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Abstract

In this work, the effect of high velocity impacts on carbon/epoxy tape quasi-
isotropic laminates is studied. Experimental test were carried out at two differ-
ent impact angles and in a wide range of velocities (from 80 to 490 m/s). Both
parameters, the residual velocity and the damaged area, are used to evaluate
the effect of the kinetic energy of the projectile on the laminate response. In
addition it has been proposed a simplified analytical model which allows to

identify the different energy absorbtion mechanisms and predict the residual
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velocity of the projectile. Finally the energy absorbed by the laminate during

the impact is studied.

1 Introduction

Carbon/epoxy composite laminates are widely used in transport industries due to
their excellent mechanical properties and low density compared with metallic mate-
rials. The automotive industry has focused its attention on those materials in order
to diminish the weight of the structure and hence the fuel consumption. The high
speed train industry, is also focusing its attention on those materials in order to
develop lighter structures, allowing speed increase and lower energy consumption.
Finally the aerospace and the aeronautic industries are the ones that are using car-
bon/epoxy composite laminates in many structural parts (up to 50 % in weight in
the latest aircraft developments); nevertheless it is possible to increase the percent-
age of those materials in the aircraft structures. Aeronautic and aerospace industries
are very interested in the analysis of how their structures behave [1] under different
kinds of impacts phenomenon such as hail [2], rubber [3] or even turbine blades [4]

impacts, HRAM [5-9] since their reliability requirements are very high.

The analysis of the high velocity impact on carbon/epoxy laminates has been stu-
died since the 80’s with a few works. Cantwell and Morton [10] published in 1985
a seminal work regarding the high velocity impacts on composite laminates; they
analyzed different non-destructive techniques in order to explore the merits and
weaknesses of each method. Later in 1989 [11,12] they studied the main differences
between low and high velocity impacts; in those works they show that high velocity
impacts are not governed by the specimen size, and in addition suggest that those
impacts are more detrimental to the integrity of a composite structure than low

velocity. In the following decade Lee and Sun [13] analyzed the high velocity impact



of blunt projectiles and obtained its ballistic limit for different thickness. In 1996
Sun and Potti [14] analyzed the high velocity impact of blunt projectiles on thick
laminates, and in addition they developed a model to predict the residual velocity
in case of perforation with high accuracy. The following year, Larsson [15] studied
the effect of stitching in the behavior of carbon/epoxy laminates under high velocity

impacts, concluding that its resistance to delamination was larger.

In the next decade the number of articles regarding high velocity impacts on car-
bon/epoxy laminates grew substantially, and not always the main focus was ex-
perimental, many of them had a numerical [16-21] or an analytical point of view

[22-26], which is not the main porpoise of the current work.

In 2001 Bland and Dear [27] published a very interesting article comparing the
damage induced by high and low velocity impacts, as well as the deflection of the
laminate. Lopez et al. [28] in 2002 studied the influence of the low temperature in
the behavior of both tape and woven carbon/epoxy laminates under high velocity
impacts, concluding that the lower temperature promotes larger damage. Will et al.
[29] analyzed the influence of stacking sequence on tubes subjected to high velocity
impacts, stating that the influence of the ply orientation was small. Tanabe et
al. [30] analyzed the influence on different carbon fibres in the behaviour under
impact of carbon/epoxy laminates. Recently Zhao et al. [31] studied the behavior
of carbon/epoxy woven laminates under high velocity impacts; during the test they
placed strain gauges and observed that its magnitude was proportional to the impact

velocity.

Regarding the analysis of the influence of obliquity in high velocity impacts on car-
bon/epoxy laminates the available information is much more scarce. In the literature
it was possible only to find very few articles [32-34] that analyze the effect of the
impact trajectory, being all of them for woven laminates. Therefore it is necessary

to study the effect of oblique impacts on quasi-isotropic unidirectional composites



to improve the structural design that uses those kind of laminates.

The objective of this work is to analyze the high velocity impact phenomenon on
carbon/epoxy unidirectional composites, and how the obliquity affects the laminate
response. To this end, it is important to know which failure mechanisms participate
in the process and in addition which is their relative importance. The first step will
be to use experimental tests to visualize an explore the mechanisms that appear in
the laminate; then a energy balance will be used to quantify the different failure

mechanisms.

