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INFLUENCE OF THE SHAPE OF THE IMPACTOR ON RESIDUAL
STRENGTH, SIZE AND NATURE OF DAMAGE TO CFRP

WPLYW KSZTALTU BIJAKA NA WYTRZYMALOSC SZCZATKOWA,
WIELKOSC I CHARAKTER USZKODZEN CFRP

Abstract

The experimental tests presented in this work concern the impact resistance test and residual strength properties after an impact performed
by a drop tower INSTRON CEAST 9340. The authors prepared samples of a composite material with a polymeric matrix L285 and H285
hardener, reinforced with eight ply fabric of carbon fibre. Two shapes of the impactor (spherical and V-shape) were used to perform the
testing. The samples were impacted by three values of energy (10, 15, 20 [J]). Three-point bending tests were performed to the residual
strength of the samples subjected to impact tests and compared to samples which had not been damaged earlier. The study showed differences
in the influence of the shapes of the impactor on the nature of the composite damage. After the test, conclusions were drawn about the
influence of the shape of the impactor on the area of composite damage and its character. Also, its influence on residual strength was described.
Despite the clear differences in the area of damage to composites impacted by different impactors, this does not have a significant influence
on the residual strength.
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Streszczenie

Przedstawione w pracy badania eksperymentalne dotycza badania udarnosci oraz wlasciwos$ci wytrzymatosci szczatkowej po uderze-
niu wieza zrzutowag INSTRON CEAST 9340. Autorzy przygotowali probki materiatu kompozytowego z osnowa polimerowa L285
i utwardzaczem H285, wzmocnionego tkaning o$miowarstwowa z wtokna weglowego. Do badan wykorzystano dwa ksztatty impaktora
(kulisty i V). Probki byly poddawane dziataniu trzech wartosci energii (10, 15, 20 [J]). Proby zginania trzypunktowego przeprowadzono do
wytrzymatosci szczatkowej probek poddanych probom udarnosci i poréwnano z probkami, ktore wezesniej nie ulegly uszkodzeniu. Badania
wykazaty roznice we wptywie ksztattow impaktora na charakter uszkodzenia kompozytu. Po przeprowadzeniu badan wyciggni¢to wnioski
dotyczace wptywu ksztattu impaktora na obszar uszkodzenia kompozytu i jego charakter. Opisano rowniez jego wpltyw na wytrzymatosé
resztkowa. Pomimo wyraznych réznic w obszarze uszkodzen kompozytow pod wpltywem réznych impaktoréw, nie ma to istotnego wplywu
na wytrzymatosc¢ szczatkowa.

Slowa kluczowe: laminaty, odpornos¢ na przebicie, wytrzymatos¢ na uderzenie, wytrzymalos¢ resztkowa, wytrzymalos$¢ na zginanie

1. Introduction airplanes and helicopters are laminates, i.e. layered
composites [5-7]. In addition, in recent years, the
dynamically developing field of aviation related to
UAVs began to use more and more structural materials
with a small thickness [8-11]. Many composite
components can be exposed to low-energy impact
loads perpendicular to the component surface [12, 13].

Composite materials are now widely used in
aviation structures due to their good strength-to-
weight ratio and stiffness, which significantly reduces
the weight of the structure compared to the materials
used so far, e.g. aluminum alloys [1-4]. The most
commonly used composites in the construction of
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This type of load is especially common in the
maintenance process of aircraft [ 14-16] and despite the
low energy value, they often result in deterioration of
the strength properties of the composite element [17-
-21]. There are numerous conditions for this impact:
hailstones and bird strikes being the most significant
ones, owing to their high chance of occurrence [22-
-25]. On the other hand, a tyre piece can strike the wing
structures and the ice coming from the propeller blade
edge could also impact the nacelle of the aircraft
engine[26]. Therefore, the study of impact behaviors
and residual strength of CFRP laminates is necessary
to improve the impact resistance and damage tolerance
of the composite . The damage evaluation criteria
(including dent depth, DDPA (delamination damage
projection area), energy dissipation, RBS (residual
bending strength), etc.) are vital for the assessment of
the damage status of laminates [17-21]. Due to the
damage caused by the action of transverse impact
loads, the following can be distinguished:

e BVID - barely visible impact demage,

e VID - visible impact demage.

