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KEYWORDS Abstract Full impact damage tolerance assessment requires the ability to properly mimic the
Composite laminates; repeated impact response and damage behaviour of composite materials using quasi-static approx-
Damage detection; imations. To this aim, this paper reports an experimental investigation evaluating two quasi-static
Damage characterization; methods for mimicking repeated impact response and damage behaviour of Carbon Fibre Rein-
Low-velocity impact; forced Polymer (CFRP) composite laminates. In this study, an 8.45-J single impact was repeated
Quasi-static indentation; 225 times and mimicked with 225 times 6.51-J quasi-static (energy equivalent) indentations and with
Thermoset composites 225 quasi-static (force equivalent) indentations following the recorded impact peak force variation.

Results show that the loading rate and the inertial effect are the two major factors affecting the
responses of the composite laminates under out-of-plane concentrated loading. Both the energy-
and force-equivalent quasi-static indentations failed to reproduce the impact responses greatly asso-
ciated with high loading rate and inertial effect. The force-equivalent quasi-static indentations were
performed in a semi-automatic way and induced damage states more similar to those of the
repeated impacts than those of the energy-equivalent quasi-static indentations, whereas the latter
can be better automated and has better reproducibility compared to that of the repeated impact

responses, as it is less dependent on high loading rate and inertial effect.
© 2023 Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics and
Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org
licenses/by-nc-nd/4.0/).

1. Introduction

* Corresponding author. Carbon Fibre Reinforced Polymer (CFRP) composites are
E-mail address: L.Huo@tudelft.nl (L. HUO). widely used these days in various engineering applications
Peer review under responsibility of Editorial Committee of CJA. for higher strength-to-mass and stiffness-to-mass ratios than

those of their metallic counterparts. In the aviation industry,
both Boeing and Airbus have developed modern commercial
aircraft, B787 and A350, respectively, that are made of carbon
fibre-reinforced composites accounting for approximately 50%
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of their total mass.'”> However, a great weakness of carbon
fibre-reinforced composites is that they are generally vulnera-
ble to out-of-plane impact loading, due to the lack of
through-thickness reinforcement.” In particular, Barely Visible
Impact Damage (BVID) can be created by out-of-plane impact
loading and contributes to losses of stiffness and strength in
CFRP laminates.* With the brittle nature of carbon fibre and
polymer matrix, opposite to conventional metallic materials,’
CFRP composites have the ability to elastically recover to their
original states. If there are no visible external damages, such as
local permanent dent, surface matrix cracks, and splitting between
fibres, impact damages remain undetectable. That is, BVID is
often seen as a hidden menace.” A full understanding of the dam-
age behaviours and mechanisms of CFRP composite materials
can help designers optimize their design strategies, thereby
improving the applicability of CFRP composite structures.

Therefore, extensive studies have been carried out to charac-
terize damage behaviours and reveal damage mechanisms of
impacted composite materials/structures,® ° especially for investi-
gations of damage formations in composite laminates caused by
repeated out-of-plane impacts (i.e., multiple independent out-of-
plane impacts successively applied to the centre of a composite
panel).'” !> For a composite plate that is repeatedly impacted
at one single location, even though the damage increments
caused by every single impact may be small, the continuous accu-
mulation of such minor damages can ultimately destroy its
integrity.'® However, the rate of damage accumulation is deter-
mined by a combination of several factors, such as stiffness
and strength of composite targets, material properties of impac-
tors, and impact energies. It may need thousands of impacts
before sufficient data to support the damage analyses of a repeat-
edly impacted composite laminate can be acquired. An auto-
mated implementation of thousands of impacts is really a
challenge for common impact test devices, such as a drop-
weight tower'* and a Charpy impact test device."”

Because literature has shown that single impacts can be
approximated with quasi-static indentation under certain condi-
tions in terms of the similarity of the final damage state,'® ' it is
not unreasonable to assume that repeated impacts can also be
represented by repeated quasi-static indentations. More impor-
tantly, what has been known is that repeated quasi-static inden-
tations tests can be automated with state-of-art universal
material testing machines, similarly to mechanical fatigue tests,
while avoiding negative effects associated with dynamic vibra-
tions. The aim of this work is to assess the feasibility of quasi-
static solutions to yield similarities in repeated impact responses
and damage behaviours of CFRP composites.

To that end, repeated drop-weight impacts and two types of
repeated quasi-static indentations were applied to the centres
of fully clamped CFRP laminates. The impact responses of
the impacted and indented laminates were characterized and
compared based on recorded force—displacement curves and
peak force variations. For comparisons of damage states, a
combination of non-destructive damage detection techniques
(i.e., 3D surface measurement and ultrasonic C-scan) and
cross-sectional damage analysis were performed.

2. Background

Composite laminates subjected to either high- or low-velocity
impacts behave distinctively differently. For example, Cantwell

and Morton’ have shown that deformations of composite lam-
inates under high-velocity impacts are generally localized and
restricted to the contact area, while low-velocity impacts cause
global deformations, which, in turn, leads to low-velocity
impact responses that are generally highly geometry-
dependent. In addition, the effects of stress waves on damage
formation associated with high-velocity impacts are also more
pronounced than those with low-velocity impacts.”*' Due to
these factors, high-velocity impacts usually cannot be approx-
imated by quasi-static indentations. On the contrary, relevant
studies'” 2! %% have shown that, with the same boundary
conditions, low-velocity impacts can be equivalent to quasi-
static indentations, because both loading conditions on the
same composite panel create comparable damage states. As a
matter of fact, as suggested by Castellano et al.,>’ owing to
that the implementation of low-velocity impact tests is rela-
tively difficult and expensive, and impact test results are gener-
ally complex and largely scattered, many researchers have
sought quasi-static solutions or approximations to assess the
low-velocity impact damage behaviours of compos-
ites.?!**2 2% A typical application of quasi-static indentation
has been presented by Wagih et al.,'® who conducted a series
of quasi-static indentations to elucidate the damage sequence
of composite laminates subjected to low-velocity impacts.
Lammerant and Verpoest®” attempted to clarify the interaction
between the impact matrix crack and delamination by using
quasi-static indentations. Lee and Zahuta® tried to visualize
the impact damage growth process as the impact force surged
to its maximum value through the growth of the corresponding
indentation damages.

