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ABSTRACT

This study is aimed at comparing the response of TS-based (epoxy) and TP-based (PPS or PEEK) laminates
subjected to low velocity impacts. C-scan inspections showed that impact led to diamond-shaped dam-
age resulting from different failure mechanisms: fiber breakages in warp and weft directions, more or less
inter-laminar and intra-ply damage, and extensive delamination in C/PEEK and C/epoxy laminates. The
permanent indentation can be ascribed to specific mechanisms which mainly depend on many factors
including the ultimate out-of-plane shear strength, and the interlaminar fracture toughness in modes
I-II-1II. In TP-based laminates, the matrix plasticization seems to play an important role in matrix-rich
areas by locally promoting permanent deformations. Fiber-bridging also prevents the plies from opening
in mode I, and slows down the propagation of interlaminar and intralaminar cracks in modes II-III. Both
mechanisms seem to reduce the extension of damages, in particular, the subsequent delamination for a
given impact energy. In epoxy-based laminates, the debris of broken fibers and matrix get stuck in the
cracks and the adjacent layers, and create a sort of blocking system that prevents the cracks and delam-

ination from closing after impact.

1. Introduction

Polymer matrix composite laminates are prone to delamination
when impacted, resulting in low damage tolerances, which is of
great concern for load carrying applications. To discuss the impact
behavior of polymer matrix composites it is initially helpful to con-
sider the nature of constitutive materials and the reinforcement
type [1]. The use of thermoplastics (denoted TP) predominates in
unreinforced materials as well as in short fiber-reinforced compos-
ites. Long and continuous fiber-reinforced composites are still
dominated by thermosetting (TS) polymer matrices, because they
are particularly suited for impregnation into the fibers reinforce-
ment. Thus, TS matrix composites have been extensively used over
the past 40 years in aeronautical applications. Even though they
display interesting mechanical properties, they also present unde-
niable drawbacks, such as the need for low-temperature storage, a
hard-to-control cure process, a very long curing process, and hand-
made draping, which causes most of the irreversible defects of the
manufacturing process. In such an environment, high-performance
thermoplastic resins (e.g. PEEK and PPS) offer a promising alterna-
tive to TS resins. Indeed, semi-crystalline TPs resins offer a number
of advantages over conventional TS resins (such as epoxies): a high
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degree of chemical resistance, excellent damage and impact resis-
tances, and they may be used over a wide range of temperatures.
Lastly, there are numerous engineering reasons why TP composites
are attractive as aerostructures: increased toughness compared
with TS resins, inherent flame retardancy, and they are associated
with low-cost manufacturing processes like thermofolding, stamp-
ing, welding and co-consolidation.

2. Literature review

As low velocity impact is one of the most detrimental solicita-
tions for laminates, high-performance TPs are considered in com-
posites structures mainly for damage tolerance. Impact-induced
damage is particularly critical because it drastically reduces the
residual mechanical properties of the structure [2-4]. Very few
authors have compared the impact behavior of TS- and TP-based
composite structures, and their effects on residual strength
[5-10], as well as the damage tolerance of UD-ply and woven-ply
laminates [10-12]. It appears from literature that TP-based com-
posites display a better resistance to the impact damage than
epoxy-based composites. The brief literature review, herein, is
not aimed at giving a general overview of the impact behavior of
TS-based laminates for which a great number of references are
available in the literature [2,13-15]. In the early 90s, the impact
performance and damage tolerance of TP-based composites had



been studied in order to understand why such materials were often
more damage tolerant than TS-based composite materials [16,17].
To this aim, a few authors have investigated the influence of matrix
type and morphology on the ability of TP-based composites to
withstand penetration [18,19], absorb energy, and sustain damage
at different temperature levels. Most of the studies about the im-
pact performance, and damage tolerance of TP-based composites
deal with PEEK-based composites [8,9,20-23]. However, only very
few references report the impact behavior of PPS-based laminates
[7,20,24-27]. The impact energy adversely affects the impact per-
formance of the laminates, whereas the effect of impact velocity is
found to be insignificant. Among the properties governing the im-
pact behavior of laminated composites, the critical strain energy
release rates Gic and Gy are of the utmost importance, and are
associated with the mode I and mode II interlaminar fracture
toughness [28-31]. In addition to the contribution of the matrix
toughness to the impact performance of a composite system, the
impact behavior and the damage tolerance are also importantly
influenced by the reinforcement architecture. The issue of the spe-
cific impact behaviors of UD-ply laminates and woven-ply lami-
nates has been well addressed in [10-12,19,20,32-37,38]. An
illustration of the important contribution of fiber reinforcement
to impact behavior is emphasized by Ghaseminejad et al. who

Table 1
Material properties of the different composite systems [41].

