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Abstract: VVe investigated the damage characteristics in carbon  fiber reinforced  plastics (CFRP) laminates impacted
by soft  body  and  hard body prejectiles launched by an  air  gun. Three kinds of  silicone  rubber  were  used.as  soft  body
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a  scanning  acoustic  mieroscope  afier the tests, we  found that the damage  mechanism  of  CFRP  laminates in the soft

                         same.  Ihe rnaximum  impact force for each  prejectilc was  computed  based onbody  anq  hard body  impacts was  the
the energy  balance model  and  the fundamental hydrodyriarnics. From  this analysis,  we  found that there is a  critical
impact force for the delamination initiation and  that it is independent ofthe  material  propenies ofthe  prejcctiles,
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1, INTRODUCTION

  Carbon fiber reinforced  plastics (CFRP)-laminated
cemposites  have been used  extensively  in many  indus-

trial applications  due to their good mechanical  properties,
such  as high specific  strength  and  high specific  elastic

modulus,  howeyer, susceptibility  to impact darnage re-
mains  an  issue of  concern.  The  damage in CFRP  lami-
nates  caused  by impact includes delammation at mter-

faces, fiber breakage, and  matrix  cracking.  Such damage
may  significantly  reduce  the strength  and  stifftiess of

CFRP-laminated  composites.  Preventing delamination in

particular is important to preventing thc reduction  of

compressive  strength  resulting  from an  impact. Several
studies  haye addressed  the problem of  delamination in

CFiU' larninates under  impact conditions  [1, 2].
   When  an  aircraft  is stmck  in fiight by a  bird, which  is
called  a  bird strike,  the damage to the aircraft can  be dis-
astrous,  and  sometimes  fata1, The amourrt  of  damage
incurred is severe,  even  if a small  bird hits a 1arge aircraft.
Thus, in aeronautical  engine  desigri, designmgjet engme
fan blades made  of  polyrner matrix composites  so that

they are capal)le  of  withstanding  a  bird strike is vital of
critical importance. A  hard body  made  of  plastic or  me-

ta11ic materials  undergoes  elastic deformation or  some

plastic deforrnation during the impact. However,  a soft

body impact, such  as a  bird strike, is a very  complicated

problem because ofthe  dynamic interaction between the
soft body and  the mechanical  structure. material

non-linearity;  and  1arge deformations.

   Fan [3] conducted  a  soft  body impact test on  an air-

craft windshield  using  a mixture  of  gelatin and  water.  He
measured  the pressure applied  during the impact  by us-

ing a piezoelectric sensor  and  the Hugoniot pressure ob-
tained under  the assumption  that a  soft body  projectile
could  be rnodeled  as  a  fluid. Ruiz et al. [4] also  reported

on  a  bird strike test in which  a  mixture  of  gelatin and
water  was  used  to simulate  a  bird strike. Martin [5] con-
ducted nonlinear  finite element  analysis  of  soft body

impact  by using  fluid FE  forrnulation, Morita  et al. [6]
reported  that the impact resistance  of  a  composite  im-

pacted by  a  soft body and  a hard body was  related  to the
ratio of  the damage area  to the impact  energy.  However,
the problems of  composite  materials  with  respect  to soft

body impacts, such  as a bird strike, are rarely  investi-

gated. Furthermore, the effect of  soft body properties on
the impact damage has not  been analyzed  yet.
   In this paper, we  report  the results of  an  investigation
of  the damage resistance  characteristics  of  CFRP  lami-
nates  impacted by soft body and  hard body projectiles.
The  projectiles were  launched  from an  air gun and  im-

pacted upon  CFRP  larninates, Tb compare  the effects  of

the material  properties of  a  soft body projectile on  the

impact damage, three kinds of  silicone  rubber  were  used

as the soft body projectiles, Also, impact tests using  hard
body prejectiles made  of  plastic and  rneta11ic  materials

were  carried  out  and  the results were  compared  with

those for the soft  body impact tests. After the tests, the
delamination initiation in the CFRP  laminates was  ex-

amined  in terms ofthe  impact energy  and  impact force.

2. EXPERIMENTAL  PROCEDURE

2.1. CFRP  Laminates and  Projectiles

  The CFRP  larninates were  fabricated from car-

        prepreg (Tbray, P3051S-22,  T700Sl#2500),bonlepoxy
                                    41  900slThe  stacking  sequence  of  each  laminate was  [OO
Oe4], The  CFRP  laminates were  200 mm  long, 100 mm
wide,  and  3.7 mm  thick. fensile tests of  the unidirec-

tional laminates were  carTied  out  to characterize  their
elastic properties by using  a  universal  test machine  (In-
stron  8501). The results  were  as  follows:
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T}able 1. Mechanical properties ofmaterials.

