metals. Two-dimensional (2D) composites, made of unidirectional or
woven plies, are the most popular types used in industrial applications.
Although they possess relatively high strength and stiffness in the in-
plane direction, they are characterized by poor transverse “out-of-
plane” properties especially when subjected to impact loading. It does
not require high velocity impacts to induce severe internal damage into
such 2D composite laminates. Thus, Low Velocity Impacts (LVI) has
been a serious threat to their use in real life applications as they cause
Barely-Visible Impact Damage (BVID). BVID, in fiber-reinforced com-
posites, is one of the most critical damages in different industries, such
as aerospace [1], maritime [2] and oil and gas [3], as it can go un-
detected while causing a significant, more than 50% [4], degradation
that might lead to catastrophic failure. Generally, composite structures,
such as aircrafts and composite pipes for instance, are susceptible to LVI
during maintenance or ground handling. These impacts can happen

because of tools dropping or support-trucks accidents, for instance.
According to a report published by Boeing [1], three major causes re-
sulted in most of the repairs for the Boeing 747 fuselage in the course of
its service life. These were fatigue cracks (57.6%), corrosion (29.4%)
and impact damage (13.0%). Impact induced damage leads to matrix
cracking, delamination, fiber matrix debonding and fiber breakage
leaving only small indents on the impacted surface. To mitigate such
problems, large safety margins are usually introduced in the design
process of composite components and structures, which in return re-
duces significantly their competence with metals. With the advance-
ment in the technical textile and weaving industries, three-dimensional
(3D) woven composites have been introduced as an alternative to 2D
composites whereby the out-of-plane properties are improved. Thanks
to their unique characteristic of through-thickness reinforcement in
resisting the delamination and transverse matrix cracking growth
[5-9], 3D woven composites have been recently used in aerospace in-
dustry in as subcomponents for engines and landing gears [10,11] and
potentially demonstrated for automotive applications [12].

To quantify the performance of composite materials in the out-of-
plane loading, two conventional indicators are defined. The first is the
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impact resistance of the composite material characterized by the ab-
sorbed energy and the level of induced damage due to a specific impact
energy. The second is the damage tolerance, defined as the ability to
maintain the undamaged or initial strength and quantified by mea-
suring their residual strength [11] after impact in tension (TAI), com-
pression (CAI) and flexure (FAI). Shah et al. [11] classified the various
factors affecting the impact resistance and damage tolerance of com-
posite materials into primary and secondary ones, based on the sig-
nificance of their effect. The primary factors are the fabric architecture
and the resin toughness. The secondary factors include, but not limited
to: environmental conditions, stacking sequence, impactor geometry
and repeated impacts.

Several studies investigated the impact resistance of unidirectional
(UD) [4], non-crimp fabric (NCF) [13], 2D [14,15] and 3D [8,14,15]
woven composites subjected to LVI. In the case of 2D laminated com-
posites, some researchers [16,17] tried to optimize the stacking se-
quence to improve the impact resistance by improving the interlaminar
fracture toughness. They concluded that by changing the stacking se-
quence, interlaminar fracture can be suppressed or delayed by changing
the load “interlaminar stresses” from tensile to compressive between
the plies. For 3D woven composites [15,18], the through thickness re-
inforcement was found to increase the delamination resistance due to
impact as well as energy absorption compared to their 2D counterparts.
Besides, by changing the properties of the through-thickness yarns, the
performance can be significantly improved. Damage tolerance of UD
[16,19], NCF [20], 2D and 3D woven composites [14,15,19] were in-
vestigated via CAI, TAI and FAI testing. Potluri et al. [19] studied the
effect of fabric architecture on the damage tolerance under CAI loading.
They compared UD, 2D and 3D woven composites. They concluded that
3D woven composites demonstrated the highest residual strength, but
they also observed that there is a critical damage size below which
there is no significant difference in the residual strength for 3D woven
composites. Hart et al. [15] compared the residual strength of 2D vs. 3D
woven composites using CAI and FAI testing. Two main remarks were
made. The first was that the 3D woven composites had the least re-
duction in strength due to the z-binding yarns suppressing delamination
growth. The second was that FAI could be an attractive alternative
testing approach to CAI as the reduction of strength due to impact was
better captured. In other words, FAI was found to be more sensitive to
delamination and damage due to impact compared to CAI. This could
be attributed to the size of the impacted region compared to the spe-
cimen dimensions and the nature of the load in flexure being more
dependent on the load-bearing element “fibers” in the tested compo-
sites.