Those studies used quasi-static indentations to investigate
the damage behaviours and mechanisms of composite materi-
als subjected to low-velocity impacts, but the question that
remains to be answered is how to properly define such an
equivalence. To clearly answer this question, it is necessary
to find out common damage metrics between low-velocity
impacts and quasi-static indentations. The common damage
metrics here refer to the indices directly associated with the ini-
tiation and propagation of various impact and indentation
damages. In an impact test, the force-time curve can be
directly recorded (a typical force—time curve is shown in
Fig. 1(a)), and such an impact force history can convey vital
information relevant to damage initiation and growth.>> A dis-
tinctive parameter of the force-time curve is the peak force,
denoted as Fp,.x in Fig. 1(a), which is used as an important
damage metric,”' > where Liu et al.*'** even suggested that
there is a maximum £, for any laminate. When the impact
peak force is below this maximum value, the impact induces
only minor damages such as permanent dent and local matrix
cracking. Above that maximum value, significant delamina-
tions occur. From the perspective of impact energy, the ener-
gies related to damage initiation and propagation can be
separately represented by the energies before and after the
maximum value of F... Note that for an impact, the
energy-time curve can be indirectly obtained by numerically
integrating the force—time curve, which is shown in Fig. 1(b).
The rebound and absorbed energies are separately referred
to as the energies associated with the elastic deformations of
the impact target and those dissipated due to damages, plastic
deformations, dynamic vibrations, etc. In the critical impact
case mentioned by Liu, where F,,, is just equal to its maxi-
mum value, the impact energies obtained before and after F,,x
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Fig. 1

are suggested as damage initiation and propagation energies,
respectively. The peak force and the energy parameter corre-
sponding to the peak force could be used to establish equiva-
lence between a low-velocity impact and a quasi-static
indentation.

Lagace et al.'® adopted the peak force as a metric to link a
low-velocity impact and a quasi-static indentation. They
assumed that the peak force is a key factor in controlling dam-
age formations. In their study, low-velocity impacts were first
performed on composite laminates, and the corresponding
peak forces were recorded during the tests. Subsequently, the
same other laminates with identical boundary conditions were
indented up to the recorded impact peak forces. In contrast,
Kaczmarek and Maison®' employed energy as an equivalent
metric, and they believed that similar impact and indentation
energies could induce a similar final damage status in compos-
ites. Therefore, they indented the composite laminates first,
and then calculated the indentation energy by numerically inte-
grating the indentation force—deflection curve. Afterwards,
they impacted other composite specimens through an instru-
mented impact tower and equalled the gravitational energy
of the impactor with the calculated indentation energy by
adjusting the impactor to a certain height before the impact.

Since the energy similitude adopted by Kaczmarek and
Maison ignored the energies dissipated by frictions and
dynamic vibrations, which instead should be well considered
as suggested by Sjoblom et al.,** the peak force similitude pro-
posed by Lagace et al. is more reasonable. Therefore, for a sin-
gle impact and indentation, the impact and indentation
energies can only be considered equivalent if they induce sim-
ilar peak forces in the same composite targets with comparable
loading conditions, and this relationship can be formulated as

(Eindcmation)Single ~ (Eimpact)sing]ea as long as (Fmax‘ indcntation)sjngle

= (Fmax. impad)single
(1)

where (Eindenlalion)single and (Eimpacl)single are the Single indenta-
tion and impact energies, respectively, while (Fiax, indentation)-
single ANd (Finax, impact)single are the single peak indentation
and impact forces.

For repeated impacts, even though the impact energy is
identical for each impact, the associated maximum impact
force of each impact is not exactly the same due to the
damage-induced material property degradation®™ and the
dynamic vibration of the impact system.'' That is, in the case
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Typical low-velocity impact force—time and energy—time curves.

of repeated impacts, the impact peak forces and the impact
energies are not in a one-to-one correlation. Following exactly
the same peak force variation by using repeated quasi-static
indentations seems a more logical way to mimic the repeated
impact response and damage behaviour than the energy simil-
itude. However, a significant compromise has to be made to
use this approach, because the indentation force must be
adjusted manually each time according to the impact force
variation, which certainly undermines the pursuit of
automation.

To overcome this issue, in this study, CFRP laminates were
first Repeatedly Impacted (RI) at their centres with the same
applied impact energy for each single impact, with the impact
peak forces were recorded. Then, two quasi-static indentation
methods were employed, and their abilities to mimic the
impact responses and damage behaviours of the RI specimens
were evaluated. The first one was called Repeated Force equiv-
alent Quasi-Static Indentations (RF-QSI), which exactly fol-
lowed the same impact peak force variation, i.e.,

(Fmax( impact)n (2)

where (Fmaxa indentalion)n and (Fmaxa impact)n are the peak forces
of the n'™ indentation and impact, respectively.

The second quasi-static method maintained a constant
indentation energy that was equivalent to the single impact
energy until the indentation test was completed, and thus
was named Repeated Energy equivalent Quasi-Static Indenta-
tions (RE-QSI). The energies involved in the RE-QSI method
have a relationship with the single impact energy as

(Eindemation)n ~ (Eimpact)single (3)

where (Eindentation)r 18 the indentation energy for the 7™ inden-
tation, and (Eimpact)singe 1S the same as that defined in Eq. (1).

Another major difference between those two quasi-static
approaches is that the RE-QSI can be automated after the initial
setup on a testing machine, whereas for the RF-QSI, the terminal
force for each indentation needs to be manually adjusted accord-
ing to the recorded impact peak force variation.