2 Experimental methodology

In order to study the effect of high velocity impact on carbon/epoxy tape laminates,
the first step is to perform experimental tests in a wide range of impact velocity
and with two different impact angles 0° and 45°. Composite laminates used in this
study were manufactured by Sacesa, from prepregs made by Hexcel composites; the
carbon fibre was AS4 and the epoxy matrix corresponds to the 8552 series. A quasi-
isotropic configuration with 12 plies (+45/-45/0/90/90/0)s and a total thickness
of 2.4 mm was chosen; this configuration is commonly used when there is not a
preferential load direction, which makes the laminate useful for many applications.
The test coupons size were 110 x 110mm?; this size is the smallest one which assures
that the damage of the composite does not reach its contour. The laminates were
simply supported. In addition the ratio laminate size over projectile diameter is
greater or equal than the ratios used in other works [35-37]. The projectile used
was a steel sphere of 7.5 mm diameter and 1.73 g of mass; it is tempered, and its
strength is high enough to avoid plastic deformation during the impact process.
Spherical shape was adopted in order to avoid scattered result due to yaw angle

during the projectile flight.



In order to accomplish the experimental tests a pneumatic launcher was employed;
this experimental device uses helium up to pressures of 200 bar to impel the pro-
jectile. Since the diameter of the barrel was 7.62 mm, the use of a sabot was not
necessary. In order to measure the impact and the residual velocity, a high speed
video camera (Photron Ultima APX-RS) was used; since the exposure time was
very small (10 ps), a 1200 W HMI lamp was used to assure enough lighting. The
camera was configured to obtain 36000 fps. Using this set-up the obtention of the
impact and the residual velocity was easy and reliable. Fig. 1 shows an example of

a video sequence of normal impact at 223 m/s of velocity.

Fig. 1. Impact sequence from a normal impact at 223 m/s.

One of the most important variables when a projectile impacts to a composite
laminate is the induced damage. The C-Scan technique was used to measure the
damaged area; this nondestructive inspection method allows to perform an accurate
quantification of the damage extent. Usually the area of this damage could be lately
related to the laminate strength reduction by using damage tolerance theories, which
are not the main purpose of this work. The only drawback of this method is the
impossibility of distinguish the type of damage (matrix cracking, matrix crushing,
delamination or fiber failure) and where it is situated along the thickness since it

provides a projection of the damage presented in all the plies. To avoid this limita-



tions, after the C-Scan inspection, laminates were carefully cut along a transverse
plane, at the impact point. A simple photograph of the laminate cross-section, al-
lows the possibility to determine the type of damage and its localization along the

thickness.

3 Experimental inspection of laminates

In this section an analysis of the different breakage mechanisms that appear on
those previously impacted composite laminates is accomplished. For a better un-
derstanding of the processes that occur when a high velocity projectile impacts the
carbon/epoxy tape panel, two different regimes are studied: impact velocities below
and above ballistic limit. The ballistic limit (vy;) is defined as the minimum impact
velocity, for a given projectile/composite pair and impact angle, that produces com-
plete penetration. In this work, two different impact angles are studied, and hence
two different ballistic limits values are defined, being lower the one related with

normal impact.

3.1 Impacts below ballistic limit

When the impact velocity is not high enough to perforate the laminate, it is assumed
that the composite absorbs all the kinetic energy of the projectile mainly in form of
damage. The ballistic limit is around 120 m/s for normal impacts and around 140
m/s for oblique impacts. Tape laminates in quasi-isotropic ply lay-out exhibit large
delamination area when subjected to transverse impact at this range of velocities.
When local bending is induced in the composite panel by the impact, some plies try
to bend more than others. This behavior is due to the different apparent bending

stiffness between the plies that have different orientation [38]; this promotes a sep-



aration of the plies and hence the apparition of the delamination. As the laminate

bends, the inter-ply shear stresses promote the growth of the delamination.

Figs. 2(a) and 2(b) show respectively the cross-section of normal and oblique im-
pacted laminates at velocities around 85 m/s; the impact occurs in the upper face,
and the trajectory of the oblique one comes from right. Both of them exhibit matrix
crushing along the projectile direction; the zone affected by this kind of damage is
larger in the normal impact case. Delamination is also observed in both impacts,

mainly between the last two plies.

(e) 0° impact, 492m/s > vy. (f) 45° impact, 493m/s > wvy.

Fig. 2. Images of cross-section of impacted laminates.

Cross-section images are useful in order to visualize the type of damage that appears
in the laminate; nevertheless in order to quantify the damage extension, C-Scan
images are much useful. Figs. 3(a) and 3(b) show respectively the C-Scan image of
normal and oblique impacts; the dark area indicates the damaged zone, which is
larger in the normal impact. The values of the damaged areas are shown in Fig.

In this kind of images is not possible to differentiate which kind of damage is
presented, but using the cross-section images it is possible to say that is mainly

delamination.



