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Abstract; Aircraft laminated composite components often suffer a variety of high velocity impacts with large quan-

tity of energy. which usually affects aircraft behavior and would incur component damages. even disastrous conse-

quences. Therefore, one investigates the impact resistance of a new type of composite material, Ti/CFRP/Ti

sandwich structure, and launches impact tests by using an air gun test system. Then one acquires the critical

breakthrough rate of the structure and analyzes the damages. The results show that the main failure mode of the

front titanium sheet is shear plugging and brittle fracture of adhesive layer with fiber breakage, while the back tita-

nium sheet is severely ripped. The rear damage is worse than the front one. Compared with traditional CFRP lami-

nates, the critical breakthrough rate of Ti/CFRP/Ti sandwich structure is improved by 69. 9% when suffered the

impact of a bearing ball with 2 mm radius.
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0 Introduction

Aircraft laminate composite structures often
encounter various impacts, including low velocity
impacts, e. g. missing a part during fabrication or
dropping a tool on the structure during mainte-
nance; and high velocity ones, like splashing sand
while taking off and landing or bird-striking in
flight™*, Since composite structures are vulnera-
ble to impacts, it is necessary to minimize impact
damages on them.

The impact resistance of metals is much bet-
ter than that of laminated composites. However,
specific strength, specific modulus and fatigue re-
sistance of most metals cannot compete with
those of composites. Therefore, aramid fiber re-
inforced aluminum alloy laminates (ARALL)E*
and glass fiber reinforced aluminum alloy lami-
nates (GLARE)P® were developed to take full
advantages of the two materials. The properties
of fiber metal laminates (FMLs) are strongly re-

lated to the types of reinforced fiber and the met-
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al: (1) Carbon fiber's unidirectional mechanical
property is excellent, and its crack growth rate is
very low; (2) Titanium alloy has no potential
corrosion problem with carbon fiber, and can ef-
fectively improve shock resistance of the compos-
ite. Therefore, the research on high velocity im-
pact damage for carbon fiber reinforced titanium
alloy laminates is academically significant.

Most carbon fiber reinforced titanium alloy
laminates are manufactured with polyether ether
ketone (PEEK) currently. But the processing of
PEEK prepreg is complicated; the price is ex-
traordinarily high; and it lacks stickiness. Com-
pared with thermoplastic materials, thermoset-
ting materials will undoubtedly dominate the
market for a long time. Therefore, for practical
reason, the impact property of Ti/carbon-fiber-
reinforced polymer (CFRP)/Ti sandwich struc-
ture with the adhesive of epoxy resin (Fig. 1) was
investigated. Furthermore, to improve the im-
pact resistance of structures, titanium is sticked

on the margin of the composite fan blades as used
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in GE90 engines, which have run safely for nearly
20 years with only three blades been substituted.
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Fig.1 Schematic figure of Ti/CFRP/Ti sandwich structure
Many researches to date have been conducted
to study high velocity impact damage of single fi-
ber composite materials or homogeneous met-

st though few of them focus on the damage

al
of FMLs. Nakatani et al. "' studied the damage
behavior of titanium/GFRP hybrid laminates sub-
jected to low-velocity impacts. The observation
and experimental results of the four-point bending
tests indicated that internal damages and residual
out-of-plane deformation of the GFRP layer were
suppressed by the energy absorption via plastic
deformation and crack initiation in the titanium
layer on the side opposite the impact. Cortés et
al. " revealed the energy-absorbing mechanisms
of fiber metal laminates during impact. Low ve-
locity impact testing had shown that the specific
perforation energy of the CF/PEEK-based FMLs
was similar to that offered by the CF/PEEK com-
posite. The experimental evidence proved that
the inclusion of strong titanium alloy plies could
not improve the perforation resistance of FMLs.
Extensive and detailed optical microscope study
had shown that interfacial and inter laminar de-
laminations were the principal energy-absorbing
mechanisms during low and high velocity im-
pacts. Chen et al. '*'*] explored the high velocity
impact damage modes of fiber metal composite
target boards. The board presented a local failure
mode. The damage modes of the front fiber were
a shear fracture, while the back steel presented a
petal-crack damage. When the positions of fiber
and steel are switched, the damage modes of the

back fiber become tension fracture while the front

steel experiences shear destruction damage. Ex-
perimental tests show that the energy absorption
of the latter combination is superior.

We used air gun test system to carry out the
impact tests for Ti/CFRP/Ti sandwich structure.
The ply stacking sequence was [ 0/90 |,,. The
critical velocity of passing through the structure
was identified. The damage modes of both the
pure CFRP and the Ti/CFRP/Ti sandwich struc-
ture were analyzed. And the damage area was an-

alyzed to determine the impact resistance.