C/PEEK  C/PPS  Clepoxy (914)
Average thickness (mm) 2.25 2.29 24
Price® (€/kg) 145 100 200
Density (g cm™3) 1.54 1.56 1.48

Yield strength T, at 0.2% (MPa) 64 53 56

Ultimate strength (MPa) Ty 149 115 116
Ty 83 54 68

Eyx (GPa) 59.1 56.5 63.3

E,y (GPa) 59.4 58.2 63.7

¢ The price is given by the company Aircelle and includes all the steps required to
get a consolidated plate from the raw materials.

studied the impact behavior and damage tolerance of two thermo-
plastic (PEEK and PPS) reinforced with carbon fiber woven fabric
[20]. This reference presents a good overview of the failure mech-
anisms of woven-fabric laminates in mode I and mode Il delamina-
tion, and under impact loading. Potential advantages of using
woven fabrics as opposed to cross-ply UD prepreg tapes are ob-
served: woven-fabric laminates exhibit much higher G,c values (of-
ten more than 4-5 times) than the UD counter-parts. The unique
features and advantageous failure mechanisms are identified:
inherent roughness of the fabric [39]; the availability of matrix-
rich regions between the fabrics; crack propagation along the
undulating pattern of the yarns creating a large fracture surface
area; and multiple crack fronts delamination [12]. Thus, woven-
ply laminates usually display reduced maximum loads, smaller
damage areas, higher ductility and residual CAI strength than
UD-ply laminates [34], mainly because of higher mode II interlam-
inar fracture toughness. At last, even though the qualification of
the impact damage (size and severity of damage, permanent
indentation) remains difficult, standard nondestructive evaluation
methods such as ultrasonic C-scan imaging are often used, partic-
ularly when it comes to detect delamination in polymer-based
composites [40]. From this literature review, it seems necessary
to look further into matrix’s specific contribution to the impact
performance, and damage tolerance of different types of woven-
ply laminates. To this aim, low velocity impact tests have been con-
ducted at different impact energies. Fractography and C-scan
inspections have also been performed to identify the damage
mechanisms and the delaminated area. In order to assess the
severity of damage, CAI tests results will be presented in a forth-
coming paper.

3. Experimental setup
3.1. Materials

The composite materials studied in this work are carbon fabric-
reinforced prepreg laminated plates consisting of different matrix

Impactor : 2 kg
150 mm

Impacted
side

(0/90)

A
]
]
i
,J'_\
]
]
|

100 mm

(245)
(0/90

(145)
(0790}

Interfaces
numbering

2.2 mm

Standard AITM 1-0010

(a)

= NWE D

(+45)

(0/20)
Non-impacted
side

—

(b)

Fig. 1. Reference case: (a) impact set up, and (b) stacking sequence of the laminate.

Table 2
Results of impact tests for different impact energies.
C/PEEK C/PPS C/epoxy

Eimpact (J) 1.88 592 1025 1695 2365 1.73 578 1037 169 244 175 585 103 174 25
Delaminated surface (mm?) 0 52 191 555 900 0 42 230 445 600 0 142 434 763 978
Max. displacement (mm) 2.61 466 6.19 8.59 1136 25 444 631 8.34 11.35 242 455 6.47 9.9 Perforation
Egissipated (J) 045 344 6.74 1348 2087 03 296 6.79 13.05 2194 064 37 7.78 16 22.6
Egissipated/Eimpact (%) 24 58 66 80 88 17 51 65 77 90 37 63 76 92 90




systems: TP (PPS or PEEK) and TS (epoxy). The PPS resin (Fortron
0214) is supplied by Ticona, the PEEK resin (grade 150) is supplied
by Victrex, and the epoxy resin (914) is supplied by Hexcel. The
woven-ply prepreg laminate consists of 5-harness satin weave car-
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Indentation

0.2

Impacted side

(a)

Dent depth (mm)

bon fiber fabrics whose reference is T300 3 K 5HS, and is supplied
by SOFICAR. The volume fraction of fibers is 50%. The prepreg
plates are hot pressed according to a Quasi-Isotropic lay-up:
[(0,90)/(+45)/(0,90)/(+45)/(0,90)/(+45)/(0,90)] in TP-based lami-
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Fig. 2. Dent depth: (a) contour plot and corresponding 3-D image of damaged specimen, and (b) changes in dent depth as a function of the impact energy on the impacted
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nates, and [(0,90)/(+45)/(+45)/(0,90)/(0,90)/(+45)/(+45)/(0,90)] in
C/epoxy. The lay-up slightly differs in order to get similar lami-
nates’ thicknesses. The laminates’ thickness was averaged from
measurements at different points: 2.25 mm in C/PEEK, 2.29 mm
in C/PPS, and 2.4 mm in C/epoxy laminates. The specimens were
cut into 600 x 600 mm? flat panels with a water-cooled diamond
saw. Specimens are 100 x 150 mm? plates, and complies with
the standard Airbus AITM 1-0010, except for the recommended
thickness (4 mm). The main mechanical properties (see Table 1)
of the three composite systems investigated in this work have been
evaluated in previous works [28,41,42].