(Fmax, indentalion)n -

3. Experimental details

3.1. Fabrication of specimens

In this study, rectangular CFRP specimens were used with
dimensions of 150 mm x 300 mm, a nominal thickness of
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2.5 mm, and a quasi-isotropic layup of [45/0/—45/90], in
which the 0° fibre direction was aligned with the short edge
of the specimen. These specimens were cut from a
1000 mm x 1000 mm x 2.5 mm hand layup square panel made
of carbon/epoxy prepreg M30SC/DTI10 supplied by Delta-
Tech S.p.a. This CFRP panel was put into an autoclave and
cured for 90 mins with a temperature of 120°C and a pressure
of 6 bar according to the manufacturer specifications. Finally,
ultrasonic C-scanning was performed on all specimens, and
those without defects were used for testing.

3.2. Test fixture

ASTM standards D6264-98* and D7136M-15°7 each sepa-
rately recommend a test fixture for impact and quasi-static
indentation tests. With these standard fixtures and test
approaches, the damage resistances of various composite
materials can be compared. However, the geometrical configu-
rations of these two fixtures for impact and indentation tests
are totally different, which, in turn, makes impact and inden-
tation damage behaviours incomparable. To keep the bound-
ary conditions of the impact and indentation specimens
consistent, a new test fixture was designed, which is shown in
Fig. 2. With this fixture, the short edges of a specimen are
bolted, while the long edges are clamped by friction. An
approximate four-side clamping boundary condition can thus
be provided by this fixture.

3.3. Repeated impact test

The RI test was performed with a drop-weight tower that is
shown in Fig. 3(a), in which 225 impacts (the number of
impacts was limited by the reality of operating the machine
manually) with a constant impact energy of 8.45 J were succes-
sively applied vertically to the geometric centre of the specimen
through a steel hemispherical impactor. The choice of 8.45 J as
the impact energy is based on the pre-experimental results that,
under this energy level, the corresponding single impact can be
approximated using a quasi-static indentation in terms of dam-
age formed. The impactor has a diameter of 30 mm and was
mounted on a steel mass with their total mass up to 2.91 kg.
For each impact, the impactor was dropped from a fixed
height so that a velocity of 2.41 m/s (£0.03 m/s) could be
achieved at the moment of contact with the front surface of
the specimen, theoretically delivering a constant impact energy
of 8.45 J. This instant velocity was measured by a velocity sen-
sor placed close to the specimen’s front surface (see Fig. 3(a)).

200
]| ]
(] -] 1
(] -]
nl o
) ] I
L] -] ‘
yRAye \
<120 +te25
150 Unit: mm

Fig. 2 Test fixture, test specimen clamped in indicated by the
hatched area.

After each impact, the rebounded impactor was captured auto-
matically by a capture device to avoid an unexpected sec-
ondary impact. Furthermore, a force transducer was adopted
to record the contact force history of each impact with an
acquisition frequency of 700 kHz.

3.4. Repeated quasi-static indentation test

A Zwick Roell 20-kN servo-hydraulic universal material test-
ing machine, as shown in Fig. 3(b), was employed to conduct
the repeated quasi-static indentation tests. Like the repeated
impacts, the repeated indentations were also applied to the
centre of the fully clamped specimens through a steel indenter
with an identical hemispherical shape to that of the impactor,
and the indentation rate was 3 mm/min. The force—deflection
curve of the composite specimen for each indentation was
directly recorded by a force and displacement transducer.

More specifically, the RE-QSI consisted of 225 indentations
with an identical energy of 6.51 J. The indentation energy of
6.51 J is considered equivalent to the single impact energy of
8.45 J, as they induced similar peak forces in the composite
laminates as illustrated in Eq. (1) and similar final damage sta-
tuses as the pre-experimental results suggested. Similarly, the
RF-QSI comprised 225 indentations, and the peak force
reached in each single indentation was equal to the corre-
sponding recorded impact peak force, which followed the prin-
ciple as shown in Eq. (2). Furthermore, the RE-QSI and RF-
QSI were both in displacement control; for the RF-QSI, each
indentation was loaded until the indentation force reached the
predefined value, which was determined with the impact peak
force variation, and then the unloading phase began, whereas
the RE-QSI started unloading as the expected indentation
energy of 6.5 J was reached.

3.5. Damage detection

Whether a method used to correlate impacts and quasi-static
indentations is appropriate depends on how the equivalence
in damage is defined, and thus on the damage detection meth-
ods adopted.””*%* To thoroughly characterize the final dam-
age statuses of the impacted and indented specimens, a
combination of several non-destructive and destructive dam-
age detection techniques was adopted. In order to characterize
the surface damage features, the damaged surfaces of the
impacted and indented specimens were scanned using a KEY-
ENCE VR-5000 wide area 3D surface measurement machine
(see Fig. 4(a)). Subsequently, all specimens were ultrasonically
C-scanned so that projected damage areas could be obtained,
the ultrasonic C-scan device is shown in Fig. 4(b). Afterwards,
the damaged specimens were sectioned along the path as
shown in Fig. 4(c) with an E281 secotom 10 precision cutting
machine. The exposed cut surfaces were ground sequentially
with 82, 46.2, 18, 8, and 5 pm grit sandpapers and polished
with diamond pastes. At last, the prepared samples were
observed under a KEYENCE camera microscope (see Fig. 4
(d)) at 5x magnification, with which the damage images of
the entire exposed cross-sectional surfaces could be obtained
by stitching the small micrographs of different local damage
areas. The cross-sectional damage images were then replicated
through Auto CAD 2020 software to facilitate comparisons
between the internal impact and indentation damages.
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Fig. 3  Details of impact and quasi-static indentation test devices.