1 Experiments

An air gun test system developed by Nanjing
University of Aeronautics and Astronautics was
utilized to carry out the impact test. The system
consisted of a foreign object damage launcher, a
speedometer and a retaining protection device.
The projectile with a 2 mm-radius bearing ball
was used, and the initial speed was between
150 m/s and 400 m/s.

Here, Ti/CFRP/Ti
were manufactured by bonding titanium alloy
sheet (Ti-6Al-4V, 0. 2 mm thick) to the cross-

plied CFRP laminates, which were cured in ad-

sandwich structures

vance by a hot press machine using CF/Epoxy
prepreg (Hengshen Co. , Ltd.) with epoxy adhe-
sive (]J-272,

longjiang Academy of Sciences). The mechanical

Institute of Petrochemistry Hei-

properties of the constituents obtained by static
tensile tests were listed in Table 1.

The specimens included two types of target
boards, i.e. Ti/CFRP/Ti sandwich structure and
pure CFRP. The Ti/CFRP/Ti sandwich structure
board consised of two outer layers of titanium
sheets sandwiching a CFRP layer as the core
which was 1.5 mm thick and comprised of twelve
plies with a stacking sequence of [0/907];,. The
2 mm thick CFRP panel was made of 16 plies
with alay-up sequence of [0/90],,. The square
specimens (120 mm X 120 mm) were clamped by
a special fixture with an 80 mm-diameter central
opening. The average thickness, the average
weight, and the location of the neutral line in

each laminate are shown in Table 2.
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Table 1 Mechanical properties of constituents
Constituent Thickness/mm Density/(kg * m™*) E/GPa E, /GPa E,,/GPa v v, G /GPa ¢,/MPa
Titanium 0.2 4 440 115 0. 34 895
Adhesive 0.2 1 200 1.62 0. 38 30
CFRP UD single ply 0. 125 1450 146.8  9.06 0.314 4.58
Table 2 Properties of impact specimens
Specimen Average thickness/mm Average mass/g Impact position
CFRP board 2.00 42.50 Center
Ti/CF Ti sa ich
//CFRF/Ti sandwic 2.00 63. 20 Center

structure board

2 Experimental Results

2.1 Critical penetration velocity

Successive approximation is used to obtain

the critical penetration velocities of the CFRP tar-
get and the Ti/CFRP/Ti sandwich structure. It is

easy to identify whether the plates are punched or
not by examining the damage of the plates. And
the critical penetration velocity is defined by the
incident velocity when the projectile drops on the
baseboard of the fixture. The experimental data
and damage status of the boards are shown in Ta-

ble 3.

Table 3 Experimental data and damage status of penetration

No. Board Distance of Count time/ Velociiy/ Energy/ Damage status
laser tube/mm us (me+s ') J of board

1 60 341 176 4.0 No penetration
2 60 322 186 4.5 No penetration
3 60 308 195 4.9 No penetration
4 CFRP 60 276 217 6.1 Penetration

5 boards 60 291 206 5.5 Penetration

6 60 314 191 4.7 No penetration
7 60 300 200 5.2 No penetration
8 60 295 203 5.3 Penetration

9 60 231 260 8.8 No penetration
10 60 214 280 10. 2 No penetration
11 Ti/CFRP/Ti 60 192 313 12.7 No penetration
12 sandwich 60 186 323 13.6 No penetration
13 structure 60 165 364 17.2 Penetration

14 boards 60 176 341 15.1 Penetration

15 60 178 337 14. 8 No penetration
16 60 174 345 15.5 Penetration

As shown in Table 3, CFRP plates are pene- 2.2 Analysis of damage modes

trated three times, and fail five times. Apparent- Many researchers have investigated the high

damage of pure CFRP

. One compares the damage patterns be-

ly, when a projectile with a 4 mm-diameter bear- velocity impact

ing ball impacts a CFRP plate, the critical pene-

natesH*!"

tween CFRP and Ti/CFRP/Ti sandwich struc-
Back bulge,
cracking and delamination are the main damage
Figs. 2—4 show
the damage morphology of CFRP laminates im-

tration velocity is 203 m/s. However, when a

projectile with a 4 mm-diameter bearing ball im-

tures. fibrous fracture,

pacts the Ti/CFRP/Ti plate, the critical penetra-

tion velocity is 341 m/s, increaing by 69. 9% modes of composite materials

thanks to titanium alloy skin.

lami-

matrix
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pacted by projectiles with different impact ener-

gy.