3.2. Experimental procedure

Low velocity impact tests have been conducted at room temper-
ature on the three composite materials for different impact ener-
gies ranging from 2 ] (#indentor = 1.4 m/s) to 25 | (#ndentor = 5 M/s)
such as: 2], 6], 10.5], 17], 25]. The tests were conducted using
a guided drop weight tester characterized by a hemispherical steel
indentor (diameter = 20 mm), and an impactor whose weight is
2.077 kg (see Fig. 1). The drop tower also consists of an optical sen-
sor used to evaluate the initial velocity before the impact, a piezo-
electric force sensor to measure the impact load. Two specimens
have been tested in each configuration. According to the previous
standard, the BVID (Barely Visible Impact Damage) is defined by
0.6 mm of indentation after relaxation of the structure and without
being exposed to any humidity [43]. The data acquisition is
achieved using a Yokogawa DL708 digital oscilloscope, which mon-
itors two types of signals (force and intensity of the laser beam) at
200 kHz frequency. Finally, the impact damage was assessed by
subsequent C-scan inspection and microscopic assessment of im-
pacted specimens.
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4. Results
4.1. Permanent indentation

Laminates can absorb the impact energy by different means
including indentation (representative of local matrix crushing
and local fiber breakage), delamination (inter-yarn fracture), split-
ting (intra-yarn fracture) or fibers peeling on the non-impacted
side [25,44,45]. For every impact energy, it appears that C/epoxy
presents the highest ratio of dissipated energy compared with im-
pact energy, whereas the energy dissipated during impact is virtu-
ally the same in C/PPS and C/PEEK (see Table 2). Such a ratio
usually increases to reach a maximum value at the onset of perfo-
ration, as can be observed in the C/epoxy case [26]. The measure-
ment of the specimen’s indentation is typically used to assess the
impact damage. In general, the indentation just after the impact
(temporary indentation), is always higher than the indentation
after relaxation of the impacted composite. Such relaxation effects
can be neglected after 48 h to get the permanent indentation
[45,46]. The indentation (see Fig. 2a), also called dent depth, is

measured using a dial indicator with an error of £0.01 mm at sev-
eral locations and according to different directions of the specimen.
In TP-based laminates, the BVID (0.6 mm) is reached at about 13]
(C/PPS) and 16 ] (C/PEEK), whereas it is reached at about 11 ] in C/
epoxy (see Fig. 2b).

4.2. Force-displacement curves

The force-displacement curves show the specimen’s stiffness
(slope of the curve), the maximum displacement, and some infor-
mation about damage for every impact energy (see Figs. 3 and 4).
For the maximum impact energy (25]), the force-displacement
curve can globally be divided into four main parts [45]. The first
part of the curve is linear and represents the stiffness of the non-
damaged specimen. For comparison purposes, the red-dotted line
represents the theoretical stiffness calculated from the plates’ the-
ory. At a force level of 2 kN and a deflection of 3 mm (for laminates’
average thicknesses of about 2.3 mm), the load-deflection curves
of C/PEEK and C/PPS show a clear change in stiffness (see Fig. 3a
and b), indicating damage initiation. In epoxy-based specimens,

=
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TTT failure

C/PPS

|
—

FF: fibers failure

TTT failure: Through
the thickness failure

Fig. 6. C-scan inspection of impacted specimens.