4. Results
4.1. Comparison of the plate responses

4.1.1. Force-displacement curves

Plate responses of a composite laminate subjected to out-of-
plane impact/indentation loading are important for the forma-
tion of various damages. In general, similar plate responses
imply that similar stress fields in a composite laminate under-
going different impact/indentation events can be induced,
which could result in comparable final macroscopic damage
statuses in term of strenght of materils. In addition, the
responses of an impacted/indented composite laminate refer
to its deformation behaviours under out-of-plane impact/in-
dentation loading, which can be characterized by the recorded
force—displacement curve, also known as force—deflection
curve. To compare the plate responses of the repeatedly
impacted and indented composite laminates, in this section,
the 225 force—displacement curves for the RI, RE-QSI, and
RF-QSI specimens during the loading and unloading stages

are compared, and these comparisons are summarized in
Fig. 5.

Fig. 5(a) shows that all indentation force-displacement
curves of the RE-QSI and RF-QSI specimens coincide well
with those of the RI ones during the loading stages, though
significant oscillations are found in those stages of the RI
force—displacement curves. These oscillations in the impact
force—displacement curves were caused by the propagation of
flexural elastic waves associated with impacts, according to
Minak and Ghelli,® which did not occur during the quasi-
static indentations. Fig. 5(a) also shows that non-linear charac-
teristics were inherent to all curves of the impacted and
indented composite specimens. Kwon and Sankar*' reported
that the nonlinearity in the initial portion of the force—dis-
placement curves was attributed to the local Hertzian contact
deformation, whereas the membrane effect induced by large
deflection contributed to the subsequent nonlinearity. Besides,
another distinguishable feature of the RE-QSI and RF-QSI
curves during the loading phase was the change in the curve
curvature (see Fig. 5(a)), which was essentially a reflection of
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(a) KEYENCE VR-5000 wide area 3D
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Fig. 4 Damage detection setups and specimen cutting plan.
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Fig. 5 Comparison of 225 force—displacement curves between
RI, RE-QSI, and RF-QSI specimens.

sudden structural stiffness changes of the target laminate.*
Furthermore, before and after the curvature variations, the
force—displacement curves of the RE-QSI and RF-QSI speci-
mens almost followed identical loading paths until peak forces
were reached. In contrast, no such curvature changes were
observed in the RI force—displacement curves, and the curves
of different single impacts did not exactly coincide like their
quasi-static counterparts.

For comparisons of the unloading phases, Fig. 5(b) shows
that both of the RF-QSI and RE-QSI curves deviate greatly
from the RI curves, and a similar observation was also
reported by Nettles and Douglas.”> The unloading-phase RI
curves have a larger hysteresis than those of the corresponding
RF-QSI and RE-QSI curves, which indicates that more energy
was involved during the unloading phase of an impact than in
the indentation unloading stage. Moreover, Fig. 5(b) demon-
strates another significant difference between the repeated
impact and indentation force—displacement curves: the residual
deformations of the indented laminates are much smaller than
those of the impacted laminates. The residual deformation of
an indented specimen was negligible when each indentation
cycle was completed; however, the residual deformations of
the impacted laminates varied between 2 to 4 mm. In this
study, the inertial effect of a composite laminate is considered
to be the underlying cause for such significant differences in
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the residual deformations of the repeatedly impacted and
indented cases, as discussed below.

Owing to the influence of the inertia of the plate during an
impact, when the velocity of the impactor just reduced to zero
(the impactor still contacted with the laminate at this moment),
materials within the contact area and its adjacent regions still
moved along their original directions. Therefore, as illustrated
in Fig. 6(a), as the contact force became zero after a very short
time interval of that instant, the impacted specimen was still in
a significant deformation state, which led to the evident resid-
ual deformations of the RI specimen. However, such an iner-
tial effect did not occur throughout the whole indentation
process, and the indenter remained in contact with the speci-
men until the end of the indentation, which is illustrated in
Fig. 6(b). Additionally, the residual deformation within the
contact area of the impacted plate was a combination of the
permanent surface dent (plastic deformation of the matrix)
and plate deflection. The depth of the impact dent can be
neglected compared to the significant residual impact deflec-
tion. In contrast, for the indented specimens, the only residual
deformation was the indentation permanent dent. This
resulted in that the indentation force—displacement curves
could not exactly return back to zero when the indentation
force just vanished.

To clearly demonstrate the discrepancies in plate responses
of the impacted and indented composite laminates conveyed
from the force—displacement curves, the 1% force-displacement
curves of the RF-QSI and RI specimens were compared. The
comparison is shown in Fig. 7, and the corresponding residual
deformation features at the moment when the indentation/im-
pact was just completed were also marked in this figure. For
the indented composite specimens, as shown in Fig. 7, the peak
force and displacement are coincident, but the impact peak dis-
placement (D,,4) lags behind the impact peak force (Fiax)- To
highlight this difference, the displacement of the impacted
specimens related to Fi.x is denoted as Dgyay; the contact
force corresponding to Dy« on the impact curve is represented
by FDmax~

The phenomenon of the peak impact displacement lagging
behind the impact peak force was caused by the high impact
loading rate. As a matter of fact, the impact contact force
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I I
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T 1
| ) |
L____ _| _____ 1
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Fig. 6 [Illustration of deformation state of laminates at the
moment when impactor or indenter just lost contact with
specimens.
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Fig. 7 Comparison of the 1* force-displacement curves between
RF-QSI and RI specimens and their basic features.

was generated immediately at the instant when the impactor
just touched the laminate, and then the corresponding materi-
als started to move under the driving of this contact force. This
finally translated into the impact peak force always preceding
the impact peak displacement. On the contrary, the almost
zero loading rate of the quasi-static indentation caused no such
maximum contact force and maximum displacement out-of-
phase phenomenon, as can be observed in the indentation
force—displacement curves.