BVID defined by two aircraft manufacturers,
Airbus and Boeing, is damage caused by an impact and
it is determined only by the depth and area of the
damage, which cannot be detected during inspection,
visual inspection under typical lighting conditions
from a distance of 1.5 m [28]. There are many studies
in the literature that determine the influence of various
factors on puncture resistance, damage tolerance or
other strength parameters [22]. They are analyzed and
checked experimentally in order to find the best
solutions. The basic factors are the architecture of the
fabric and the properties of the matrix, which have the
most significant influence on the puncture resistance
of composites reinforced with fiber. The secondary
factors include: fiber hybridization, matrix hybridi-
zation, hygrothermic factors, the sequence of layering,
impactor geometry (mass, size, shape), impact repea-
tability [29]. The constituent and geometrical para-
meters are broadly investigated parameters in the study
of impact mechanics of composites. Relatively little
interest has been given in the literature to the impactor
shape, size, velocity, mass, and angle and this effect is
still not entirely formulated. [30-34]. The influence of
the impactor in specific, the combined effects of
impactor nose shape, the angle of obliquity, mass, size
and boundary condition on the impact resistance of
composite materials are not clearly addressed [22].
Due to the very wide use of such materials for the
construction of aircraft covers, tests were carried out
on the resistance of composites to low-energy impact
loads to which composite structures of aircraft are
exposed during everyday operation. This is a very
important feature due to the fact that at low energy
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values (1... 3 J) no signs of material destruction are
visible from the side of load application. This is
evidenced by the amount of research conducted in the
last two decades, eg. in [35] the authors presented
historical developments in the study of composite
structures under high velocity impact events by
analyzing 27 works on this subject in various terms.
Moreover, as previously mentioned, despite the many
studies carried out on the influence of the shape, mass
and size of the "impactor" on the impact resistance,
this effect is still not clearly formulated. For many
reasons (including economic), visual inspection
remains the most popular method of locating impact
damage of aircraft structure and it has been included
in relevant normative documents for many years
[36,37]. Visual inspection is relatively fast as a pri-
mary method and has a large field of view for the
in-service inspection of composite structures. There-
fore, visual inspection is also one of the important
basis for defining Barely Visible Impact Damage
(BVID). Therefore, it is necessary to determine the
correlation between the size of the damage and the
decrease in strength properties in order to unequi-
vocally carry out the damage assessment, which will
allow to make a decision on the efficiency of the
aircraft. This article presents the results of tests of the
puncture resistance of CFRP subjected to a three-
energy (10, 15, 20 [J]) impact and two-shape im-
pactors. As a comparative parameter, the damage
surface areas of the laminate from the impact side and
the opposite side were adopted, and the peak values
of force, energy and displacement were taken into
account (Peak force [N], Peak Energy [J], Peak dis-
placement [mm]) and relative properties: Peak force
on thicknes [kN/m], Peak energy on thicknes [J/m].
Moreover, in order to analyze and evaluate the in-
fluence of the shape of the "impactor" and the impact
energy on the strength properties of the tested com-
posite, the bending strength and bending modulus of
the previously impacted specimens were determined.

2. Experimental investigation

2.1. Preparation of samples for testing

A symmetric cross-ply laminate was made using
the hand lamination method. It was then placed in
a Mecamaq hydraulic press for 24 hours under
a pressure of 1 [MPa].

The composite matrix is a certified aerospace
epoxy resin, L285, cross-linked with H285 hardener
(Table 1).