stiffness changes for an impact force of about 2 kN (see Fig. 3c), and
a deflection of the plate of about 2.8 mm (for laminates’ average
thicknesses of about 2.4 mm). The previous observations suggest
that damage appears as a result of the same impact forces in the
studied composite systems, indicating the start of the second part.
Once the material’s stiffness has changed during low velocity im-
pact tests, the profile of the force-displacement curve is unique
to each material. However, a few common features can be ob-
served in the three composite systems: the sawtooth profile is
associated with the specific impact damage that will be discussed
further. At some point during the impact test and depending on the
impact energy, the maximum force borne by the laminates can be
determined in the third part of the typical impact force-displace-
ment curve. A threshold seems to appear at about 3 kN for 10.5],
17 J and 25 J impact energies. On the one hand, the maximum force
reached in C/PPS is always equal or slightly higher than the one
reached in C/PEEK. A maximum force threshold (about 3 kN) seems
to be reached at 17]. On the other hand, C/epoxy laminates per-
form similarly to TP composites from 2] to 6] impact energies.
After this threshold, the force gradually decreases to reach the last
part of the curve when the force becomes equal to zero. For higher
impact energies, there are two main differences: the force thresh-
old is lower (2.4 kN), and the 25] impact causes the specimen’s
perforation, hence justifying a residual force at the end of the test.
For a relevant comparison of the impact performance of the three
materials, force-displacement curves have been compared for
every impact energy (see Fig. 4). C/epoxy laminates present the
lowest impact resistance for all impact energies, whereas TP-based
laminates display a rather similar impact damage behaviors in
terms of force-displacement responses. The inflection and the sud-
den drops (associated with a type of damage that will be discussed
in the next section) observed on the force-displacement curves are
virtually the same for impact forces less than 2 kN. For higher force
levels, the profile of these curves depends on specific impact dam-
age scenarios which can be analyzed from the macroscopic obser-
vations (see Fig. 5), the C-scan inspections (see Fig. 6), and the
microscopic observations of 0° and 90° cuts of impacted specimens
(see Figs. 9-11). On the load-displacement curves, the dent depth
of each material can be compared for every impact energy (see
Fig. 4).

4.3. Macroscopic observations of impacted specimens

Macroscopic views of the front (impacted side) and the back
(non-impacted side) of specimens give first information about the
onset of damage as a function of the impact energy (see Fig. 5).
The hemispherical indentor (impacted side), and the diamond-
shaped fracture surface (non-impacted side), each corresponding
to the maximum 25 ] impact energy, are both represented on each
macroscopic view. The scale has been adapted for each view in or-
der to make the observed damages clearer. The 2 ] impact does not
cause important damage to specimens, whereas the 25 ] impact in-
duces the maximum damage in comparison to other energy levels.
For the three materials, the onset of cracks along warp/weft direc-
tions is observed on the non-impacted side of specimens from 6 ]
impact energy. On Fig. 5a these cracks are represented by red-dot-
ted lines, and are referenced as transverse crack #1 (along the weft
direction) and longitudinal crack #2 (along the warp direction). At
10.5 ], the length of cracks appearing at 6 ] along warp/weft direc-
tions has increased in all cases, but a new crack along the warp
direction can be observed in PPS-based specimens (see Fig. 5b). At
17 ], the hemispherical indentation on the impacted side becomes
clear (this is the first energy that creates an indentation over the
BVID in TP specimens). In addition, fibers’ splitting starts generaliz-
ing, and cracks along warp/weft directions significantly developed
on the non-impacted side (see Fig. 5¢). A 17 ] impact importantly

penetrates C/epoxy laminates, and the main 90° crack is longer on
the non-impacted side, whereas a new crack has appeared along
the warp direction. On the non-impacted side of PEEK-based spec-
imens, there are also new cracks along warp/weft directions, and a
cross-shape fracture surface can be observed. Lastly, the 25 | impact
importantly penetrates C/PEEK and C/PPS laminates, and perforates
C/epoxy laminates (see Fig. 5d). The non-impacted side of all spec-
imens can be characterized by diamond-shaped fracture surfaces.

4.4. Post impact C-scan inspections

The C-scan maps of impacted specimens provide further infor-
mation on the damage mechanisms (see Fig. 6), and more particu-
larly they are often used to calculate the delaminated area (see
Table 3) which is related to the dissipation of energy during the im-
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Fig. 7. Comparison of C-scan maps and impact damage patterns on front and back
sides of specimens impacted at 17 J: (a) C/PEEK, (b) C/PPS, and (c) C/epoxy.
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pact (see Table 2). On each C-scan map is represented by either the
hemispherical indentor (impacted side) or the diamond-shaped
fracture surface (non-impacted side) corresponding to the 25 ] im-
pact energy. For each material, the damage area is similar on both
impacted/non-impacted sides of laminates. C/epoxy specimens al-
ways display larger delaminated areas than TP-based composites,
reaching values about twice as high for low impact energies. For
higher impact energies, the relative difference in delaminated
areas remains significant (about 70%) when comparing C/epoxy
and C/PPS impacted specimens (see Fig. 8). The comparison of
epoxy- and PEEK-based laminates shows that the relative differ-
ence in delaminated areas decreases as impact energy increases
going from +40% (17 ]) to only +10% (25 J). Finally, the delaminated
area is considerably more expanded in C/PEEK than in C/PPS
laminates (+25% at 17 J-+50% at 25]). As a conclusion to this
section, it appears that C/epoxy is prone to delamination during
low-velocity impacts. It turns out that PEEK-based specimens tend
to delaminate to an increasing extent at increasing impact energy,
whereas PPS-based laminates display limited delamination.