With less work [1-3,21-24] focusing on the effect of repeated im-
pacts on the residual strength of fiber-reinforced composites, most of
researchers investigated only the repeated impacts occurring at the
same location. Baucom et al. [24], for instance, compared the effect of
repeated impacts on various fabric architectures including 2D and 3D

Composites Part A 125 (2019) 105576

Fig. 1. Schematic of the different types of in-
vestigated composites: (a) NCF, (b) 2D-PW, (c)
ORT-PW and (d) ORT-TW (The warp yarns
highlighted in blue, the weft yarns in grey, the
through thickness binders in red, and the stitch
yarns for the non-crimp fabric (NCF) in green).
(For interpretation of the references to colour in
this figure legend, the reader is referred to the
web version of this article.)

composites. They observed that 3D woven composites absorb more
energy and distribute the damage on a larger area in the form of matrix
cracking and fiber-matrix debonding. While in the case of 2D compo-
sites, dominant damage mechanisms were matrix cracking, excessive
delamination and fiber breakage.

From an application point of view, repeated impacts might occur to
the same composite structure but at different locations, which, to the
authors’ knowledge, has not been thoroughly investigated in the lit-
erature. Thus, the motive for this study is to simulate multiple impacts
with the same energy level at different locations for different composite
architectures and study their effect on the residual strength in CAIL An
extensive experimental campaign is, thus, developed to compare the
single vs. multiple impact response of two 2D laminated composites,
represented by NCF and 2D plain woven architectures, as well as two
3D woven composites, represented by orthogonal plain and twill ar-
chitectures, as described in Section 2. Section 3 details the experimental
procedure for both single and multiple impact testing, the use of NDT
techniques such as ultrasonic C-scanning and X-ray computed tomo-
graphy (CT) to quantify the level of induced damage and the residual
strength determination using the CAI testing. Then, the discussion of
the impact and CAI responses, for the four tested architectures, is re-
ported in Section 4. The comparison of the four fabric architectures is
based on their response to single vs. multiple impact, the impact re-
sistance, their damage tolerance and failure nature. Finally, Section 5
provides a summary of the main concluding remarks of this study.

2. Materials and manufacturing
2.1. Materials and architectures’ design

A recently developed weave-design software (EAT-3D Composites
Module) for technical weaving and complex composite structures was
used to design the 2D plain (2D-PW), 3D orthogonal plain (ORT-PW)
and twill (ORT-TW) weaves; each of them consists of 5 warp and 5 weft
layers, including the z-binding yarns in the warp. All weaves were de-
signed with the same drafting plan to weave fabrics with the same loom
setup and just change weave designs from one preform to the other.
Fig. 1 demonstrates the unit-cell schematic of the four different fabrics
investigated in this study. The unit-cell is defined as the smallest vo-
lume element that can represent the composite constituents, geome-
trical features and yield homogenized properties representative for the
whole structure. The main difference between the two 3D orthogonal
weaves is the z-binding yarn’s path, which directly affects the unit-cell
size of the weave. In the case of the ORT-PW (Fig. 1c), the binding
frequency, through the thickness, is twice the binding frequency of the
ORT-TW (Fig. 1d). The effect of the unit-cell size on the impact re-
sistance and CAI response is discussed in Section 4.

A modified Dornier double-rapier FT-Dobby loom was used to
produce the 2D and 3D weaves. A creel of 1100 positions was loaded
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with T700-12k carbon fiber bobbins to warp the loom. The creel was
equipped with tension system to control the tension of warp and binder
during the weaving process. To produce a balanced fabric, the densities
of the warp and the weft were set to be the same: 12.66 ends/cm and
12.66 picks/cm respectively. Five layers of the 2D-PW architecture
(Fig. 1b) were woven simultaneously, and 5 layers of the NCF (Fig. 1a)
were used so that all produced fabrics have approximately the same
areal density (~2000 GSM).

2.2. Composite panels manufacturing

A resin transfer molding (RTM) tool of 500 mm X 500 mm, manu-
factured by Composite Integration Ltd., was used to manufacture flat
composite panels. The laminate thickness was designed to be ~2.5 mm
to achieve ~50% fiber volume fraction for all the architectures. The
matrix used was Gurit T-Prime 130-1 having a mixing ratio of 100/27
by wt% of resin/hardener. The tool was preheated to 80 °C. The resin
was degassed before injection in a degassing chamber for 30 min, and
then placed in a pressure pot. The injection occurred at 2 bars of
pressure, and —1 bar of vacuum. Upon fully wetting the preform the
outlet was clamped. The pressure was left on for 15 min to ensure the
entire mold had an even pressure and to reduce voids content in the
final composite, if any. The panels were left to cure, in the RTM tool, for
1h at 80°C.

