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Introduction

Low interlaminar strength and brittle nature of fracture
are the main disadvantages of traditional polymer matrix
composites (PMCs) that lead to the low impact resistance of
structures made of these materials. Low-velocity impact
(LVI) with velocities of up to 10-20 m/s is the common
phenomenon in the operation of composite structures. LVI
can cause not only easily detectable defects in the material
but, also, barely visible impact damages (BVID), for exam-
ple, delamination that significantly reduces the residual
strength and service life of the entire structure [1-3]. Experi-
mental and computational research of the mechanisms of
deformation and fracture of PMCs under low-velocity im-
pact has been conducted for more than 50 years. The scien-
tists considered various factors that affect their impact re-
sistance, and ways to increase the residual strength of the
composite after impact as well. Hundreds of articles with
the results of such studies have been published to date. Sev-
eral recent articles containing fairly detailed and structured
reviews on this topic should be noted [4-7].

One of the main parameters influencing the behaviour
of the composite during low-velocity impact is the material
thickness. In [8], the authors studied the LVI-behaviour of
CFRP specimens of three thicknesses (4, 8 and 16 rein-
forcement layers). It was shown that the maximum impact
force linearly depends on the thickness of the material,
while the dependency of the absorbed energy on the thick-
ness had a power-law character. Quaresimin et al. [9] car-
ried out LVI tests of CFRP specimens with thicknesses of
1.25 mm and 2.40 mm. The experiments showed that the
maximum contact force and load corresponding to the onset
of the fracture were mainly determined by the thickness of
the laminate. Similar results were obtained in [10-13] on
other composites.

There are also a few studies of thickness influence on
the residual composite strength at various impact energies.
Shim and Yang [14] experimentally examined the effect of
impact and laminate parameters on the residual mechanical
properties of 1.62 mm and 3.24 mm thick CFRPs. It was
found out that the residual compressive strength for both
thicknesses of the composite decreased almost linearly re-
gardless of the impactor geometry and the lay-up arrange-
ment in the considered range of impact energies
(5-14 J). In [15], the authors used the results of LVI tests of
CFRP specimens with thicknesses of 2 mm, 4 mm, and
6 mm to verify numerical models that predicted LVI dam-
ages to the composite and its residual compressive strength.
In contrast to the results obtained in [14], the residual com-
pressive strength decreased nonlinearly with the increase of
the impact energy. After reaching a certain threshold impact
energy, the residual strength stopped changing and was
equal to ~ 50% of the initial one.

In both studies, the authors used the Compression-
After-Impact (CAIl) protocol [16-19] to assess the residual
strength of the composites. CAI protocol is the most com-

mon method of assessing the residual strength of material
after impact. Despite its widespread use, CAI tests have
several significant disadvantages including sensitivity to
clamping conditions, limitations on specimen thickness, and
strength assessment under compression only [20]. Current-
ly, alternative methods for assessing residual strength such
as Flexure-After-Impact (FAI) protocol [21-26] or Tension-
After-Impact (TAI) protocol [27-30] are being considered.
The reason is that structures with impact damages can oper-
ate under conditions of tension and bending, and the use of
only the CAI protocol will be incorrect in these cases. FAI
tests are easier to implement than TAI as smaller specimens
can be used, and there is no need to glue tabs. Therefore,
FAI protocol is the most suitable alternative to compression
testing in assessing the residual strength of a composite.

The purpose of this work was to study the influence of
material thickness and impact energy on the residual flexur-
al strength of woven GFRP experimentally. The article
structure is as follows: Section 1 contains the description of
the material, specimens, and test methods; results
and discussion of the LVI and FAI tests are presented
in Section 2.

1. Materials and Methods
1.1. Materials and specimens

In the study, an industrially produced GFRP (STEF®,
PJSC «Electroizolit») was used. The composite is based on hot
curing epoxy-phenol matrix and glass fabric. Three nominal
thicknesses 2 mm (2.1 + 0.05 mm), 4 mm (4.1 £ 0.1 mm) and
6 mm (6.1 £ 0.05 mm) were considered. 10, 20 and
30 layers of E-glass plain weave fabric (Fig. 1) were used as
reinforcement (the composite ply thickness of 0.20-0.21 mm).
The density of the composite was 1.77-1.79 g/cm®. The
average volume fibres fraction was 42 % for all three thick-
nesses (burning method). Thus, the areal density of the glass
fabric was about 180 g/m?. The elastic and strength charac-
teristics of the material were determined during quasi-static
tests on specimens with the thickness of 4 mm. A universal
testing machine INSTRON 5900R with appropriate tests
fixtures was used for this purpose. The obtained data are
presented in Table 1 and Table 2.
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Fig. 1. Plain weave structure of the glass fabric