TypeProjectiles Material
Longitudinal
 Modulus
   GPa

Poisson's Density Elongation Mass
 Ratio [kgXma (%) [g]

Hard Body
 Material

Hl

m

AluminumAlloy
  (JISA2024)
 Epoxy Resin
   is henolA

72.4

3.72

O.35

O,4

2780

1265

15

3

1.67

O,76

Soft Body
Material

Sl

S2

S3

Silicone Rubber
  (KE1402*)
Silicone Rubber
  (KEI12*)
Silicone Rubber
   KE26*

O.14

O.69

128

O.47

o,4g

O.47

1265

l498

1500

400

120

70

O.73

O.90

O.90

EL=114  GPa, ET 
=8.3

 GPa, Gur ;4.1  GPa

'
 Shin-Etsu Chemical Co

vor=O.32

where  E  and  G  are  the longitudinal and  transverse
moduli,  and  the subscripts  L and  T  denote, respectively,
the longitudinal and  transverse-to-the-fiber directions.
   Each prejectile was  IO mm  long, had a  diameter of
1O mm,  and  was  rounded  with a  tip, l2.7 mm  in diameter
ln general, a largely deformed material  under  low load is
called  as a soft material.  ln this pape; we  define a  mate-
rial wnh  low elastic modulus  and  high elongation  as the
soft  body material.  Then, we  used  three kinds of  silicone

rubber  as the soft bedy materials  and  an  aluminum  alloy

and  an  epoxy  resin  as the hard body materials.  The  me-
chanical  properties of  materials  used  as the projectiles
are  shown  in Tbble 1.

2.2. Impact [fest

   The impact test apparatus  is shown  in Fig. 1. The
CFRP  laminates were  simply  supported  at  both ends  by
two  steel circular  bars and  mounted  in front of  the air
gun. The projectiles expelled  from the air  gun collided
with  the center  of  the CFRP  laminates. The impact ve-
locity of  each  prejectile was  determined based on  the

3.7

Fig. 1.Experimental apparatus.

0

 I;TD..)

time  obtained  when  the projectile crossed  two  He-Ne
laser beams near  the gun muzzle,  The impact velocity
ranged  from 35 mls  to 3OO rnls in this experiment,
   T[he impact energy  was  defined as the kinetic energy

efthe  projectiles just before the collision, White oil  paint
was  used  to paint the impacted side  of  the CFRP  lami-
nates  before the test to measure  the contact  area  of  the
projectiles.

   After the impact, we  observed  the damage in the pro-
jectiles and  the delaminations at  the interfaces in the
CFRP  laminates by using  a  scanning  acoustic  micro-

scope  (SAM) (Hitachi, M-5000)  having a 10-MHz
acoustic  lens,

3. EXPERIMENTAL  RESULTS

3.1. Projectiles after  Impact

   Figure 2 shows  the typical dainage te the soft  body
and  hard body projectiles after the impact. In the `Hl'

projectile under  an  impact velocity  ofmore  than I20 mls,
there was  only  a  small  plastic deformation near  the tip
and  the `M'

 projectile was  not  damaged at all. In con-
trast, all the sofi body projectiles broke apart  in the ex-
perknent under  the impact velocities  ranging  from 200

(a) H1  (35.8 mls') (b) H2  (172 mfs')

(c) S1 (300 rnls') (d) S2 (299 m/s')(e)  S3 (299 mls')

         Fig. 2. Projectile after impact.

              
"Impactvelocity
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rnls  to 300 mls,  Fragments  of  the soft body projectiles
were  scattered  all over  as a result of  the collision, After
the impacg the size  of  the scattered  fragments was  meas-

ured.  As shown  in Fig. 2, the fragments of  
`S3'

 were

smaller  than those of  
`Sl

 
'
 and  

`S2',

32. Contact Ares

   After the impact, we  measured  the contact  area  ofthe

projectiles on  the CFRP  larninates determined from the
area  where  the white  oil paint had peeled off  The  contact

area  was  approximately  circular  for each  projectile, The
relationship  between the contact  area  and  the impact en-
ergy  is showri  in Fig. 3, The contact  area  was  increased
as  the  impact  energy  increased for each  prejectile, While

the maximum  contact  area  produced by each  hard body

projectile was  about  half the sectional  area  of  the projec-
tile, the maximum  contact  area  produced by each  soft

body prejectile was  three times the sectional  area,  re-

gardless of  the kind of  rubber.  However, the soft body
impacts below the impact energy  of21  .6 J did not  gener-
ate any  darnage in the CFRP  laminates,

250
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ImpactEnergy
   11.0J

Projectile H2
Impact  Energy

   11.3 J
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Fig. 3. Relationship between contact  area  and
.Impact

 energy.