(b) 45° impact, 83m/s < vy.

(a) 0° impact, 85m/s < vy.

(d) 45° impact, 157m/s > vy.

(c) 0° impact, 153m/s > vy.

(f) 45° impact, 493m/s > wvy.

, 492m/s > .

(e) 0° impact

Fig. 3. C-Scan images of impacted laminates.

3.2 Impacts above ballistic limit

When the impact velocity of the projectile is high enough to perforate the unidirec-

the difference between the initial and the residual

)

tional quasi-isotropic laminate



kinetic energy of the projectile is the energy absorbed by the laminate. In this case
the energy absorbed by the laminate is not only delamination and matrix crushing.
Some part of the energy is absorbed by matrix and fiber failure (to create the plug)
and some other is used to accelerate the plug (linear momentum transfer) from rest
to the projectile residual velocity. Figs. 2(c) and 2(d) show respectively the cross-
section of normal and oblique impacted laminates at velocities around 155 m/s; in
this case full perforation is achieved in both cases. The perforation cone is straight
in the normal impact and crooked in the direction of the impact for the oblique
one (the trajectory comes from the right side); hence the plugs ejected during the
impact process are supposed to be like a truncated cone. Delamination is presented
in both cases in many inter-plies zones. The corresponding C-Scan images of those
two impacts are presented in Figs. 3(c) (normal) and 3(d) (oblique); the white area
represents the hole made by the impact. Here the damage extension is much greater
compared to the previous velocity analyzed, and the oblique case presents larger

damaged area than the normal case.

Finally, at very high velocities the damage induced by the projectile is much more
localized around the impact point; this means that the damaged area is smaller than
at lower velocities (above ballistic limit). Figs. 2(e) and 2(f) show the cross section
of impacts occurred around 490 m/s; here the delamination is very small compared
to the 155 m/s case, being larger in the oblique case. Figs. 3(e) and 3(f) shows the
corresponding C-Scan images; as aforementioned the damage for the oblique case is

larger than for the normal case, and both are smaller than the impact at 155 m/s.

4 Analysis of experimental tests

The images of impacted laminates obtained by the C-Scan allow measuring the

damaged area using an image processor software and hence represent the damaged



area vs. the impact velocity for both normal and oblique impacts cases, Fig. 4.
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Fig. 4. Damaged area vs. impact velocity for normal and oblique impacts.

It is observed that the damaged area for both impact angle cases increases with the
impact velocity up to approximately the moment in which the projectile perforates
the laminate, from that moment the projectile passes through the plate and the
damaged area diminishes as the impact velocity increases obtaining a damaged
area equivalent to the perfect hole of the projectile. However, different trends are
observed for the different impact angles regarding the impact velocity. Below the
ballistic limit, the normal impacts perform higher damage than the oblique impacts.
The reason of this behavior is that the normal force applied by the projectile is
the principal component that induces damage due to the smaller strength of the
laminate in the through-thickness direction; for the same impact velocity this normal
component is larger in the case of normal impacts, Fig. 5. At impact velocities above
the ballistic limit, the trend changes so that the oblique impacts perform higher
damaged area that the normal impacts. This can be explained taking into account
that when the impact occurs at very high velocity the projectile makes a perfect hole
in the laminate. In the oblique cases the trajectory through the laminate promotes
an elliptical shaped damaged area, whereas the normal impact promotes a circled
one. It is possible to say that the ratio between the two areas in case of very high

impact velocity will be (rv2 + h/2) /r.

10



vl Ny
Fn=F

Fn = F/V?2
(a) Impacts below ballistic limit.

Ada,m, ~ 7TT2

Adam ~ 7 (1V2 4+ 1/2) 7

(b) Impacts above ballistic limit, at very high velocities.

Fig. 5. Sketch of the impact on composite laminates.

5 Energy absorbed by the composites

Once the damage mechanisms that appear during the impact process have been
identified, it is possible to perform an analysis of how the kinetic energy of the

projectile is absorbed by the composite laminate.

5.1 Introduction

In order to evaluate the energy absorbed by the laminate during the impact it is
necessary to use the impact and the residual velocity of the projectile, which was
measured (as aforementioned) by means of a high speed video camera. Fig. 6 shows
the residual velocity vs. impact velocity for both normal and oblique impacts, and
the fitting curves (with R? > 0.99) used for this type of data using the Lambert-
Jonas equation: v, = A v} — Uy, where v, is the residual velocity, v; the impact
velocity and vy, A and p are the fitting parameters. Using this regression curves an
accurate value for the ballistic limit is obtained: 118 m/s for normal impacts and

139 m/s for oblique impacts. This expression has significance only for v; > vy;.
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Fig. 6. Residual velocity vs. impact velocity for normal and oblique impacts, includ-

ing regression curves.