Table 1
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Elastic properties of the GFRP

Young's moduli (GPa) Shear moduli (GPa) Poisson’s ratios

E; E, Es G Gis Ga3 Wiz | i3 | po3

23.74£0.6]|21.940.6|9.5+0.1|4.9+0.3 | 4.2+0.2|3.7+0.2 | 0.16 | 0.19 | 0.18

Table 2
Strength properties of the GFRP

Ultimate tensile strength (MPa) | Ultimate compressive strength (MPa)

Fi Fat Fsc

403+14 304+10 480+15

The results of static tests showed that the tensile
strength in the warp direction was higher by 30% compared
to the strength in the weft direction. The discrepancy in the
test results is explained by different curvature of warp and
weft threads (Fig. 1).

Low-velocity impact tests were carried out on speci-
mens with in-plane dimensions of 100x100 mm. The spec-
imens were cut from a GFRP sheet. After drop-weight im-
pact, the beam specimens with the dimensions of 40x100 mm
were cut from the plate specimens with the warp direction
aligned to the longitudinal axis of the beam (Fig. 2).

Cut lines

Impact place

' « d0mm I
i 100 mm —

Fig. 2. Specimen cutting scheme

1.2. Low-velocity impact tests
and Flexure-After-Impact tests

Low-velocity impact tests were performed on
INSTRON CEAST 9350 drop-weight tower machine with
the pneumatically operated anti-rebound system. The steel
ring with the outer/inner diameters of 100/72 mm was used
as a support fixture. The plate specimens were placed on the
ring support without additional clamping (Fig. 3).

A cone impactor INSTRON 7529.841 with hemispheri-
cal tip (12.7 mm radius) was used in all impact tests. The
impactor mass was 5.095 kg in all cases. To obtain desirable
impact energy, striker velocity was varied. Three specimens
per each impact energy level were tested. Table 3 contains
information on the energy levels and impactor velocities in
LV1 tests for all specimen types. The ranges of impact ener-
gies for different thicknesses were selected during prelimi-
nary tests so that the crack length in the weft direction did
not exceed half the specimen width.

Impactor

Specimen

N

i
\Ring support |

i
i

7 Z
i

Fig. 3. Scheme of the LV tests

Table 3

Impact energies and impactor velocities for specimens
with different thickness

Energy level : Ir:r;;act energy (J) /4i|;1n1;;:ctor velocity (rg/;)m
1 1/0.63 2.5/0.99 5/1.40
2 2/0.89 5/1.40 10/1.98
3 3/1.09 751172 15/2.43
4 4/1.25 10/1.98 20/2.80
5 5/1.40 125/2.22 25/3.13
6 6/1.53 15/2.43 30/3.43
7 711.66 17.5/2.62 35/3.71
8 8/1.77 20/2.80 40/3.96
9 9/1.88 2251297 45/4.20
10 10/1.98 25/3.13 50/4.43

FAI tests of the beam specimens were carried out on the
universal testing machine INSTRON 5900R using a three-
point bending fixture. The span length was 40 mm, and the
diameter of loading and support pins was 10 mm. Loading
velocity was 5 mm/min. During the bending tests, the speci-
mens with impact damages were positioned so that the loading
pin was in the middle of the defect on the impact side.

To determine the relative residual flexural strength, bend-
ing tests of undamaged specimens were carried out with the
same span length for all three thicknesses. The width of spec-
imens was 40 mm. 10 specimens per thickness were tested.
The flexural strength of specimens without defects oy Was
529 + 16 MPa, 551 + 15 MPa and 573 + 15 MPa for the spec-
imens with thicknesses of 2 mm, 4 mm and 6 mm, respective-
ly. The relative residual strength of the specimens after im-