(a) Upper lntembce (b) Lower Interface

         (X: Impact Peint)

50

         Fig. 4. C-scan  images at intembces,

tern is essentially  independent of  the material  properties
ofthe  projectiles [8],

4. DISCUSSION

4.1. Impact Energy
   The  total delarnination area  deterrnined by using  the

SAM  was  used  to quantify the impact darnage. The total

delamination area  is defined as  the sum  ofdelamination

areas  at the upper  and  lower interfaces.

3.3. CFRP  Laminates after  Impact
   The damaged CFRP  laminates had a  remarkable  ma-

trix cracking  oriented  in the direction of  the fiber on  the
backside of  the impact. The CFRP  laminates irnpacted by
the hard body prejectiles had distinct indentation marks

at  the impact point [7]. However, the CFRP  laminates
impacted by the soft  body projectiles had no  indentation
marks.

   Figure 4 shows  C-scan images ofthe  delamination at
the upper  and  lower intembces in the CFRP  laminates
after the impact observed  by the SAM, The delamination
area  is in the shape  ofa  peanut, which  is well  known  as a

typical pattern of  impact  damage [1]. The  shapes  ofthe

delamination areas  produced by the hard body projectiles
were  roughly  similar  to those produced by the soft  body

prejectiles. Thus, we  found that the impact damage pat-

seoo"

 E 4oooue
 3ooo-t':

 20006･g

 
loooe

    o

  Pajecrtiles

A  AIuminumAllcyblL)

V  EpoKyRes+nan}

D  SiliconeR-bber(Sl)

O  SiEiconeRubber(S2)
O  sittco"eRubber(s3)

Ne Darn-go･

    O 10 20 30 40 50
                ImpactEnergy(J)

Fig. 5. Tbta1 delamination area  vs. impact energy.

   The relationship  between the total delamination area
and  the impact energy  is shown  in Fig.S, This relation-
ship  is an  important parameter characterizing  the impact
resistance  [1, 2, 8], The delarnination area  for every  pro-

jectile was  approximately  linear to the impact  energy,

even  though the data for the soft body prejectiles was  a

little scattered.  The solid  1ine is the least square  fitted
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1ine. Figure 5 shows  that  the slopes  (DAflE) of  the solid
lines for the `Hl',

 
`H2',

 and  
`S3'

 projectiles were  ap-

proximately the same.  The slopes  for `Sl'

 and  
`S2'

 are

smaller  than the others.  It is considered  that a part of  the
impact energy  was  dissipated by the fracture of  

`S1'
 and

`S2'

 projectiles during the collision. Because the slope
denotes the propagation energy  ofdelamination  for a  unit

area,  it is related  to the reciprocal  of  the interlaminar
fracture toughness. And  the dynainic efilects must  be
considered  according  to the increase in the impact veloc-
ity, A  ballistic velocity  impact induces a  localized frac-
ture and  perfbration at the contact  point with  no  defiec-
tion of  the CFRP  larninate. The delamination area is then
the same  irrespective ofthe  impact velocity,  the CFRP
laminate size, and  the boundary condition  [9]. However,
in this experiment,  there was  no  perfbration and  the de-
lamination area  was  increased as the impact  yelocity

increased. Also, Vlot  [1O] proved that the central  defiec-
tion-energy curve  is almost  the  saine  for an  impact at
yelocities  in the order  of  10 mls  and  100 mls  under  the
same  low  velocity  deforrnation mode,  Thus, the dynamic
interlaminar fracture toughness  due to the dynamic ef
fects, such  as  strain rate, was  neglected  in this experi-
ment  [ll],
   The main  difference in the results for the soft body
and  hard body projectiles was  the critical energy that
initiated the impact darnage in the CFRP  laminates. The
critical energies  in the soft body  prejectile impacts were
much  higher than those in the hard body projectile im-
pacts, Therefore it is apparent  that initiation of  delamina-
tion is not  govemed  by impact energy  alone.