5. Analysis and discussion

5.1. About the influence of the mesostructure on the impact damage
mechanisms

The primary impact failure mechanisms are a very complex
combination of energy absorption mechanisms such as delamina-

tion predominantly caused by modes I-II interlaminar shear matrix
cracking, and intralaminar fracture in terms of fiber fracture and
kinking or splitting [11]. In woven-ply laminates, the fiber bundles
crimps cause local stress perturbations under uniaxial tension,
which lead to the concentration of large normal and shear strains.
These strains concentrations may result in early damage initiation
in the form of fiber/matrix interface debonding or matrix cracking.
Even though the weave structure prevents the fiber bundles from
migrating into the interply layer during fabrication, the deviation
of fabric surface from planarity introduces macroscopic roughness,
depending on the fabric thickness as well as the weaving patterns.
The roughness of fabrics perpendicular to the direction of crack
growth also promotes the creation of a larger fracture-surface area,
and matrix-rich regions at the crimps between warp/weft yarns
and between laminates’ plies. These matrix-rich regions seem to
play an important role in the impact behavior as it will be discussed
further. During low velocity impacts, the first type of damage is
matrix cracking, which does not significantly change the overall
stiffness of laminates [2,27]. Such damage depends on the ultimate
out-of-plane (7%) and in-plane (t%,) shear strengths respectively
[28]. In order to investigate the impact mechanisms associated
with the tested material, it is therefore necessary to compare their
ultimate shear strengths (see Table 1): 7% is 54% and 22% higher in
C/PEEK laminates with respect to C/PPS and C/epoxy respectively,
whereas 7Y, is about 30% higher. At some point during the impact
damage process, lots of intralaminar and inter-yarn cracks appear,
and ultimately coalesce to create a pyramidal damage (see Figs. 9-
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Fig. 9. Microscopic observations of C/PEEK specimens impacted at 17 J.



11). These cracks are important because cracks tips are known to
act as onset sites for delamination and fiber breakages which
change the local stiffness of laminates. As these cracks propagate
(in mode I and mode II), they interact with matrix-rich regions
and the weave structure (see Fig. 13), resulting in substantial crack
growth resistance and a better resistance to delamination, subse-
quent to the interlaminar fracture toughness, as it was highlighted
in the literature [11,29,32]. The stress concentration at the crack
tips leads to the creation of a plastic zone, whose expansion mainly
depends on the matrix ductility, and is restricted by the bond-line
thickness between adjacent layers (see Fig. 12). Thus, for a given
impact force, the plasticization of the matrix starts earlier in C/
PPS, and is more expanded than in C/PEEK and C/epoxy laminates
in which plasticization is limited (see yield strengths in Table 1).
As a result, the potential benefit of matrix-rich regions in woven-
fabric laminates is the development of a significantly large plastic
yield zone at the cracks tip as intralaminar and interlaminar cracks
propagate [11]. It also means that the modes I and II interlaminar
fractures toughness play important roles in determining the impact
damage behavior of composites as previously reported [25]. In or-
der to discuss the impact damage scenarios, it seems therefore rel-
evant to recall the fracture toughness G;. of neat resins, and the
interlaminar fracture toughness G, and Gy of woven-fabric lami-
nates (see Table 3). As far the mode I interlaminar fracture is con-
cerned, C/PEEK laminates are about twice tougher than C/PPS, and
6 times tougher than C/epoxy. From the G standpoint, C/PEEK
laminates are about 3 times tougher than C/PPS and C/epoxy. It
means therefore that the intrinsic toughness of TP-based resins is
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not entirely beneficial to the reinforced polymer, and depends on
how the matrix can modify the interlaminar fracture within the fi-
ber network. As far the neat resin is concerned, the mode I inter-
laminar fracture is 8 times and 40 times higher in PEEK resin in
comparison to PPS and epoxy resins respectively (see Table 3).
Lastly, the low interlaminar toughness of epoxy-based laminates
is consistent with the extensive delamination observed in these
specimens (see Fig. 11). As a conclusion on the importance of inter-
laminar fracture toughness on the impact behavior, two distinct
modes of failure were reported in the literature: a cleavage mode
corresponding to fast crack propagation, in epoxy-based laminates
whose mode I interlaminar fractures toughness is low (see Table 3),
and a ductile mode corresponding to slow crack propagation, for
TP-based laminates with a much higher G, [47]. The mode II inter-
laminar fracture can be associated with a combination of stable
crack growth preceding unstable crack growth, and matrix plastici-
zation at the crack tips, depending on matrix ductility [48]. It could
explain why the delaminated areas are larger in C/epoxy and C/
PEEK than in PPS-based laminates. Lastly, it was generally observed
that matrix-rich areas and a strong interface bond promote unsta-
ble inter-laminar crack propagation (see Fig. 13a), whereas matrix-
poor areas and a weak interface bond results in stable crack prop-
agation through intralaminar cracks and possible debonding (see
Fig. 13b). In addition to the toughness of the matrix, the crack
growth may also be ascribed to the structure of the fiber network.
The delamination crack at the woven-fabric laminate interface nor-
mally had multiple crack fronts, one for each warp yarn [11]. Once
the crack propagation became rather unstable at a sudden load
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Fig. 10. Microscopic observations of C/PPS specimens impacted at 17 ].