4.1.2. Peak force variations

The peak force in a force—displacement curve has been
employed by several researchers to rank the impact load-
carrying capabilities of various single impacted composite lam-
inates.®'* In this section, to further demonstrate the similar-
ities and differences in the plate responses of the impacted and
indented composite laminates, the variations of the peak forces
with indentation/impact numbers are compared. Considering
that the peak forces of the RF-QSI have exactly the same scat-
ter as those of the RI (see the impact and indentation peak
force relationships shown in Eq. (2)), here only the variations
of the RE-QSI and RI peak forces are compared. The peak
force variations with impact/indentation numbers are shown
in Fig. 8. Because each indentation of the RE-QSI has an iden-
tical indentation energy of 6.51 J and each impact of the RI
has the same impact energy of 8.45 J, the large scatter of the
impact peak force variation indicates a weaker one-to-one cor-
relation between the impact peak force and impact energy than
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Fig. 8 Peak force variations of RE-QSI and RI specimens.
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that in the indentation case. The scattered variation of the
impact peak force could mainly result from the dynamic vibra-
tions caused by the high impact loading rate, because the RE-
QSI peak forces varied stably, and no dynamic vibrations pre-
sented during the entire indentation processes.

Moreover, Fig. 8 shows that, for the 2™ indentation of the
RE-QSI and the 2™ impact of the RI tests, the peak forces
increased for both cases compared to those of the correspond-
ing 1% indentation and impact, which was due to resin harden-
ing in the contact area caused by the contact force.”” The
compacted contact area had a higher contact stiffness com-
pared to that of its original state, which resulted in an increase
in the peak force as the composite was subjected to another
identical indentation or impact. After the 2™ indentation,
the indentation peak forces stayed at a steady value until the
150™ indentation, at which a drop in the peak force variation
was observed. This force drop was potentially induced by a
sudden change in the structural stiffness of the indented lami-
nate due to an accumulation of damages.*® In general, it is pre-
dominantly matrix cracking and delamination contributing to
stiffness degradations in a composite laminate until extensive
fibre breakage occurs,* at which point the structure totally
loses its load-carrying capability. After the load drop, the
indentation peak forces re-stabilized at a smaller value. For
the impact peak forces, however, they always varied randomly
between 3600 and 4250 N until all 225 impacts were com-
pleted. Meanwhile, the upper bound of the impact peak force
variation before the 150'" impact was close to the stable inden-
tation peak forces. After the force drop, the impact peak forces
were observed to be evenly distributed in the areas adjacent to
the indentation peak forces.

In summary, the loading rate and inertial effect could bring
significant discrepancies in the plate responses of impacted and
indented composite laminates. A high impact loading rate
introduced dynamic vibration into the impact system (i.e.,
the combination of the impact device and impact target),
which in turn resulted in vibrations in the impact force—dis-
placement curve and large scatter in the impact peak force
variation. A high loading rate also caused the impact contact
force to always proceed the corresponding displacement, while
the plate inertial effect induced significant residual deforma-
tion at the instant as the impactor and specimen just lost con-
tact. As for the abilities of those two quasi-static approaches to
reproduce repeated impact responses, the RF-QSI method
could accurately track the variation of impact peak forces,
whereas the RE-QSI force—displacement curves fitted the RI
curves better than the RF-QSI ones during the loading stages.
However, neither of them could produce similar force—dis-
placement curves to those of the RI specimens during the
unloading stage, due to that both of these two quasi-static
methods failed to simulate the inertial effect that was usually
accompanied by a high impact loading rate.

4.2. Comparison of damage behaviours

CFRP composites are typical brittle materials, which means
that macroscopically only elastic and damage phases can be
distinguished during an impact or indentation process. Those
above comparisons are limited to the elastic plate responses
of repeatedly impacted and indented composite laminates.
For the purpose of understanding the similarities and differ-

ences in damage behaviours, and to determine which quasi-
static method is more feasible in mimicking impact damage
behaviours, the damage morphologies of different composite
specimens were compared in this section.

4.2.1. Surface damage morphology comparison

Firstly, the surface damages within and around the contact
areas of repeatedly indented and impacted specimens were
compared. For this, the tested specimens were scanned under
a KEYENCE VR-5000 wide area 3D surface measurement
machine. Using this machine, the 2D and 3D surface damage
morphologies could be obtained directly, which are shown in
Figs. 9 and 10, respectively. Fig. 9 shows that the 2D damaged
surfaces of the RI, RF-QSI, and RE-QSI specimens have very
similar damage characteristics: no matrix failures were
observed within the contact areas. Instead, there are two
straight surface cracks that coincide with the diameter of the
contact area and along the —45° fibre direction, which indi-
cates that these surface cracks grew perpendicular to the
indented/impacted surface fibre orientation.

In addition, the 3D surface damage morphologies shown in
Fig. 10 clearly illustrate the major difference between the
repeatedly impacted and indented specimens, i.e., the maxi-
mum indentation dent depth is deeper than the maximum dent
depth of its impact counterpart (about 3 and 0.6 um for the
impacted and indented cases, respectively). Contrastingly, the
in-plane diameter (i.e., the dent diameter that is contained in
the impacted/indented surface of the specimen) of the impact
dent is approximately 10 mm and is close to that of the inden-
tation dent (~9 mm). Because the permanent impact/indenta-
tion dent is essentially the result of plastic deformation of the
matrix directly induced by contact force/pressure, strain rate
hardening of the polymer matrix is considered to be the major
reason for such discrepancy in maximum dent depths of the
impacted and indented composite specimens. As a matter of
fact, the loading rates of the investigated repeated impacts
were several thousand times larger than those of the quasi-
static indentations, given that the single impact duration in this
study was about 0.006 s, while the entire single indentation
process took about 2 min.