. c .
pact was determined as to RS =——, where o is flexural
(1)

strength of the specimen after the impact.
2. Results and Discussion

Low-velocity impact tests showed delamination and fi-
bre breakage to be the dominant failure mechanisms for
specimens of all three thicknesses. At the same time, the
ratio between the sizes of delamination and fibre breakage
areas was different due to its dependency on thickness and
impact energy. Fig. 4 shows the fracture patterns (backlight
observation) of the specimens of three thicknesses subjected
to the impact with the energy of 10 J. It can be seen that in
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the 2 mm thick specimen the main damage mode was fibre
breakage, whereas the delamination was the result of cracks
propagation. The delamination area was much higher than
that of fibre breakage in the 4 mm thick specimen, whereas
in the 6 mm thick specimen only delamination was ob-
served. The central part of the 6 mm thick specimens, locat-
ed directly under the impactor, was less damaged at impact
energies up to 25 J. This phenomenon was not observed for
the specimens of two other thicknesses.

The dependencies of the total damaged area on the impact
energy for all three thicknesses are shown in Fig. 5. For all
three thicknesses, there is a range where the increase of the
impact energy leads to a slight change in the damaged area.
The presence of this range is connected with the onset of fibre
breakage in the specimens which is confirmed by the depend-
ency of the crack length in the weft direction (breakage of warp
yarns) on the impact energy (Fig. 6). The energies 3 J, 10 J, and
35 J correlated with the beginning of fibre breakage and the
appearance of the cracks for specimens with thicknesses of 2
mm, 4 mm, and 6 mm, respectively.

Fig. 5 shows that the appearance of the dependencies of
the total damaged area vs. impact energy changed at these
impact energies. The dependencies of the maximum force
on the impact energy (Fig. 7) also changed their appearance
at energies above 3 J and 10 J for specimens with thickness-
es of 2 and 4 mm, respectively. At the same time, the de-
pendency for 6 mm specimens did not have a noticeable
change. A possible reason is the insignificant effect of short
cracks on the overall stiffness of the thick specimens with
intra-/interlaminar damages. The contribution of the fibre
breakage zone to the total damaged area decreased with the
increase of the composite thickness that was in good agree-
ment with the data obtained in [31].

2 mm 4 mm 6 mm
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Fig. 4. Damage patterns for specimens impacted at the energy of 10 J
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Fig. 5. Total damaged area vs. impact energy
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Fig. 7. Maximum impact force vs. impact energy

The dependencies of the residual flexural strength on im-
pact energy had a similar appearance for specimens of all
thicknesses (Fig. 8). A polynomial of the second degree was
used to approximate the experimental points. The residual
strength of the material changed within the range of the un-
damaged material strength (+ 5-7 %) up to a certain threshold.
A noticeable decrease in residual strength occurred after ex-
ceeding the threshold impact energy. Despite the similarity of
the dependencies of the residual strength on the impact energy,
the fracture patterns of specimens that had similar residual
strength were noticeably different. Fig. 9 shows photos of the
specimens with different thicknesses and with close residual
strengths after low-velocity impact tests.
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Fig. 8. Relative residual flexural strength vs. impact energy
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Fig. 9. Impact damages of specimens with different thicknesses

RS=0.90-0.95

Under impacts leading to the decrease in the residual
strength by 5-10 %, the dominant damage mode in the spec-
imens with thicknesses of 2 mm and 4 mm was intralaminar
matrix fracture. Delamination was the only fracture mode in 6
mm thick specimens with the same residual strength. The
damaged area in 6 mm thick specimens was, on average, 7-10
times higher than in the specimens with thicknesses of 2 mm
and 4 mm. Since the residual strength was the same in all cas-
es, it can be concluded that intralaminar damages have a more
significant effect on the residual flexural strength than delami-
nation. In all cases, the decrease in the residual strength by 15—
20 % was accompanied by the fibre breakage and the for-
mation of the weft crack with the length of 8-12 mm. Total
damaged areas were significantly different in this case. Further
residual strength decreasing up to 40% for the specimens with
the thicknesses of 2 mm and 4 mm was associated with the
formation of 18-20 mm weft cracks (a half the beam specimen
width) and cruciform damaged zone. On 6 mm thick speci-
mens, the weft crack length did not exceed 13 mm, and the size
of the delamination zone was an order of magnitude larger than
the size of the fibre breakage zone.

Comparison of the residual flexural strength data and
the fracture patterns allows to conclude that the sensitivity
of the composite residual flexural strength to the presence
of delamination decreases with the increase in the thickness
of the composite. For example, delamination did not lead to
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