The reinforcement was a carbon-fibre fabric desi-
gnated GG-416 T and produced by G. ANGELONI
with a twill weave (diagonal) and the parameters
shown in Table 2.
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Table 1. Parameters of resin L285 and hardener H285

List of mechanical parameters for LG28S resin
Parameter Unit Value
Bending strength MPa 110-120
Moduhl.s of elasticity MPa 2,700 3,300
in bending
Tensile strength Rm MPa 75 -85
Compressive strength MPa 130-150
Elongation % 5-6.5
Fatigue strength KJ/m-2 38-48
Shore hardness - 85

Table 2. Parameters of reinforcement fabric

Symbol Weight (g/m?) Weave
416 Dual 22/2
Fibre/Bundle
Matrix Matrix
GG4l6T carbon 800 tex carbon 800 tex
Thickness (mm)
0.41

Thirty-four 60x80mm rectangular samples were
prepared from the composite. They were grouped into
seven batches.

2.2. Impact resistance tests

The impact resistance tests were conducted on an
INSTRON CEAST 9340 drop tower. The samples
were subjected to transverse impact loads of 10, 15,
and 20 J energies. Two "impactors" were used, the first
one with a spherical shape, 20 mm in diameter, and the
second one wedge-shaped (V-shaped) with an opening
angle of 30° and a striking edge radius of 3 mm
(Fig. 1). A series of at least 3 samples was made for
each energy and each impactor. The samples were
placed on the stage without fixing.

Fig. 1. Shapes of 'impactors' used in the tests

The examination parameters for specific energies
have been presented in Table 3.

A number of parameters were obtained as a result
of the research. The parameters were later used to
analyse the impact resistance in the aspect of the
'impactor' shape. Damage to the composites was
caused as a result of the impact on the test material,

which was assessed. The damage areas of the laminate
on the impacted side and the opposite side were
used as a comparative parameter. The selected and
representative images along with marked areas of
damage, after an impact, with different energies and
impactors are presented in Figure 2 and Figure 3.

Table 3. parameters of impact resistance test

Impact Weight Height of the Impact
energy [J] [kg] impactor [mm] | speed [m/s]
10 385.0 2.72
15 2.65 577.0 333
20 770.0 3.85

20 [J]

Fig. 2. Damage area of a sample impacted by a wedge-shaped
impactor from the impacted side and opposite side

In the case of samples struck with a wedge
'impactor' on the impacted side, the composite was
damaged with a shape reflecting that of the impactor
(Fig. 2). Depending on the energy of the impact, there
was cracking of the reinforcement along the fibres of
the fabric with a different depth and area. For an
impact energy of 10 [J], the damage on the impacted
side is tiny, with an average area of approximately
150 mm?. Furthermore, no damage to the laminate was
observed on the side opposite to the impacted side.

The surface of the samples impacted by the sphe-
rical impactor caused damage in the form of an in-
dentation, which initiated cracks in the horizontal and
vertical cross-shaped reinforcement fabric (Fig. 3).
Similarly to the previous 'impactor', the area of da-
mage depends on the energy of the impact. Damage
was observed on the surface opposite to the impacted
area for each energy. For the highest energy value
(20 [J]) there is also a clear perforation of the laminate.
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20 [J] the difference in damage size for both impactors
§ depends on the impact energy. The largest damage
area was recognized after impact with 20 [J] energy,
but especialy in the counter-impacted surface difrence
for wedge impactor is about 30% and about 80% for
spherical impactor.
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Fig. 3. Damage area of a sample struck by a spherical shaped 5 120
impactor from the impacted side and opposite side. 100
When comparing the damage areas on the im- 0 10 I
pacted side (Fig. 4) and on the opposite surface 0
: " . . 10 20 20
(Fig. 5), some regularities can be noticed in the aspect
of the shape of the "impactor." m wedge impactor spherical impactor
3000 Fig. 5. Surface area of damage on the opposite side
2646 from the impacted side
‘%2500 Other recorded parameters were also taken into
£ account for a more detailed analysis of puncture
g 2000 resistance. Peak force, energy and deformation (peak
N force [N], peak energy [J], peak displacement [mm])
é” 1500 and relative properties were considered to assess
s puncture resistance: peak force on thickness [kN/m],
= 1050 1107 _ .
= 1000 peak energy on thickness [J/m]. The dropping hammer
g is equipped with a force sensor; based on its value,
“‘g 400 the energy (1), (2), and deformation (3) are calculated
@ 500 156 345 I according formulas presented below.
, wi E=, F() 1)
. 15 20 i
®m wedge impactor spherical impactor . Fivi+F; 1 v:
E; = Z;=(1) E; + tsampling %111 (2)
Fig. 4. Damage area on the impacted side . Vitvi_
& = iz% & t tsampling LTH 3)
The damage area of the tested composite is always
larger for a spherical 'impactor’. The damage to the where: tsampling — Sampling time,
samples is approximately 6.5 times greater with v —rate of change of strain,
a spherical 'impactor' on the struck surface (Fig. 4). F — measured force.
However, on the surface opposite to the impacted
surface (Fig. 5), the damage is comparable and only The results, which were used to analyse the
approximately 10 % larger for the spherical impactor. puncture resistance of the tested material in terms of
On both the impacted and counter-impacted surfaces, the 'impactor' shape are presented in Table 4.
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Table 4. Results of the examination: impact resistance