5.2 Energy balance

The analysis of the experimental results allows to consider that the kinetic energy of
the projectile Ej is absorbed by the laminate through three different mechanisms:
linear momentum transfer Ej,,, delamination E; and laminate crushing FE.. Let’s

analyze those three contributions:

e linear momentum transfer: when the projectile penetrates the laminate (the im-
pact velocity is above the ballistic limit) it is considered that it accelerates the
detached laminated from the rest to the same residual velocity of the projectile.
This phenomenon has been observed by Hazell et al. [33]. The laminate mass
accelerated is the plug generated during the impact and could be estimated as
7 r2 h p; where r is the projectile radius, h is the laminate thickness and p; the
laminate density. The energy absorbed through this mechanism is equal to the
final kinetic energy of the plug which is Ej,, = 1/2m 2 h p; v2. This magnitude
does not change if the impact is oblique since the volume of the plug created is

the same.
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e delamination: the analysis of the impacted laminates showed a delamination area
which is maximum at impact velocities close to the ballistic limit. The energy
absorbed through this mechanism could be estimated as Fy = K A; G5 where
A, is the delaminated area, K is the number of delaminated interfaces and Gjj
is the energy absorbed due to delamination, which is a material property. It is
assumed that delamination mainly occur in mode II since there is no tension force
applied in the direction perpendicular to the laminate plane (in addition its value
is much larger than mode I). This expression is valid for both normal and oblique

impacts.

e laminate crushing: this mechanism represents the energy consumed in the break-
age of the laminate, and hence the formation of the plug. This term could be
estimated as the force applied by the projectile multiplied by the distance: E. =
0. () w72 h(a). In this expression o, () is the crushing strength which is func-
tion of the impact angle, and h () is the distance traveled by the projectile inside

the laminate which is also function of the obliquity.

The balance equation then could be written as:

1 1 1 -
impvf—amva:§7rr2h,olvz+KAdGH—|—ac(a) 712 h(a) (1)

There are two terms that depend on the impact angle

h (a) and o, («). The first one is easily related with the obliquity, by the fact that
is the trajectory followed by the projectile: h (a) = h/cosa (being a = 0 the normal
impact). In order to relate the crushing stress with the impact angle the expression

to be used is:
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o (a) = : (2)

2 _ 2 i 2
e e

In a previous work [32] there is a complete description of how this expression is

9 0% and 729 are respectively the crushing strength

obtained. The parameters o
in the through-thickness direction, in the direction of the fibers and under shear.

Dividing Eq. (1) by the kinetic energy of the projectile and rearranging:

(Ufr)z o my 2K Ay Gr_gg _ 20, (Oz)f_L(a) 7 r2 3)

vi) wrZph+m, W2(mrZhp +my)  vX(nrZhp +my)

Eq. (3) is dimensionless, so it is possible to analyze the relative importance of the
three terms that appear at the right side of the equation substituting the values of
the parameters, Eq. 4. The table 1 shows the values of the problem that has been

used; the material constants were obtained from the literature [20,39].

mp
~Y

w12 p h+m,

2K Ay Gy 200 (4)

v (mr2hp +mp) v

20.(a)h(a) 772 2000
~ T2

v (mr2hpp+mp) U

It is clear that the second term is 10 times smaller than the third one and hence

could be neglected. The residual velocity could be calculated then by:

. _\/ my, v? _QUc(oz)ﬁ(oz)Trr2

7 r2p; h+my 7 rip h+m,
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variable value

h [m] 2.4 x 1073
ol [N/m?] 1.2 x 10®
o’ [N/m?] 1.4 x 108
00 [N/m?] 1.0 x 108

o. [N/m?]  ~13x10°

Aq [m?] 4x1074

my (kg 1.7 x 1073
o [kg/m?] 1500

r o [m] 3.75 x 1073
Grr [N/m] 750
K 2

Table 1

Values of the constants that appear in the problem.

Finally it is possible to obtain the value of the ballistic limit, using Eq. 5 and setting

the residual velocity equal to zero. The expression obtained for the ballistic limit is:

mp

o \/ 2 0. (a) b (a) 772 ©
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Fig. 7. Residual velocity vs. impact velocity for experimental data and model data;

a): normal impact, b): oblique impact.

5.8 Model validation

In order to evaluate if the model gives accurate values of residual velocity, Fig. 7
shows a comparison between the experimental results and the results given by Eq.