4.2. Impact Force

   We  calculated  the impact  force to investigate the rela-
tionship between the initiation of  delarnination and  the
impact force because the initiation of  delamination and
the impact energy  did not  show  any  relation  in the results
obtained  experimentally.  Because the hard body prqiec-
tiles had elastic and  small  plastic deformations as a result
ofcollision  in the experiment,  we  assumed  that the hard
body projectiles were  elastic in the analysis,  In contrast,

each  soft projectile was  smashed  by the collision, and  the
fiagrnents of  the prejectiles were  scattered  as  if they
were  a  fluid. We  thus used  the approximation  ofa  perfect
liquid in the computation  ofthe  impact force of  the soft
body projectiles [12, 13],
   First, the energy  balance model  [14, 15, l6] was

widely  used  to calculate the impact force of  each  hard
body prejectile. The basic assumption  in this analysis  is
that the initial kinetic energy  of  the projectiles is trans-
ferred into the CFRP  laminates during the impact be-
cause  the energy  absorbed  by  the system  during an  im-

pact is of  negligibly  small  quantities in comparison  with

the energies  used  in the indentation and  the deflection of

CFRP  laminates [17]. Thus, the maximum  impact force
and  the maxlmum  defiection of  the CFRP  larninates oc-

cur  simultaneously  when  the velocity  ofthe  projectiles is
zero. We  investigated the local deformatien at the contact
point between the CFRP  laminates and  the projectiles,
The energy  losses due to yibration,  heat, sound,  etc.,

were  neglected.  The energy  balance equation  [1, 14] can
be written  as

       il-M.Vil =  X"MaXPdu+ j:rnaxpda, (l)

where  P  is the irnpact force the CFRP  laminates received

during the impact, Adi{ and  Vk are, respectivelM  the mass
and  the irnpact velocity  of  the hard body prejectile, and

M, and  a  are, TespectivelM  the deflection of  the CFRP
laminates at the impact point and  the local deformation
of  the CFRP  laminates created  by the contact  with  the

prejectiles.
  The defiection ofthe  CFRP  laminates is related  to the
impact force, given as

                 P=k･w,  (2)

where  k is the 1inear stiffiiess of  the CFRP  larninates
calculated  according  to the classical  CFRP  larninated
beam  theory. The  contact  force is given by Hertz's
contact  theory.

                  p=n･a3t2,  (3)

where  n  is the Herzian contact  stiffiiess, Sun et al. [18]
suggested  a  modified  formulation of  the contact  stiffhess

between  a  spherically  rounded  projectile and  a  CFRP
laminated plate as fo11ows:

n-gVJF･11-vA.1'

 EH  ET

(4)

where  ET  is Ybung's modulus  of  the transverse direc-
tion to the fibers of  CFRP  laminates, rH,  vH,  and  EH
are, respectivelM  the curvature  radius  at the tip, the
Poisson's ratio,  and  Ybung's modulus  of  the hard body
prejectile.
   By  substituting  Eqs. (2) and  (3) into Eq, (1) and  inte-
grating the equation,  we  obtain  the fo11owing equation:

iM.vit2=tP2,-ax2
 PSt3..

+-  ･
  5 n2t3

(5)

  Therefore, the maximum  impact force of  the hard
body projectiles, P.., can  be obtained  from the numeri-
cal analysis  ofEq,  (5),
   Equation (5) cannot  be used  to analyze  the collision
ofthe  soft  body projectiles because the contact  deforma-
tion of  these projectiles is not  localized at  the impact

point due to Hertz's theory.  That is, the momentum  of  the

soft body projectiles disappears at the impact point be-
cause  ofthe  assumption  ofa  perfect liquid, Then  the  im-
pact force of  the soft body projectiles can  be calculated

based on  the fundamental hydrodynamics [12],

P =  Ps ' As ' (Pl;(t) - ,i,(t)),2 (6)
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where  ps and  As  are the density and  the cross  sectional

area  of  the soft body prejectile, respectively.  Vg(t) and
th (t) are the velocity  of  the soft body projectile and  the
defiection rate ofthe  CFRP  larninate during the impact.
The pressure waves  originating  at the impact location
and  propagating through  the soft body produce the pres-
sure  peaks, the so-called  

"Hugoniot
 pressures". After that,

the maximum  pressure at the begiming of  the impact is
decreased by the dispersion of  the fractured projectile
[19]. Thus, the impact force becomes maximum  just after
the collision.  Therefore, the maximum  impact force, P..,
at -(t)--O, can  be written  as