4.2.2. Surface damage morphology comparison

Due to the opaque nature of the CFRP laminate, it is impos-
sible to directly observe internal damages without the assis-
tance of damage detection techniques. For the purpose of
obtaining a basic understanding about the internal damages
of the impacted and indented composite laminates, the features
of the recorded C-scan damages were first evaluated, and the
corresponding C-scan recordings are shown in Fig. [11.
Fig. 11 shows that the biggest difference between the impact
and indentation C-scan damages is that no damages were
observed in the centre of the indentation C-scan damage areas
(labelled I in Fig. 11(a) and (c)). These undamaged areas were
high out-of-plane compression and low out-of-plane shear
stress areas, as the maximum indentation forces were just
reached.®

In general, a high out-of-plane compression stress prevents
propagation of delaminations in indented/impacted composite
laminate, while high out-of-plane shear stresses induce the ini-
tiation of matrix cracks that trigger the onset of delamination,
and the out-of-plane shear stresses are also believed to be the



Assessment of two quasi-static approaches to mimic repeated impact 109

0

R RVE LR

(a) Caused by RI (b) Caused by RF-QSI

Fig. 9 Two-dimensional surface damage morphologies caused by different repeated out-of-plane concentrated loads; note that RI
consisted of 225 impacts and both RF-QSI and RE-QSI consisted of 225 indentations.
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Fig. 10  Three-dimensional surface damage morphologies; note that the RI and RE-QSI consisted of 225 impacts and 225 indentations,
respectively.

90° 902 e o0
T_» 0° L 0° L’ 0°
(a) Caused by RE-QSI (b) Caused by RI (c) Caused by RF-QSI

Fig. 11  Projected ultrasonic C-scan damage areas; note that RI consisted of 225 impacts, and both RF-QSI and RE-QSI consisted of
225 indentations.
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major forces driving the subsequent delamination propaga-
tion. Further, literature has shown that, for a transversely
indented composite laminate, an out-of-plane compression
stress is induced by the contact pressure, and out-of-plane
shear stresses are caused by a combination of local contact
and global bending deformations.**

In this study, it was observed that the indenter remained in
contact with the specimen throughout the whole indentation
process. Therefore, for the quasi-static indentations, the out-
of-plane compression and shear stresses always occurred
simultaneously within the contact area and caused the indenta-
tion delaminations to fail to propagate in the contact centre
region. However, for the impacts, from the instant when the
rebound of the impactor began to the loss of contact between
the impactor and specimen, the out-of-plane compression
stress gradually disappeared from the contact area. Mean-
while, as shown in Fig. 5(b) and illustrated in Fig. 6(a), the
impacted specimen was still significantly deformed. This
resulted in the out-of-plane shear and compression stresses
being out-of-phase during this very short time interval after
the impactor rebound just began, so that the formed impact
delaminations could propagate within the contact area.

To compare the projected C-scan damages of the RI, RE-
QSI, and RF-QSI specimens more intuitively, the damage
envelopes were obtained through the AutoCAD 2020 software
and compared in the same polar coordinate system, which are
shown in Fig. 12. The comparisons show that the RI specimen
has a roughly circular damage shape, while those of the RE-
QSI and RF-QSI specimens are close to ellipses with their
major axes parallel to the 45° direction. Moreover, the RI
specimen has the largest C-scan damage area among all cases,
and the C-scan damage envelop of the RE-QSI specimen is clo-
ser to that of the RI specimen than the RF-QSI one, owing to
the RE-QSI and RI specimens have similar C-scan damage
envelop diameter lengths along the 45° direction. However,
neither the RF-QSI nor the RE-QSI methods could induce
exactly the same C-scan damage area shape as that of the RI
method in the composite laminates.

Because the RF-QSI and RE-QSI specimens have almost
elliptical C-scan damages, whereas that of the RI specimen is

Fig. 12 Comparison of C-scan damage envelopes between RI,
RE-QSI, and RF-QSI specimens; note that RI consisted of 225
impacts, and both RF-QSI and RE-QSI consisted of 225
indentations.

almost circular, the factors affecting the formation of damages
of the repeatedly impacted and indented composite laminates
should be different. Besides, the C-scan damage is usually a
superposition of several single delaminations at different ply
interfaces, and the discrepancy between the impact and inden-
tation C-scan damages is therefore essentially a reflection of
the difference between the formed impact and indentation
delaminations. Fig. 12 shows that the magnitude of the differ-
ence between the impacted and indented delaminations
depends on the direction; moreover, it is known that the prop-
agation speed of the impact-induced flexural elastic wave is
also direction-dependent.*’ Therefore, the underlying reason
for the discrepancy between the impact and indentation C-
scan damages should be most relevant to the effect of the flex-
ural wave on the delamination growth. However, a detailed
justification of this statement is not given in this study consid-
ering the complexity of the potential problem(s); instead, it can
be proposed as a hypothesis for further studies. Furthermore,
owing to that both the RF-QSI and RE-QSI methods induced
smaller projected delamination areas compared to those of the
repeated impacts, in terms of the delaminations formed, it is
conservative to use the repeated quasi-static indentations to
approximate the repeated impacts.

4.2.3. Cross-sectional damage comparison

The surface and C-scan damages lack details on through-
thickness damage distributions, to overcome this problem,
the tested RI, RF-QSI, and RE-QSI specimens were sectioned
along the red line shown in Fig. 4(c). The relevant cross-
sectional damage morphologies are summarised in Fig. 13,
which shows that all specimens have similar delamination dis-
tributions, most of the single delaminations are symmetrical
around the centrelines of the samples (red dashed lines in
Fig. 13), and the longest delaminations were observed at the
interfaces adjacent to the mid-planes of the laminates. Those
similar delamination distributions indicate that the delamina-
tions in the impacted and indented laminates in the cut direc-
tion follow similar growth principles. The basic feature of the
damages obtained by C-scan can also be highlighted by the
detailed cross-sectional damages. It was observed from the
C-scan results that no damage was detected within the contact
centres of the RF-QSI and RE-QSI specimens (see Fig. 11),
and the internal damage statuses of these regions with no
detectable C-scan damages can be provided by the cross-
sectional damages. As shown in Fig. 13, delaminations also
exist in these undamaged regions in the C-scan results of the
RF-QSI and RE-QSI specimens, but the delamination densi-
ties within those areas are negligibly small compared to that
of the impact one, especially in the RF-QSI case. Additionally,
the low-delamination density area has a cone shape, which is
shown in Fig. 13(b)(iii).