3. Experiment and characterization
3.1. Impact testing

The testing setup to produce the BVID in the different specimens’
architectures is described in this section. Three repeats from each type
were used in all tests. Moreover, the reasoning behind the research
approach for multiple impacts using the same energy level is discussed.

3.1.1. Single impact

Impact testing for all specimens was conducted using a drop-weight
tower as per the ASTM D7136 “Standard Test Method for Measuring the
Damage Resistance of a Fiber-Reinforced Polymer Matrix Composite to
a Drop-Weight Impact Event” [25]. Specimens were clamped using the
impact support fixture designed based on the ASTM standard to have a
cut-out of 125 * 1 mm in the length direction and 75 * 1 mm in the
width direction. The SI units version of the ASTM D7136 is used for all
specimens (see Fig. 2). For the first set of specimens, they were all
impacted in the center, with a hemi-spherical impactor with a diameter
of 16 mm and a mass of 4 kg, as depicted in Fig. 2a. As the scope of this
study is the LVI, the impact energy was determined based on the
maximum that the weakest architecture “NCF” can accommodate
without reaching the perforation threshold. Higher energies such as 25,
20 and 18 J were investigated experimentally before reaching the final
decision of using 15J as the impact energy for this study.
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3.1.2. Multiple impact

The motive for this section is to simulate multiple impacts with the
same energy level on the different composite architectures and study
their effect on the residual strength in compression. To achieve this, a
second set of specimens “three of each fabric type” were impacted twice
(left and right), 25 mm apart from the first impact (see Fig. 2b) with the
same impactor and the same energy. The locations of the 2nd and 3rd
impacts were determined in a sense to avoid any overlap between the
individual impacts as the impactor diameter was 16 mm. Moreover,
they were chosen to avoid any boundary effect due to the clamping
fixture. As the same impact support fixture was used, the boundary
conditions for the 2nd and 3rd impacts were different from the 1st
impact. Detailed analysis of the effect of the boundary conditions
during impact testing can be found in [14]. This change of boundary
conditions due to clamping could have an effect on the depth of dent,
the stiffness of the load-displacement curves and the damage area
which will be discussed further in Section 4.1.3. For all the conducted
impacts, either single or multiple, the impact tower was equipped with
a rebound catcher (see Fig. 3b) to ensure that the impactor strikes the
specimen only once.

3.2. Ultrasonic C-scanning

Before carrying out the CAI testing for the single and multiple im-
pacted specimens, ultrasonic C-scanning was used as a Non-Destructive
Technique (NDT) to evaluate the level of induced damage due to impact
and to provide more information about the resistance against damage
growth of the different architectures of interest in this study. The
system used to scan the impacted specimens is a Midas NDT system
with Zeus software. It has one transmitter and one receiver transducers
with a frequency of 10 MHz, and the specimens were placed in-be-
tween. The scanning speed used was 200 mm/min.

3.3. X-ray computed tomography (CT)

To evaluate the level of internal damage due to impact loading, X-
ray CT scans were performed for the different types of impacted spe-
cimens using a Nikon XTH-320 machine. The 225kV source with re-
flective target was used with a 0.125 mm copper filter. The total volume
in the field of view was 22.5 x 19 x 5.5mm?, resulting in a resolution
of ~13.2 um. The source voltage and current were set to 220 kV and 59
HA respectively. The exposure time for each radiograph was ~1.4s,
with 3142 radiographs being collected over 360°. The total data ac-
quisition time was ~1.25h. After scanning, the raw data was used to
reconstruct the 3D volume using VGSTUDIO MAX software.