(5). For both cases normal and oblique impacts the results are accurate.

Now that the model is validated it is possible to analyze how the curves of residual
velocity vs. impact velocity vary with the impact angle. Fig. 8 (a) shows different
curves for every 15° of impact angle up to 60°. It is important to note that the
results at impact angles of 60° should be taken carefully, since no experimental
test above 45° are available. Nevertheless the results for that impact angle are
shown in order to have a wider view of the impact angle influence. For low impact
angles the differences of the residual velocity are very small, but as soon as the
angle increases the differences tend to be larger, mainly in the range of velocities
in which the laminate is not perforated, near the ballistic limit. This behavior is
due to the increase of the projectile trajectory that strongly increases for larger
angles and makes more difficult the projectile to perforate the laminate. Once the

projectile perforates the laminate, the residual velocity tends to an asymptotic value

16



independently of the impact angle; the reason for this behavior will be explained
later. Fig. 8 (b) shows how the ballistic limit varies with the impact angle; for low
obliquity the variation is small, but as soon as the angle reaches values of 30° the

ballistic limit increases up to 1.5 times the value for normal impact.
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Fig. 8. Residual velocity vs. impact velocity for different impact angles and variation

of the ballistic limit with the impact angle.
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Fig. 9. Energy absorbed mechanism as function of the impact velocity for different

impact angles.
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Another interesting analysis is the evaluation of how the laminate absorbs the kinetic
energy of the projectile (Ey), Fig. 9. At low velocities, below ballistic limit all the
energy is absorbed through laminate crushing (E.), since there is no plug formation.
As the impact velocity increases above the ballistic limit the energy absorbed by
linear momentum transfer (Ey,) increases, whereas the energy absorbed by laminate
crushing stays constant (for a given impact angle) since it does not vary with the
impact velocity . Since the linear momentum transfer does not change with the
impact angle, it is expected that the laminate crushing increases in importance

with the impact angle; this is clear in the Fig. 9.

Finally the Fig. 10 shows the energy absorbed by the laminate (FE,ps) over the pro-
jectile kinetic energy as function of the impact velocity; at velocities below ballistic
limit the ratio is one since all the kinetic energy of the projectile is absorbed by
the laminate. The curves for the different impact angles seems to have the same
shape but moved in the x axis. As the velocity goes beyond ballistic limit, the ratio
diminishes tending to an asymptotic value. This behavior could be explained taking
into account that at very high velocities the main absorbtion mechanism is due to
the linear momentum transfer (see Eq. 4) and hence the residual velocity could be
estimated (from Eq. 5) as: v, =v; my/ (7w r2p; h+ m,); this is the asymptotic line
to which all residual velocity curves tend at high impact velocities (Fig. 8(a)). Then

at very high velocities:

Eus 0.5 mpv? —0.5 mpvz 7rip h

= 7
E, 0.5 myv? T r2pph+m, (7)

%

Which for the values used in this work means that the asymptotic value is Eqps/Ex ~

0.0855.
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Fig. 10. absorbed energy over the kinetic projectile energy as function of the impact
velocity.

6 Conclusions

In this work, the analysis of high velocity impacts on unidirectional composites
has been accomplished. High-velocity impact tests have been performed in a wide
range of velocities and with two impact angles; then the damage mechanisms have
been analyzed using both destructive and non-destructive techniques. In order to
understand the contribution of the damage mechanisms in terms of absorbed energy,
an analytical model has been proposed. From these results presented and discussed,

the main conclusions are as follows:

e At velocities below the ballistic limit the damage induced by the oblique impacts
is smaller than the one promoted by normal impacts; in this range is the normal

component of the impact force the one that causes damage. At velocities above

19



ballistic limit the behavior is the opposite; in this case the oblique trajectory

during penetration of the projectile promotes a larger damaged area.

e An analytical model has been developed and then validated. It is capable to
predict the residual velocity of the projectile in case of penetration, and in addition
the energy absorbed during the impact. The model allows to obtain results for

different impact angles with a very low computational cost.

e The main energy absorbtion mechanisms that appear during the impact are:
linear momentum transfer, delamination and laminate crushing. Even if the de-
lamination is the most dangerous because affects a large area of the laminate, it
has been seen that in the cases studied is the one that absorbs less energy and
its contribution is negligible compared to the linear momentum transfer or the

laminate crushing.

The relative importance of the energy absorbtion mechanism varies significantly
with the impact angle. It has been shown that for a given impact velocity, as soon
as the impact angle grows, the energy absorbed by laminate crushing increases in

importance whereas the one absorbed by linear momentum transfer diminishes.
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