Two types of matrix cracks are shown in Fig. 13: one is con-
nected with and formed part of the delamination (see the short
blue lines), and the other is independent of the delamination
(see the cyan lines). The cracks associated with the impact
and indentation delaminations all typically have an approxi-
mate 45° inclination, which suggests that these cracks were
caused by the out-of-plane shear stresses. For an impacted
composite laminate, the delaminations are always induced by
these inclined matrix cracks.”® The similarities between the
indentation and impact matric cracks, which are connected
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represented by the blue lines; the isolated matrix cracks are represented by the cyan lines), where L refers
to the length of the rectangular cross-section.

Fig. 13 Cross-sectional damage morphologies of the specimens: (i) caused by the RE-QSI, (ii) caused by the RI, and (iii) caused by the

RF-QSI; note that the RI consisted of 225 impacts, and both the RF-

to the delaminations, indicate similar delamination initiation
mechanisms between the impact and indentation -cases.
Fig. 13 also shows that the impacted specimen has the densest
matrix cracks that are linked to the delaminations, and the
matric crack and delamination distributions of the RF-QSI
specimen are more similar to those of the RI specimen if the
damages just beneath the impact site are not taken into
account. As for the isolated matrix cracks, most of them are
distributed vertically near the bottom sides of the specimens
and are symmetrical about the centrelines of the samples.
Those isolated matrix cracks are believed to be caused by the
in-plane tensile stresses. Besides, the isolated matrix cracks of

QSI and RE-QSI consisted of 225 indentations.

these three specimens are very close to each other in both dis-
tribution and density, which emphasizes that the in-plane ten-
sile stress distributions induced by laminate bending
deformations are less dependent on the potential impact-
related damage formation influencing factors. Note that the
fibre failures of the repeatedly impacted and indented compos-
ite laminates were not compared in this study. The reason is
that the majority of fibre failures (i.e., fibre compressive and
tensile failures) were generally removed from the cross-
sections when polishing the microscopic samples, and the
remaining fibre failures were hidden inside the matric cracks
and delaminations. This means that the major damage features
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Fig. 14 Comparison of normalized single delamination lengths
at different ply interfaces of different specimens.

of the fibre failures were either destroyed or hidden, which in
turn renders the comparisons of the impact and indentation
fibre failures meaningless.

In general, comparing quantified damages is a more reason-
able way to convey differences among various damage modes
associated with different loading conditions than directly com-
paring the corresponding damage morphologies. Delamination
is a damage mode that is easier to be observed and quantified
than matrix cracks and fibre breakage and can thus be adopted
as a similarity indicator between the repeated impacts and
repeated quasi-static indentations damage behaviours. To
quantify the comparison of the impact and indentation delam-
inations, the lengths of the single delaminations at different ply
interfaces were measured. These single delamination lengths
were then normalized by the lengths of the rectangular cross-
sections (labelled L in Fig. 13(b)(iii))), and the normalized
delamination lengths of different ply interfaces are finally pre-
sented in Fig. 14. This detailed ply-by-ply normalized delami-
nation length comparison suggests that the delaminated

Table 1 Specific values for D, greqsi and D, rp.qsi at
different ply interfaces.

Ply interface D, re-Qst  Du, RF-Qs1 Dn, RE-QsI = Di, RE-QsI
12(m=1 000 0.15 —0.15
23m=2 009 0.09 0.00
34m=3 015 0.00 0.15
45m=4 011 0.13 ~0.02
560 =75 0.24 0.04 0.20
670 =6 010 0.15 ~0.05
78m =717 000 0.08 ~0.08
89 =28 000 0.00 0.00
910(n=9) 055 0.43 0.12
1011 = 10) 0.10 0.06 0.04
112 = 11) 005 0.03 0.02
1213 = 12) 045 0.11 0.34
13_14(n = 13)  0.60 0.10 0.50
14_15(n = 14) 005 0.09 —0.04
15_16 (n = 15) 0.04 0.01 0.03

interface amounts of the impacted and indented specimens
are broadly similar, but no indentation delamination was
observed at the interface 1_2.

Further, based on the data shown in Fig. 14, the absolute
differences between the normalized impact and indentation
delamination lengths at different ply interfaces, D, rg-qsi
and D, grr.gsi, can be calculated as

D, RE-QSI/RF-QSI = }Ln, R — Ly, RE-QSI/RF-QSI| (4)

where n refers to the n'" ply interface, and the 1% one is that
closest to the impact/indentation surface. L, r1, L, re-Qsi
and L, rr.gsi are the normalized cross-sectional delamination
lengths at the n'" ply interface of the RI, RE-QSI, and RF-QSI
specimens, respectively. Therefore, the parameters D, re-gsi
and D, rr.qsi can be used to evaluate the capability of the
RE-QSI and RF-QSI methods in mimicking the impact delam-
ination behaviours, and according to their definitions in Eq.
(4), the smaller D,, rg-gsi or D, rr-gsi is, the better the simi-
larity between the impact and indentation delaminations is.

The specific values for D, rg.gs1 and D, rp.gs1 are tabu-
lated in Table 1, with which three different cases, i.e., D, rg-
ost > D, rrost Dn RE-QsI D,, rr-qsi, and D, Rrg-
ost < D, rr.gsi, can be distinguished. Table 1 shows that
the percentage of D, re.gsi > Du, rr-gst i 53.33% (where
n = 3,5,9,10, 11, 12, 13, 15), whereas in the case of D,
RE-QSI < D,,’ RF-QSI (Where n = 1, 4, 6, 7, 14), the percentage
is 33.33%. This indicates that the single delamination lengths
at different ply interfaces induced by the RF-QSI method are
closer to the RI loading condition.