3.4. CAI testing

CAI testing for all specimens was conducted according to the ASTM
D7137 “Standard Test Method for Compressive Residual Strength
Properties of Damaged Polymer Matrix Composite Plates” [26]. The test
set up is shown in Fig. 3d. For baseline comparison, non-impacted

Fig. 2. Schematic of: (a) Single-impacted and (b) Multiple-impacted specimens (dimensions in mm).
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J Specimen
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Fig. 3. Testing setup: (a) First impact, (b) Second impact, (c) Third impact and (d) CAI. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

specimens from each architecture were tested in compression using the
same test setup. For the impacted specimens as previously highlighted,
there were two sets of CAI testing. The single-impacted specimens (see
Fig. 3a) were directly tested in compression after the first single impact
(see Fig. 3d). However, the multiple-impacted specimens were tested in
compression (see Fig. 3d) after going through the process of three im-
pacts as depicted in Fig. 3a—c. The impacted specimens were loaded in
compression with a displacement-controlled crosshead of 1.25 mm/min
while being supported by the CAI fixture to minimize loading eccen-
tricities and any induced specimen’s bending. The crosshead displace-
ment and the applied force were recorded using a 500 kN load-cell MTS
810 hydraulic testing machine. Three-dimensional (3D) Digital Image
Correlation (DIC) system (see Fig. 3d) was calibrated using the system’s
manufacturer calibration plate. Then, it was used to capture the dis-
placement contour map during the test. The DIC system used for the
full-field strain measurement consisted of two 8-bit “Point Grey” cam-
eras with “XENOPLAN 1.4/23” lenses. Both cameras had a resolution of
5 MP. ViC-Snap 8 software was used to record the speckle pattern
images with an acquisition rate of 2 frames per second (fps). Then, the
acquired images by ViC-Snap 8 were processed using ViC-3D 8 soft-
ware. For processing, the subset size was set to 100 X 100 pixels with a
step size (distance between subsets) of 7 pixels. The observation
window of approximately (120 x 70) mm? produced an image with
dimensions of (2048 x 1194) pixels.

In addition to using the 3D DIC system during the CAI test, it was
utilized before the test to measure the dent depth for all types of spe-
cimens for both the single and multiple impacted cases. On average, 15
images were captured with the Vic Snap 8 software, and then processed
with the same aforementioned parameters using ViC-3D 8 software.
Detailed comparison of the dent depth is discussed in Section 4.1.

4. Results and discussion
4.1. Impact testing

Results from the ultrasonic C-scanning for both single and multiple-
impacted specimens, DIC dent depth measurements, impact load-dis-
placement response and the energy absorption are detailed in this
section.

4.1.1. Single impact

After the first impact, the C-scan (Fig. 4) shows a clear difference for
the impact damage among the four architectures. The shape of the
damaged area is one of the main differences. In the case of the NCF,
where there is minimal waviness in the architecture, the damage area
has a cross (0°/90°) shape. The splitting in the 0° layers is due to the
longer floats compared to the 90° counterpart as previously reported in
[27]. Moreover, the NCF specimens are characterized by the largest
damage area. This cross shape of the damaged area almost vanishes in
the case of the 2D-PW, with again a relatively large damage compared
to the 3D woven counterparts. For both the ORT-PW and ORT-TW, the
damaged area is smaller than the NCF and 2D-PW cases with the ORT-
PW having the least damaged area. Using the 3D DIC system to calcu-
late the dent depth suggests that the depth because of the first impact is
almost the same for all architectures. This can be attributed to the fact
that the energy absorption for all the architectures is almost the same as
discussed later in Section 4.1.3.

4.1.2. Multiple impact

For the multiple-impacted specimens, the C-scan (Fig. 5) revealed
more information about the nature of the damage occurred due to the
three impacts. In the case of the NCF specimens, it is again clear that the
splitting along the longitudinal direction is larger than the transverse
one. In addition, the three damaged areas are interconnected. This
suggests that delamination propagated in the width direction, as well,
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NCF 2D-PW ORT-PW ORT-TW

C-scan

DIC

-0.2 4 (mm) 0.0

Fig. 4. C-scanning and DIC results for single-impacted specimens. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

causing the NCF to suffer from the largest damaged area. For the 2D-PW existence of the z-binding yarns in the 3D woven composites, the da-
case, the damage propagated more in the longitudinal direction than maged area is localized and no interconnection between the three im-
the transverse one. Due to the waviness of the individual plies, the pacted regions occurred. The dent depth calculations, using the 3D DIC,
damaged area did not grow as much as the NCF case. Thanks to the revealed that the NCF specimens do not only have the largest damage

ORT-PW

C-scan

-0.8 only for NCF

I S— I — 1

-0.2 y4 (mm) 0.0

Fig. 5. C-scanning and DIC results for multiple-impacted specimens. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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the reader is referred to the web version of this article.)

area, but also the deepest dent. Detailed quantitative comparison be-
tween the single and multiple impact dent depth is discussed in the
following section.