P =  )Os 
" As ' 7kl2. (7)

where  Vsii is the velocity  of  the soft body projectile just
before the impact on  the CFRP  laminates.
 The relations  between the total delarnination area  and

the maximum  force are shown  in Fig 6. [[he solid  line is
fitted to the analyzed  results for each  projectile. Although
the slopes  of  the 1ines are  different, Figure 6 clearly

shows  that there is a  distinct initial value  of  the maxi-
mum  impact force that induces the delamination of  the

CFRP  laminates regardless  of  the projectile material,

This means  that the delarnination initiation is governed
by the critical value  ofthe  maximurn  impact  force.

5000NAS

 4ooegg

 3ooo･g'g2ooo

 

g 

a  

S1000 
8 

     

    o
     0
                impact Force(kN)

Fig. 6, Total delamination area  vs. maximum  impact
force,

5. CONCLUSION

  We  investigated the damage characteristics  ofCFRP

larninates impacted by soft body and  hard body prejec-

tiles. The delarnination patterns measured  by using  a

scanning  acoustic  microscope  showed  no  difference be-
tween  the soft  body impacts and  the hard body impacts,
These results mean  that the mechanism  of  darnaging
CFRP  larninates in a  soft  body and  a hard body is the
same.  The  relationship  between the delamination area

(DA) and  the impact energy  (IE) was  1inear, and  the ratio

of  DAflE, which  indicated the  propagation energy  of

delamination in the CFRP  larninates during impact, was

the sarne  in both soft body and  hard body  impacts, but
when  a soft body having high elongation  was  impacted,
the ratio ofDAflE  was  a little low because a part of  the
impact energy  was  dissipated by the fracturing of  soft

body projectiles during the collision, We  also  found that
there is a  critical  impact force for the initiation of  de-

lamination, and  that it is independent of  the material

propertiesofprQjectiles.

REFERENCES
1. S. tM)rate,  Applied Mechanics Review; 44 (1991) 155.
2. S. Abrate, Applied Mechanics Review; 47 (1994) 5l7.
3. H.T. Fan, Whves  and  Fracture, A)vfl])-Vbl.205 (ed. by R.C.
  Batra A.K, Mal  and  GR  MacSithigh),  ASME,  (1995) 43,
4. C. Ruiz and  R, Dutfin, Proc 11th Int. Conf  Experimental

  Mechanics, (ed, by I.M. Allison), A.A.Balkerna (1998) 143.

5. N,E  Martin Jr,, Journal of  Propulsion &  Power, 6 (1990)
  445.6.

 H. Morita  and  RH.W  Tgang, Journal of  Reinforced Plas-
  tics &  Composites, l6 (l997) 1330.
7. T. Adachi, M.  Okazaki, S, Lijihashi and  H. Matsumoto,

  JSME  Int¢ rnational  Journal. 38A  (1995) 370.
8. H. Morita, T. Adachi, Y  Thrcishi and  H. Matsumoto, Jour-

  nal  of  Reinforced Plastics &  Composites, 16 (1997) 13l.
9. WLJ. Cantwell, J. Morton, Composites, 20 (1989) 545.
10, A. Vlot, International Journal of  Impact Engineering, 18

  (1996)291.
11. Z  Adachi, M.  Arai, N. Sakabe and  H. Matsumoto, JSME

  Intemational Joumal, 43A  (2000) 179,
l2, T. Adachi, S. Yamamure  M. Arai and  H. Matsumoto, Im-

  pact Response of  Materials and  Stmctures, (ed. by VP.M.
   Shim, S. Thriimura and  C.Z  Lim), Oxfbrd (1999) 467.
13. J.L. Preston Jr. and  TLS. Cook, ASTM  STP  568 (197S) 49.
14, IMC, Jackson and  C.C. Poe Jr., Journal of  Composites

  lbchnology &  Research, 15 (1993) 282.
15. S. Abrate, Composite Structures, 51 (2001) 129.
16, H.M.  Wen, ILYZ ReddM  S.R. Reid and  RD.  Solden, Key

  Engineering Materials, 141-143 (1998) 501.
17. D. Delfosse, A. Poursartip, Composites, 28A (1997) 647.
18. C,Z Sun and  S.H. Yatig, ASTM  S[[P 787 (ed. by I.M.

  Daniel), (1982) 425.
19. J.S. WilbccK Journal of  Engincering for Poweg  130 (1981)
   725,

155