5. Discussion

This work proposed an automated quasi-static test procedure
to mimic the repeated impact response and damage behaviour
of CFRP composite laminates and compared it with another
newly developed semi-automatic quasi-static solution. Their
abilities in mimicking the repeated impact response and dam-
age behaviour were evaluated in terms of the similarities in
plate responses and final damage state. Based on the investiga-
tion outputs, the impact-mimicking performances with regard
to plate responses and damages of the RE-QSI and RF-QSI
methods as well as their automations are illustrated in Fig. 15.

5.1. Plate response

Loading rate and inertial effect are the two major factors that
contribute to the gap between the plate responses (represented
by the force—displacement curve and peak force variation) of the

Automation

10 Excelent
. e RE-QS] === RF-QSI
Fair

0 Bad

W

Plate response * 3 Damage

Fig. 15 Illustration of the performances for the two quasi-static
solutions to mimic the repeated impact response and damage
behaviour of CFRP laminates.
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repeatedly impacted and repeatedly indented composite lami-
nates. The dynamic vibration associated with a high impact load-
ing rate induced evident noise in the recorded impact force—
displacement curves (Fig. 5) and large scatter in the peak impact
force variation (Fig. 8). The high loading rate also directly caused
the contact forces to precede the corresponding material displace-
ments. In particular, as shown in Fig. 7, it resulted in the impact
peak displacement lagging behind the peak forces. Moreover,
the significant residual deformation associated with the inertial
effect at the moment when the impactor and specimen just lost
contact was observed, which did not occur in the indentation pro-
cess. Because the loading rate of the quasi-static indentation is
quite small compared to that of the impact and the inertial effect
for the indented composite laminates is negligible, the indentation
contact force and the material displacement were always present
simultaneously during the entire indentation process. These com-
parisons showed that both the RF-QSI and RE-QSI methods
failed to imitate impact plate responses which were highly affected
by the loading rate and inertial effect. However, Fig. 5(a) showed
that the loading phases of the impact and indentation force—dis-
placement curves were comparable, which indicated that the load-
ing phase of the impact curve was less dependent on the loading
rate and inertial effect, and the RE-QSI curves fit the repeated
impact curves better than those of the RF-QSI. Though neither
mimic reproduced impact plate responses well, the RE-QSI out-
performed the RF-QSI.

5.2. Damage

Compared to the final repeated impact damage state, both the
RE-QSI and RF-QSI methods induced quite similar surface
damages (i.e., permanent dent and surface crack, as shown
in Fig. 9), comparable projected delamination areas
(Fig. 11), similar internal damage distributions (i.e., matrix
crack and delamination distributions, as shown in Fig. 13),
and similar delamination lengths at different ply interfaces
(Fig. 14). These similar impact and indentation damage mor-
phologies demonstrated that the damage mechanisms for the
repeatedly impacted and indented composite laminates were
rather close to each other.

However, there were also different features between the impact
and indentation damages, such as the shallower impact dent depth
compared to that of the indentation case (Fig. 10), and no dam-
ages in the centre of the projected indentation delamination area
(Fig. 11). The shallower maximum impact dent depth could be
attributed to the strain rate hardening effect of the matrix, and
the contact between the impactor and the laminate that ended pre-
maturely relative to the significant impact deformations was
responsible for the formation of delaminations in the contact area
centre. Owing to that the RF-QSI method induced a closer matrix
crack distribution (Fig. 13) and closer normalized cross-sectional
delamination lengths (Table 1) to those of the impact cases than
those associated with the RE-QSI method, the RF-QSI has better
impact damage reproducibility than that of the RE-QSI, which is
illustrated in Fig. 15.

5.3. Automation

The RF-QSI method was performed in a semi-automatic fash-
ion, as for each indentation of the RF-QSI, the indentation

peak force needed to be manually adjusted according to the
recoded impact peak force variation. After that, each indenta-
tion of the RF-QSI could be performed automatically. On the
contrary, for the RE-QSI, owing to that the indentation energy
was the same for all single indentations, once the indentation
energy and total number of indentations were input into the
control system of the testing machine, the RE-QSI could be
conducted in a completely automatic way like mechanical fati-
gue testing. Therefore, in terms of degree of automation, the
RE-QSI method has an inherent advantage over the RF-QSI
one.

6. Conclusions

The capabilities of two quasi-static approaches to mimic
repeated impact response and damage behaviour of multidirec-
tional CFRP composite laminates were investigated. The sim-
ilarities between the indentation and impact behaviours were
evaluated through comparisons of the plate responses (repre-
sented by the force—displacement curve and peak force varia-
tion) and final damage status (i.e., surface damage, projected
delamination area, cross-sectional delamination, and matric
crack distribution). The main conclusions are:

e High loading rate and inertial effect are the two major fac-
tors affecting the responses of repeatedly impacted compos-
ite laminates. The high impact loading rate induced serious
vibrations in the impact system and caused the contact
forces to always lead the related material displacements,
while the inertial effect resulted in significant residual plate
deformation at the instant when the impactor and compos-
ite laminate just lost contact. Both the RE-QSI and RF-QSI
methods failed to mimic the impact responses that were
highly influenced by these two factors.

The RF-QSI method can yield better similarities in the final
repeated impact damage state of composite laminates than
those of the RE-QSI method. However, the RE-QSI can be
automated and has better reproducibility of the repeated
impact responses, which are less dependent on the loading
rate and inertial effect, whereas the RF-QSI cannot be per-
formed in such an automatic fashion, as the input peak
indentation forces must be adjusted each time to follow
the varied impact peak force recordings.
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