4.1.3. Single vs. Multiple impact

Following the discussion in the previous sections, a detailed com-
parison between the single and multiple impact cases can be described
based on: i) the impact load-displacement response, ii) the energy ab-
sorption and damage area calculated from the C-scans, iii) the internal
damage captured by X-ray CT and iv) the dent depth measured using
the DIC system.

Representative impact load-displacement curves obtained from the
weight-drop impact tower for the three impacts are summarized in
Fig. 6 for all the architectures. As a general remark, the effect of the
clamping boundary conditions due to the clamping fixture “specimens’
holder” is clear when comparing the stiffness of the load-displacement
curve of the first impact with the other consequent impacts. As the first
impact occurs in the middle of the specimen, it undergoes more de-
flection for the same load level compared to the other two adjacent
impacts. This therefore results in lower stiffness and larger deformation,
regardless of the architecture of the impacted specimens. When it

comes to the NCF specimens (see Fig. 6a), two important observations
can be made. The first is regarding the maximum load being the least
among all the other architectures. The second is regarding the max-
imum deformation being the largest among them. This, combined with
the previous discussion about the amount of damage induced in the
NCF specimens due to impact, emphasizes the inferiority of laminated
(NCF) composites in sustaining the out-of-plane loading. For the other
architectures, either 2D (Fig. 6b) or 3D (Fig. 6¢,d) woven composites,
this level of impact energy (15 J) did not cause a significant difference
in their response from the load-displacement point of view.

For the sake of understanding the effect of the composite’s archi-
tecture on the impact resistance, it is quite common to analyze the load-
displacement response in the light of the damage-induced area and the
energy absorbed by the impacted specimen. Thus, Table 1 details the
level of the induced damage as a percentage of the total area of the
specimen, for each architecture, calculated using MATLAB image seg-
menter. The trend is quite similar in the case of the single-impacted and
multiple-impacted specimens. The NCF specimens experience the lar-
gest damage, followed by the 2D-PW, with the ORT-PW having the least
damage. This confirms what previous studies [28-33] suggested re-
garding the role of the z-binding yarns in resisting delamination growth
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Table 1
Summary of the percentage of damaged area for single and multiple impacts.

Architecture Single Impact Multiple Impacts
NCF 1.81 + 0.29 4.01 = 0.11
2D-PW 1.05 + 0.12 2.35 = 0.16
ORT-PW 0.66 + 0.08 1.43 + 0.27
ORT-TW 1.02 = 0.03 1.88 = 0.14

in 3D woven composites for different loading conditions. This is sup-
ported by the X-ray CT slices reported later in this section.

Fig. 7a represents a typical energy vs. time impact curve [27]. It
defines the difference between the elastic and absorbed energy due to
impact loading. The energy is calculated as the integration of the load-
displacement curve. Moreover, Fig. 7b compares the absorbed energy
for all architectures after the first impact as well as the total absorbed
energy after the three impacts. NCF specimens are characterized by the
highest stiffness, due to the least crimp and the straightness of the fi-
bers, compared to the 2D and 3D woven architectures. Consequently,
their energy absorption was the highest with ~14 and 42 J respectively.
For 2D-PW, ORT-PW and ORT-TW, the energy absorption was almost
the same with ~13 and 38J respectively. Therefore, in spite of the
comparable absorbed energy, the difference in the induced damage is
significant, with 3D woven composites resisting the most.