drop on the force-displacement curve (see Fig. 3b), the whole crack
front jumped forward which was then immediately arrested at the
next undulation forming a continuous crack front (see Fig. 13a).
The same mechanisms can generalize more or less as cracks prop-
agate, until complete delamination of the laminate. In addition, the
yarns transverse to the crack propagation direction also lead to
interlaminar crack bifurcation and intralaminar cracking (see Figs.
9-11). These failure mechanisms are particularly instrumental in
promoting fiber-bridging frequently taking place across the frac-
ture surfaces. Indeed, when laminates are impacted to such a de-
gree that matrix cracks just occur and begin to propagate, the
cracks can propagate without breaking the fibers. Then, when the
matrix cracks open, the intact fibers crossing the crack may close
them, which are called fiber-bridging, on the crack surfaces and
thus reduce the crack-opening-displacement and the stress inten-
sity factors at the crack tips. Fiber-bridging mechanisms comprise
debonding along the interfaces of matrix and bridging fibers, and
frictional sliding along the debonded part of the interfaces. The

Intralaminar cracking

Interlaminar cracking
and extensive delamination

bridging of macro-cracks by fibers only partially pulled out is an
important source of toughness [49], and this mechanism is more
likely to occur in tougher matrices, hence in TP-based laminates
[28,29].

5.2. Impact damage scenarios

The impacted specimens have been enrobed by an inclusion re-
sin in order to prevent the relaxation of the damaged parts after
cutting them. The microscopic observations of 0° and 90° cuts of
impacted specimens have been carried out in order to explain
the creation and propagation of the damage during these tests.
Only the observations associated with a 17 ] impact are presented
in this section, because they are representative enough of all the
types damages within the impacted laminates, and because the
BVID is reached for the three materials at this energy level. In
addition, the comparison between macroscopic observations and
C-scan maps (see Fig. 7) gives qualitative and quantitative informa-
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Fig. 11. Microscopic observations of C/epoxy specimens impacted at 17 ].
Table 3

Interlaminar fracture toughness of tested materials — dent depth and delaminated surface for a 17 ] impact energy.

C/PEEK C/PPS C/epoxy (914)
Gie (kJ/m?) neat resin 4[43] 0.5-0.9 [43] 0.11[7]
Gieinitiation (KJ/m?) carbon fiber woven-ply polymer 1.1-2.1 [29] 0.85-1 [25,28] 0.35-0.5 [32,34]
Giieinitiation (KJ/m?) carbon fiber woven-ply polymer 2-4.9 [30,44] 1.8 [28] 1.5[11]

Dent depth at 17 J (mm) impacted side 0.69 1.13 3.13
Delaminated surface at 17 ] (mm?) 900 600 978
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fiber bundles undulating over weft fiber bundles, and (b) matrix plasticization around the cracks tip in matrix-rich areas.

tion that can be correlated to the microscopic observations, and
more particularly on the impact damage scenario. For each mate-
rial, damage onset seems to be associated with two cracks (crack
#1 and crack #2) along warp/weft directions for 6 ] impact energy
(see Fig. 5). As the impact force applied by the indentor increases,
the specimen is subjected to bending. On the impacted side of
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Fig. 13. Cracks growth: (a) stable intralaminar cracks, and (b) unstable interlaminar
cracks characterized by jumps and bifurcations.