Impact| Peak Peak Peak Peak Peak
energy| Force | Energy |Displacement ﬁ)ri;on eﬁerl%y on
thickness |thickness
J1 [N] J1 [mm]

[KN/m] | [J/m]

"Wedge impactor"

10 [7,23493| 9.68 2.31 3,448.28 | 6,649.17

15 |8,556.96| 14.22 3.16 2,966.24 | 4,985.07

20 19,956.87| 19.19 3.57 2,527.13 | 3,439.11
"Spherical impactor"

10 [6,723.84| 9.59 2.83 2,241.28 | 3,197.02

15 |8,379.74| 14.58 3.78 2,912.90 | 5,073.39

20 19,006.27| 17.08 4.07 3,175.00 | 6,20.11

Based on the obtained parameters, it can be
concluded that the force transmitted by the test
material mainly depends on the value of the impact
energy and is highest for the highest impact energies.
It only slightly depends on the shape of the "impactor".
The differences in peak force values (Peak Force) are
only about 10 % and increase with the impact energy.
In order to analyse the puncture resistance in detail,
a comparison was also made of the force variation
(Fig. 6, Fig. 7) over time and the force variation with
respect to deformation (Fig. 8, Fig. 9).

By comparing the characteristics of force variation
over time, it is possible to see significant differences
in the behaviour of the examined material when
impacted with different 'hammers'. In the case of
a 'spherical impactor', the change in impact energy
does not affect the way the composite responds to the
impact; also the shape of the curve indicates its elastic
nature.

Force [N]

0 2

Time [s]
—10[J] —15[J] 20 [J]

Fig. 6. Force variation during in impact with a spherical
“impactor”

In addition, the response (contact) time of the
composite is identical for all impact energies. In the
case of a 'wedge hammer', the nature of the curve

(Force-Time) (Fig.7) indicates permanent deformation
under impact loading and damage within the com-
posite.
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Fig. 7. Force variation curves during an impact with
a wedge-shaped impactor

Displacement [mm]

—10[)]

15 [J] 20 [J]

Fig. 8. Force-deformation curves for the impact
of a spherical "impactor"

Furthermore, the nature of the composite response
for an impact energy of 10 [J] is different for all impact
energies, the force at which the destruction process of
the Fini composite is initiated.. It is similar and it can be
assumed that this is the value of the load at which the
impact layer of the composite perforates and thus
breaks the fibres of the reinforcement. An oscillation
of force values can then be observed, which are
indicative of specific 'stress waves' in the material and
damage to the matrix 'layer' occurring in-between the
reinforcement layers. The force then builds up until it
reaches its maximum value of Fnax (Peak Force). The
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rapid decrease in its value, after Frax has been reached,
indicates deceleration of the damage process and the
true puncture resistance of the test material. For the
impact energies of 15 and 20 [J], a repeat increase in
force can be observed until another specific extreme is
reached, which indicates the response of the next
reinforcement layer to the load. On the basis of these
changes, it can be estimated that the "wedge hammer"
caused internal damage to the laminate and that its
depth along the thickness of the test material depends
on the impact energy.

The characteristics of the change in force versus
deformation (Fig. 8, Fig. 9) allow the energy absorbed
by the laminate to be estimated (area inside the curve-
-area under the force-deflection curve).