Generally, LVI results in internal damage such as matrix cracking,
fiber damage and fiber-matrix debonding. As discussed by Shah et al.
[11], the level of damage caused by LVI depends on two primary factors
including the fabric architecture and resin toughness. The resin
toughness factor is outside the scope of this study. Nevertheless to
further understand the role of fabric architecture and the z-binding
yarns in delamination and impact resistance, cross-sectional slices from
the X-ray CT reconstructed volume are analyzed. Fig. 8 depicts a cross-
sectional slice along the warp (0°) direction, right at the location where
the impactor strikes the specimen. Although the impact energy was
relatively low and caused only BVID on the surface, X-ray CT slices
reveal excessive delamination at the impacted region. In the case of
NCF specimens (see Fig. 8a), delamination between plies, highlighted in
red, spans the full width of the field of view. Moreover, the fracture of
the back side of the specimen, because of the impact, indicates fiber
breakage in the bottom-most plies. For 2D-PW specimens (see Fig. 8b),
delamination is a bit suppressed, compared to the NCF case, due to the
waviness of the plies being 2D plain woven; but it is still guided by this
waviness between the plies. In the aforementioned cases, the delami-
nation resistance is only a function of the toughness of the matrix or the
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plies’ waviness. On the contrary, in the case of 3D woven composites
(see Fig. 8c,d) delamination is arrested by the z-binding yarns. Com-
paring the ORT-PW (Fig. 8c) with ORT-TW (Fig. 8d), it can be con-
cluded that the higher the frequency of the z-binding yarn in the
through thickness direction “the smaller the unit-cell size”, the less the
delamination propagation due to impact. Another damage mechanism
can also be observed in these two cases in the form of matrix cracking in
the resin-rich regions, which has been reported in [34,35] as one of the
drawbacks of 3D woven composites. Matrix cracking and delamination
in the case of ORT-TW are more noticeable compared to their ORT-PW
counterparts (see Fig. 8c, d). They can grow longer because the distance
enclosed by the z-binding yarn “L” is almost twice the distance in the
ORT-PW case. However in both cases, once they reach a z-binding yarn,
the damage mechanism changes to a different type, which is referred to
here as binder-guided delamination. The energy required to break the
reinforcing z-binding yarn is higher than the energy required for the
delamination or the matrix cracking to alter its direction. Once the
energy of the impact is sufficient to break the z-binding yarn, like in the
case of the ORT-TW (Fig. 8d), the yarn fractures.

Besides analyzing the first and consequent impacts using the C-
scanning and X-ray CT slices, dent depth measurements using DIC can
be also valuable. Fig. 9 compares the dent depth across the width of the
specimen for the single and multiple impact cases. The measured dent
depth indicates the level of plastic deformation induced in the impacted
specimens. Therefore, the difference among the tested architectures can
be analyzed in the light of the specimens’ stiffness and accordingly the
elastic vs. absorbed energies. The dent depth due to the first impact
(Fig. 9a), regardless of the architecture, is very similar with a maximum
value of ~0.2 mm as the impact energy is relatively low. However the
dent depth, in the case of the three impacts (Fig. 9b), indicates sig-
nificant dependency on the composite architecture. As a general ob-
servation, the side impacts result in a deeper dent compared to the
central one. This can be attributed to the previous discussion regarding
the effect of the clamping boundary conditions. As expected from the
stiffness and energy absorption discussion, the NCF specimens undergo
the largest deformation with the highest interaction between the ad-
jacent impacts leading to ~1.4mm side dent depth and ~0.8 mm
central dent depth. For the other architectures, the effect is less severe
leading to side dent depth of ~0.3 mm.

4.2. CAI testing

4.2.1. Load-displacement response
The load-displacement curves for: baseline, single impact and

45

Il Single Impact
I 3 Impacts

40

35+

NCF

2D-PW ORT-PW
Architecture

ORT-TW

(b)

Fig. 7. Single vs. multiple impact: (a) C-scan impacted area and (b) Energy absorption. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)
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matrix cracking
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resin-rich region

Fig. 8. X-ray CT cross-sections after impact for: (a) NCF, (b) 2D-PW, (c) ORT-PW and (d) ORT-TW. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

multiple impact specimens are shown in Fig. 10a—c. A clear distinction,
between the NCF and 2D-PW from one side and the 3D woven com-
posites (ORT-PW and ORT-TW) from the other side, is observed when it
comes to the nature of the final failure. For NCF and 2D-PW, baseline
and single impact (see Fig. 10a, b), the failure is more like a cata-
strophic failure with a sudden drop in the compressive load and a re-
latively less failure displacement (~1.5mm). In the case of multiple
impact for NCF and 2D-PW (see Fig. 10c), the failure is still catastrophic
but the compressive load drops in steps, each of which corresponds to
failure occurring in the vicinity of one of the three impacts. On the
contrary, the ORT-PW and ORT-TW 3D woven architectures (see
Fig. 10a—c) exhibit a progressive failure response with a gradual drop in
the compressive load and a larger deformation indicated by the com-
pressive displacement (~3.5 to 4 mm). This directly indicates the im-
portance of the z-binding yarns in 3D woven composites in resisting the
internal damage and transforming the failure behavior from a

catastrophic to a progressive one.