specimens, the outer ply consisting of fibers in 0° (warp) and 90°
(weft) directions is subjected to compressive loadings in both
directions. The 0° and 90° cuts of specimens show that the first
ply experiences local crushing (see Figs. 9-11). Such a crushing
comes along with intralaminar and interlaminar cracks that are
initiated from the circumference of the spherical indentor (see
red dotted-circles on Fig. 5c and d). On the non-impacted side of
specimens, the outer ply fibers are subjected to flexural loadings
in both 0° (warp) and 90° (weft) directions. For an identical deflec-
tion, the curvature is more pronounced in warp fibers (see big side
of the diamond-shape in Fig. 7). It justifies therefore higher stresses
in warp fibers bundles because the stiffness is virtually the same in
both warp and weft directions (see Table 1), and ultimately the
warp fibers fail first. Such a breakage comes along with intralami-
nar and interlaminar cracks that are initiated from fibers breakage
(crack #1 - Figs. 5, and 9-11). The propagation of these cracks is
brittle in epoxy-based specimens, and is more or less ductile in
TP-based laminates depending on matrix ductility, and the distri-
bution of matrix-rich areas. In addition, C/PPS proved to be prone
to debonding at the fiber/matrix interface (see Fig. 10), as well as
C/PEEK specimens to a lesser extent (see Fig. 9). When the 0° fibers
failed, the impact force is borne therefore by the 90° fibers which
also fail. Once again, fibers breakages come along with intralami-
nar and interlaminar cracks (crack #2 - Figs. 5 and 9-11). In the
studied materials, all the impact damage scenarios start from these
initial damages, and importantly differ afterwards. In the 45°
oriented plies, the comparison of C-scan inspections and impact
damage patterns on the back sides of specimens impacted at 17 ]
(Fig. 7) shows that the delaminated area has a diamond-shaped
pattern. It suggests that delamination also takes place in the
[+45/—-45] plies as it is schematically represented in Fig. 14. The
0° and 90° cuts (see Figs. 9-11) also show intralaminar cracks as
well as the bifurcation of interlaminar cracks between [+45/—45]
and [0/90] plies at the crimps, where matrix may plasticize (see
Fig. 13a). During impact, the contact area between the spherical
indentor and specimens increases, and that is the reason why
new 0°/90° cracks appear on the non-impacted side of specimens.



Thus, the mechanisms described above are going to generalize spe-
cifically in the laminates plies according to their orientation. Thus,
intralaminar and interlaminar cracks are going to develop, propa-
gate and coalesce in a pyramidal shape which will expand from
the non-impacted side to the impacted side, as it can be observed
in the 0° and 90° microscopic cuts of the tested materials (repre-
sented by an inclined red-dotted line in Figs. 9-11). This pyramidal
damage is clearly observable in TP-based specimens, and more
particularly in C/PEEK, but is less easy to define in epoxy-based
laminates. On the non-impacted side of specimens, the diamond-
shaped damage results from the gradual breakage of fibers in warp
and weft directions, and can be clearly observed at 25] (see
Fig. 5d). At increasing impact energy, the significant changes in
the permanent indentation (see Fig. 2b) may be ascribed to the
extension of this pyramidal damage along the 0° and 90° direc-
tions. Indeed, as the normal displacement increases during impact,
the cracks localized along the pyramid axis open wider through the
laminates’ thickness, and grow in both warp and weft directions
(by mode I and mode II failure) at increasing impact energy.
Coming along with the pyramidal damage extension, delamination
onset can be observed between the last two outer plies of the
laminates. It develops therefore throughout the width of the spec-
imens (in the 90° direction - mode III shearing failure). Impact in-
duced damages are schematically represented on Fig. 14. Based on
the microscopic observations in the 0° and 90° directions, the dam-
age mechanisms importantly differ from one material to another.
In C/PEEK laminates, the initial damage consists in matrix cracking
from which intralaminar and interlaminar cracks are initiated
along the warp and weft directions. As the impact force increases,
these cracks propagate. As the ultimate out-of-plane shear
strength is significantly higher in C/PEEK specimens (see Table
1), there is relatively less shear matrix cracking in comparison to

C/PPS and C/epoxy laminates (see Fig. 14). As a consequence, fibers
bear most of the impact force and eventually fail, hence justifying a
cross-shape pattern on the non-impacted side. Contrary to C/PEEK
laminates, the low ultimate out-of-plane shear strength of C/PPS
laminates leads to matrix plasticization in matrix-rich areas and
then shear matrix cracking, whereas it seems there is relatively less
fibers failure in warp and weft directions. In 5-harness satin weave
C/PPS laminates (the exact same material than the one investigated
in this work), sudden jumps in the force-displacement curves and
unstable crack propagation in mode I have been observed [28]. The
mode II crack propagation also proved to be stable for reasons of
matrix plasticization at the crack tips. Such an effect could also
be associated with the weak adhesion at the fiber/matrix interface
[42], resulting in an extensive debonding and fiber-bridging at the
wake of cracks front (see Fig. 14). Finally, in C/epoxy laminates,
there is relatively little damage on the upper ply (see Fig. 5),
because an extensive delamination appears throughout the
laminate’s thickness at increasing impact energy. Thus, the out-
of-plane displacement associated with delamination is greater,
and the impact force borne by C/epoxy specimens is lower than
the one in TP-based laminates (see Fig. 3). Microscopic observa-
tions of 0° and 90° cuts revealed debonding of transversely ori-
ented yarns at the crack plane, and crack branching around the
debonded yarn. Debonding was found to occur periodically and
was identified as a mechanism contributing to the fracture work.
No indications of fiber-bridging were observed in the 5H-satin
weave carbon/epoxy composites (see Figs. 11 and 14).