Fig. 2 Damage morphology of plate impacted by 4.5 ]

energy

Fig. 3 Damage morphology of plate impacted by 5. 3 ]

energy

Fig. 4 Damage morphology of plate impacted by 6.1 ]

energy

It is seen that pure CFRP plate impacted
with 4.5 ] energy is not punched through. When
the impact energy increases to 5. 3 J, the CFRP
plate has a critical damage. And a projectile with
impact energy of 6. 1 J is powerful enough to

punch through the CFRP plate completely. Ap-

parently, although damage areas of the front side
of the three kinds of target boards are small, the
back ones are seriously damaged. The morpholo-
gy results show that the target boards on the
front present shear plugging failure and compres-
sion failure in different levels. The fiber of the
back mainly presents a tensile failure, and the
crack propagates along fiber direction. Further-
more, the back of the target boards is de-bonding
and the damage evolution tends to be perpendicu-
lar to fiber direction.

Ti/CFRP/Ti sandwich plates impacted by
high velocity projectiles display different failure
modes, and the damage morphologies of the Ti/
CFRP/Ti sandwich structure plates are shown in
Figs. 5—7.

Fig. 5 Damage morphology of plate impacted by 12. 7

J energy

Fig. 6 Damage morphology of plate impacted by 15. 1

] energy

Ti/CFRP/Ti sandwich structure plate im-
pacted by the energy of 12. 7 ] is not punched
through. When the impact energy rises to 15. 1 J,

the target has critical failure. And a projectile
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Fig. 7 Damage morphology of plate impacted by ener-

gyofl 17.2]

with 17. 2 ] impact energy is powerful enough to
punch the Ti/CFRP/Ti sandwich structure.

As shown in Figs. 6—7, the area near the
impact contact point presents shear plugging and
plastic deformation. This is because the front
plate is directly impacted by the projectile, and
the deformation of the front plate is restricted by
the core composites. Therefore, the front sheets
are inclined to exhibit shear plugging, and the
damage region is limited within the impact zone.
Thus, the response of the front titanium sheets is
a local failure response.

Different from the small damage area of the

front sheets, the rear titanium plates are damaged

seriously. The main failure mode of the rear tita-
nium plates is ripping failure. This is because the
existence of the front plate and the core compos-
ites lowers the projectile speed, and the fiber at-
tached to the surface of the projectile enlarges the
contact area. When the impact energy is high,
the shear plugging will appear. Therefore, the
response of the rear titanium sheets is a local fail-
ure response.

Moreover, the rear plate impacts with energy
of 12.7 ] presents a tear failure of C shape, and
the sheet is not destroyed. When the impact ener-
gy increases to 17.2 J, the rear sheet on the con-
tact point is totally damaged. The bullet hole and
the rattled adhesive can be examined breezily.
The projectile residual speeds of the three cases
after crossing the front plate and core composites

are obviously different.
2.3 Analysis of damage area

The damage area of the target plates impact-
ed by projectiles was detected by terminology, a
testing-infrared Fig. 8
shows the damage infrared area of Ti/CFRP/Ti

nondestructive testing.
sandwiched target boards suffers by different im-
pact energy. The highlight parts in the pictures

represent the damaged areas.

Fig. 8 Infrared detection results of plates impacted with different energy
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The Matlab platform was utilized to process
the images: The image size was determined by
pixels with the external contours as boundaries.
The images were captured by a sequence of opera-
tions of image grabbing—image smoothing—im-
age enforcing—edge detecting—image segmen-
ting—binary denoising. Fig. 9 presents the dam-
age area of Ti/CFRP/Ti sandwiched target
boards suffer by different impact energies. We
can find that the damage areas increase with the
increase of impact energy. And the rising slope is

abrupt at an initial stage, and then slows down

gradually.
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Fig. 9 Damage area of Ti/CFRP/Ti sandwich struc-

ture impacted with different energy

3 Conclusions

One launches a high velocity impact test on
the Ti/CFRP/Ti sandwich target boards and pure
CFRP plates, and draws the following conclu-
sions:

(1) The critical penetration velocity of the
2 mmthick Ti/CFRP/Ti sandwich structure tar-
get boards impacted by ball bearings with 2 mm
radius is 341 m/s, while that of the 2 mm thick
pure CFRP target boards is 203 m/s. The critical
breakthrough speed of Ti/CFRP/Ti sandwich
structure is increased by nearly 70% thanks to the
thin titanium alloy sheets.

(2) The damage mode of the front titanium
sheets of the Ti/CFRP/Ti sandwich structure is

shear plugging and plastic deformation, and that

of the reverse sheets is a ripping failure, while the
back damage of the pure CFRP target boards is
serious: the fiber on the back face sheet is uplif-
ted, and the stratification along the fiber direction
is slighter.

(3) The results show that the damage area of
target boards increases with the growth of impact
energy. The damage area stops enlarging when
the target board is punched through. And the

damage area is close to a fixed value.
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