The comparison of the residual strength, for single-impacted and
multiple-impacted specimens as function of the baseline strength, is
depicted in Fig. 10d. The NCF experiences the largest reduction in the
residual strength for the first and the multiple impacts (~20% & 45%
respectively). For 2D PW, the reduction in residual strength is (~25% &
35%) for the single and three impacts. In the case of 3D woven com-
posites and regardless of their unit-cell size, the strength reduction is
the least. In addition, it is not much different from the single and the
multiple impacts (~8%). This observation agrees well with the con-
clusion drawn by Potluri et al. [19] that if the damage size is less than a
critical value, there is no noticeable difference in the CAI residual
strength of 3D woven composites. The damage, caused by such LVI, in
3D woven composites is very localized and contained within the impact
location. The fact that the damaged regions are not interconnected
reduces the effect of multiple impact on the residual strength in CAL
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This highlights the damage tolerance of 3D woven composites as op-
posed to their 2D counterparts.

In general, fiber-reinforced composites fail in axial compression by
kinking of the load-bearing tows. Kinking is a failure process [36] that
occurs when the applied compressive stress exceeds a threshold level
and induces plastic shear flow of the resin within and surrounding an
axial tow. The fibers inside the tow rotate with the increase in the load
until the tow becomes unstable and breaks a long a well-defined plane
known as a kink band as shown in Fig. 11a. In the case of 2D laminated
composites, clusters of kink bands grow simultaneously leading to this
observed sudden failure in the load-displacement curves. Moreover due
to impact loading of NCF and 2D-PW, excessive delamination growth
occurs between the plies creating sub-laminates [4,11,13,19,27]. These
sub-laminates then fail due to fiber micro-buckling and kink bands
formation as delamination increases the unsupported length and con-
sequently, reduces the load-carrying capacity of the individual plies. In
the case of 3D woven architectures, the z-binding yarns play an im-
portant role in suppressing delamination due to impact as well as
constraining the kink bands formation. Cox et al. [37] investigated the

Residual Strength (%)
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Fig. 11. Schematic of kink band formation: (a) 2D laminates, (b) 3D woven
composites.
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Table 2
Maximum compressive force (kN) for baseline, single and multiple impact
cases.

Architecture Baseline Single impact Multiple impacts
NCF 46.11 * 1.45 37.80 = 0.27 26.59 + 2.72
2D-PW 41.69 + 1.85 30.49 + 1.48 26.03 + 2.22
ORT-PW 30.17 * 1.69 28.29 + 0.83 27.71 + 2.57
ORT-TW 35.69 + 2.30 34.06 = 1.39 32.45 + 3.24

mechanics of compressive damage in 3D woven composites and re-
ported that kink bands formation occurs first in the most severely dis-
torted tows. These tows are normally the surface tows due to the in-
terlacement with the z-binding yarns (see Fig. 11b). Although the
surface tows fail, buckling is usually constrained by the z-binding yarn
at the interlacement point. Upon increasing the compressive load, more
kink bands form in other distorted tows. In other words, formation of
kink bands in 3D woven composites occurs as discrete geometric and
sequential flaws rather than simultaneous and sudden formation as
their 2D counterparts. As a result, 3D woven composites loaded in
compression fail gradually at discrete locations across the whole spe-
cimen width leading to the high deformation-to-failure.

Improving the damage resistance of composite materials, due to the
z-binding yarns existence, comes at another cost, which is the ultimate
compressive strength in this case. Comparing the ultimate compressive
load in the case of the baseline specimens (see Table 2) clearly reflects
the effect of crimp in 2D and 3D woven composites. This crimp effect
has been the scope of many research studies in the literature
[9,11,28,38-40], and it confirms the trend observed in this study. NCF
with the least waviness exhibits the maximum compressive strength
(see Table 2), followed by the 2D-PW, then the ORT-TW and the ORT-
PW withstanding the least compressive load to failure. Although all
architectures are designed to have the same fiber volume fraction in
each direction (0° and 90°), the waviness of the 2D-PW leads to the
knock-down in strength compared to NCF. In the case of 3D woven
composites, the effect of the unit-cell size and the z-binding yarns fre-
quency becomes very significant. The ORT-TW specimens have less
crimp and more importantly less stress concentration points at the in-
terlacement point between the z-binding yarns and the in-plane warp

NCF

2D-PW

Single Impact

Three Impacts

ORT-PW
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and weft yarns compared to the ORT-PW specimens. Thus, the ultimate
compressive strength of the ORT-PW specimens is found to be the least
among all the studied architectures. This suggests that a trade-off, be-
tween the required ultimate strength from one side and the progressive
damage and toughness from the other side, has to be always carefully
considered.