5.3. Permanent indentation

From the damage mechanisms described above result a perma-
nent indentation (see Fig. 2b). Another factor contributing to the

(a) C/IPEEK

Inter- and
intralaminar

Fiber bridging

0 cut (warp direction) &~ T 90 cut (weft direction)

Fiber-matrix
debonding

Local crushing

breakage

(+45/-45) ply

area
Fibers

(b) C/PPS

Matrix

T390" cut (weft direction)

0" cut (warp dlre:non)é/

Delamination plasticization in
pyramid matrix-rich areas
0 cut (wamp direcion) & 3 90" cut (weR direction)
(c) C/Epoxy Sy Deamraten
Delamination
pyramid

Fig. 14. Schematic representation of impact induced damages: (a) C/PEEK, (b) C/PPS, and (c) C/epoxy.



increase of dent depth is the development of the diamond-shaped
damage on the non-impacted side particularly in C/epoxy speci-
mens and in C/PPS laminates to a lesser extent. Firstly, and partic-
ularly in the case of TP-based laminates, the matrix plasticization
seems to play an important role in matrix-rich areas by locally
leading to permanent deformations, hence contributing to the per-
manent indentation. Secondly, the permanent indentation seems
to be reduced by the presence of fiber-bridging as it can be ob-
served in TP-based laminates. Bridges prevent the plies from open-
ing in mode I, and slow down the propagation of interlaminar and
intralaminar cracks in modes II-III, ultimately reducing their
extension and subsequent delamination for a given impact energy.
Finally, while fibers gradually fail and cracks propagate in the 0°
and 90° directions, the out-of-plane shearing of the layers localized
under the damage pyramid lets the debris of broken fibers and ma-
trix get in the fracture surface (see Figs. 9-11). These debris get
stuck in these cracks and the adjacent layers, and create a sort of
blocking system that prevents the broken parts of the specimen
from getting back to zero level after the impact. The longer the
cracks are, the more the debris can get in, creating a diamond-
shaped mark on the non-impacted side of the specimen, hence
the permanent indentation. These mechanisms are instrumental
in forming the BVID which is fundamental in damage tolerance
[45].

6. Conclusion

From the present comparative study on the low velocity impact
behavior of carbon woven-ply reinforced polymer composites, it
results that C/epoxy laminates experience larger delamination
than TP-based laminates. C/TP laminates are characterized by re-
duced damages (C/PPS laminates in particular), confirming that a
tougher matrix can possibly be associated with better impact per-
formances. In addition to the nature of the matrix, the reinforce-
ment weave structure limits extensive growth of delamination,
but fiber breakages are more common and appear at lower impact
energies because of fiber crimps. The features and advantageous
failure mechanisms are identified: inherent toughness of the fab-
ric; the availability of matrix-rich regions at the fiber bundles
crimp where plastic deformation can develop (in C/TP laminates);
crack propagation along the undulating pattern of the yarns creat-
ing a large fracture surface area; and multiple crack delamination
on the impacted side (particularly in epoxy-based laminates). In
TP-based laminates, impact damage scenarios are similar at low
impact energies. The delamination failure comes along with inter-
laminar and intralaminar cracks. They appear to be mode I failure
mechanisms, defining a delamination pyramid under the impactor.
As the impact energy increases, the cracks propagation seems to be
driven by mode Il and mode Il shearing modes beyond this delam-
ination pyramid. These failure mechanisms depend on many fac-
tors including the ultimate out-of-plane shear strength (higher in
PEEK-based laminates) resulting in a more or less pronounced ma-
trix plasticization at the crack tips. The interlaminar fracture
toughness in modes I-II-III (reduced in epoxy-based laminates)
is associated with possible fiber-bridging (not observed in
C/epoxy). C/PEEK is therefore relatively less prone to shear matrix
cracking, hence justifying a cross-shape pattern on the non-
impacted side when they fail. The poor fiber/matrix adhesion in
C/PPS laminates results in an extensive debonding, and fiber-
bridging at the wake of cracks front. It could explain why the del-
aminated areas are larger in C/epoxy and C/PEEK than in PPS-based
laminates. Lastly, the permanent indentation can be mainly as-
cribed to different mechanisms. On the one hand, the matrix plas-
ticization seems to play an important role in matrix-rich areas by
locally promoting permanent deformations in TP-based laminates.

On the other hand, fiber-bridging prevents the plies from opening
in mode I, and slows down the propagation of interlaminar and
intralaminar cracks in modes II-IIl. It reduces therefore their
extension and subsequent delamination for a given impact energy.
Finally, the debris of broken fibers and matrix get stuck in the
cracks and the adjacent layers (particularly in C/epoxy laminates),
and create a sort of blocking system that prevents the cracks and
delamination from closing after impact.
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