The slope of the curve provides an estimate of the
stiffness of the composite and the shape of the curve
indicates the nature of the damage to the composite. In
the case of tests carried out with two different shape
impactors, there was no complete perforation of the
composite, as evidenced by the closed loop of the
curve and the return of the force with respect to
deformation at the initial value. However, there is
clearly a change in the nature of the composite's
response to an impact depending on the shape of the
'impactor'. Also, the value of the absorbed energy
depends on the type of used 'impactor'.

10000
9000
8000
7000 A J /v’
Z 6000 \VW ,
Y 5000 /<_/
E 4000
3000 /
2000 /
1000 /7
o /
0 1 2
Displacement [mm]
—10[J] 15 [J] 20 [J]

Fig. 9. Force vs. deformation curves
for a wedge-shaped impactor

Furthermore, in the case of the 'wedge impactor’,
the amount of absorbed energy depends on the value
of the impact energy, as indicated by the changes
in the shape of the force-deformation characteristics

(Fig. 9).
2.3. Bending flexular strength test

In the next stage of experimental testing, the
samples previously subjected to transverse impact
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loads (impact) were tested to determine the residual
strength, i.e. the bending strength.

The test was conducted in a three-point bending
scheme on a ZWICK/ROELL Z5 testing machine in
accordance with PN EN ISO 178, at the support span
of L=46 mm (Fig. 10).

As a result of the study, the following were
determined:

om — bending strength [MPa],

Er— modulus of elasticity in bending [GPa].

Fig. 10. Bending flexural strength test

The obtained results were related to the control
(non-impacted) samples and the results are presented
in Figures 11, 12, 13.

The changes in the bending strength values are
mainly dependent on the impact energy and, compared
to the control samples (not subjected to an impact),
there was a decrease of approximately 40% for an
impact energy of 10 [J], 50% for an impact energy of
15 [J] and 60% for an impact energy of 20 [J].
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Fig. 11. Bending strength o [MPa]
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In all the cases, the "wedge impactor" resulted in
a greater decrease in bending values strength. How-
ever, depending on the shape of the "impactor", the
differences are negligible: approximately 10% for an
energy of 10 [J], approximately 3% for an impact
energy of 15 [J] and 20 [J]. In the case of changes in
the modulus of elasticity in bending, the 'spherical
impactor' caused its even larger decline: 35% for an
impact energy of 10 [J], 50% for an impact energy of
15 [J] and 60% for an impact energy of 20 [J].
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Fig. 12. Modulus of elasticity in bending Er[GPa]

The differences with regard to the 'impactor' shape
are minimal and decrease along with an increase in an
impact energy: approximately 5% for an impact ener-
gy of 10 [J], approximately 3% for an impact energy
of 15 [J] and 1% for an impact energy of 20 [J].

3. Conclusions

The conducted puncture resistance tests made it
possible to estimate the effect of impacts with two
'impactor' shapes and three energies (10, 15, 20 [J]) on
both the extent and nature of damage to the layered
composite with a carbon fibre reinforcement and on
the degradation of the strength properties: bending
strength on and the modulus of elasticity in bending
Er. It also made it possible to formulate conclusions.

The shape of the impactor influences the ma-
gnitude of the analysed parameters, such as damage
area or strength parameters, declining along with an
increasing impact energy;

The damage area of the tested composite is always
larger for the spherical 'impactor. However, on the
surface opposite to the impacted surface damage, the
damage is comparable and is only approximately 10%
larger for the spherical impactor.

The "wedge impactor" resulted in a greater
decrease in bending strength. However, the variation
in its value mainly depends on the impact energy; the
differences in the aspect of the 'impactor' shape
decrease with an increasing impact energy, amounting
to approximately 10% for the impact energy 10 [J],
approximately 3% for the impact energy 15 and 20 [J].

Detailed comparisons of the force variation curves
(Fig. 6, Fig. 7) over time and of the force variation with
respect to deformation makes it possible to conclude
that the "wedge impactor" caused internal damage to
the laminate and that its "depth along the thickness of
the examined material depends on the impact energy.
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