4.2.2. Failure analysis

The difference in the final failure between the single and the mul-
tiple impact cases is summarized in Fig. 12. The ASTM D7137 standard
defines a three-letter code to describe the failure mode. The first letter
corresponds to the failure type; the second corresponds to the failure
area, and the third describes the failure location. In the case of single
impact, the damage is so localized and it does not cause the specimen to
break in the middle. As per the standard, this gauge failure (away from
the induced damage due to impact) is still considered an acceptable
failure. The designated failure code for this case is LGM where L stands
for lateral failure; G is gauge/away from damage failure area, and M is
the middle location. This gauge failure indicates that the tested spe-
cimen is not sensitive to the induced damage, such that it fails at a
compressive stress close to the undamaged compressive strength.
However, as previously noted in the case of NCF and 2D-PW, the
compressive strength due to single impact was relatively less than the
baseline counterparts. On the other hand, all the multiple-impacted
specimens fail in the middle along the impact horizontal line. The three-
letter failure code for this case is LDM; where D corresponds to at/
through damage failure area. This, as per the ASTM standard, is again
an acceptable failure mode, and it provides a true measurement of the
residual strength of the specimens for the damage-induced state. This
can be explained in the light of the Saint-Venant’s principle as the notch
or defect existence results in substantial changes in the stresses locally,
but has a negligible effect on the stresses at distances which are large in
comparison with the size of the notch or defect. This is why the stress
state away from the single-impacted region is not affected, and thus the
specimens fail in compression at the un-supported gauge length at the
top. However in the case of the multiple impacts, this local change in
stress is significant as the side impacts are close to the side-boundaries
of the specimen/CAI fixture.

In order to further understand the damage progression, leading to

ORT-TW ASTM

LGM

LDM

Fig. 12. Comparison of failure of: (a) Single impact and (b) Multiple impact specimens for all architectures.

10



M.N. Saleh, et al.

4.375

eyy [%] -
Lagrange
5

Composites Part A 125 (2019) 105576

-1.875
-3.125
-4.375

-2.5

3.75
M 3.125
= 1.875
= 1.25
=1 0.625

2.5

1 -0.625
-1.25

Disp. = 1.45 mm Disp.

(a) (b)

= 1.60 mm

Disp. = 2.16 mm

(<)

Fig. 13. Representative damage progression in CAI: (a) Side impacts damage, (b) Damage growth from the edges to the central impact; (c) Damage spans the full
width of the specimen. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the final failure of the CAI specimens, DIC images were analyzed. The
sequence of damage occurrence among the three impacts is found to be
the same for all the specimens regardless of their architecture. Thus,
Fig. 13 represents one example “ORT-PW” for illustration. Due to the
boundary conditions of the CAI fixture constraining the specimens’
edges, the damage initiates at the side impact locations almost sym-
metrically. Upon load increase, the damage from the side impact grows
towards the central impact. Finally, the three impacted regions are
connected as the damage spans the full width of the specimen.

5. Conclusion

A systematic comparison of the impact resistance and damage tol-
erance of single vs. multiple impacted NCF, 2D-PW, ORT-PW and ORT-
TW composites was reported. All specimens were impacted with 15J
and the damage tolerance was assessed using CAI testing. The main
difference between the ORT-PW and ORT-TW 3D woven architectures
is the binder frequency and the unit-cell size. It was observed that re-
gardless of the unit-cell size, 3D woven composites are more damage
and delamination resistant to the transverse impact loading compared
to their 2D counterparts “NCF and 2D-PW”. In addition, the smaller the
unit-cell size is, the less damage the same impact energy causes. The
load-displacement response of the baseline specimens, loaded in com-
pression, revealed the clear effect of crimp on the maximum compres-
sive strength. NCF had the maximum strength followed by 2D-PW, then
ORT-TW and the least being ORT-PW. The effect of the through-
thickness binding yarns, on the buckling and damage progression in
compression, was captured by the difference between the NCF and 2D-
PW catastrophic failure from one side as opposed to the progressive
gradual failure in the case of 3D woven composites. The reduction in
CAI residual strength was minimal (~8%) in the case of 3D woven
composites, followed by the 2D woven composites (~35%) and max-
imum in the case of NCF composites (~45%). Finally, C-scanning, X-ray
CT and DIC techniques were successfully employed as NDT techniques
to analyze and capture the effect of impact loading and BVID on the
different composite architectures in this study, which is quite essential
in real life applications so that the BVID does not go undetected.
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