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Abstract: This paper summarizes t he autho rs. experimental study on t he characterization sy st em o f composite behavior to

wit hstand impact. The cont ent includes: ( 1) T he dent depth is the best pa rameter describing the impact damage state. ( 2)

There exist s the knee point phenomenon fo r damage r esistance behavio r ( i. e. the r elationship betw een impact energ y or

contact fo rce and dent dept h) and damage t oler ance behavio r ( i. e. the relat ionship betw een dent dept h and com pressiv e

failur e strain or stress) of composite laminates. ( 3) The physical meaning of t he knee po int phenomenon is that the failur e

mechanisms change of damaged composites to fiber breakage in the fir st front plies fr om mat rix cr ack and delamination.

Some suggestions on the cha racterization sy stem of composite behav io r to wit hstand impact w ere propo sed.
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  In the middle of 1970th, it w as found that the

main w eakness o f composite laminates w as their sen-

sitiv ity to impact and it limited ex tensive use o f com-

posites in air craf t st ructures. Usually it w as con-sid-

ered that the sensibility came from brit tleness of resin

matrix. Therefor e development of toughened resin

matrix has been paid the most at tent ion to by mater-i

al scient ists for the last 30 years. In o rder to evaluate

the toughened r esin matrix composites test stand-

ards[ 1, 2] by the character ist ic quant ity of CA I( Com-

pression Af ter Impact ) was proposed in 1980th. In

the ear ly o f 1990th some researchers[ 3- 10] realized

that CAI w as an amphibolous presentat ion and point-

ed out that the capability of composite sy stems to

w ithstand impact included tw o separ ate issues: dam-

age resistance and damage tolerance. Whereas dam-

age resistance is a measure of the damage incurred by

a mater ial o r st ructure due to a part icular event ( such

as impact ) , damage tolerance involv es a measure of

the ability o f a material or structure w ith damage to

/ perfo rm0 g iv en part icular requir ements. So far there

ar e st ill no new characterist ic quant ities instead of

CA I to evaluate their capability to w ithstand impact

although A ST M test standards fo r damage resistance

and compressive r esidual st rength of composites w ith

damage[ 11- 13] have been issued. Recent ly Au-

thors [ 14- 19] fo und that the capability of composites to

w ithstand impact exhibited the knee point phenome-

non by a great many exper imental results, and point-

ed out that the characterist ic quant it ies at the knee

point could be used to evaluate the capability o f com-

posites to w ithstand impact w hich included damage

resistance and damage tolerance. T he present paper

summarizes some conclusions w hich w ere obtained in

this study so far.

1  Capability of Composites to Withstand Im-
pact

1. 1  Selection of Damage Parameter

The appropriate damage parameter has to be se-

lected in or der to describe the capability of compos-

ites to w ithstand impact . It should meet the fol low-

ing requir ements:

( a) For the same impact event the r esponse of

composite sy stems w ith differ ent toughness ( or dam-

age resistance) should be significant ly different ;

( b ) T he damage parameter should be easily

measurable.

Based on a great many experimental results Au-

thors found the dent depth w as the suitable damage pa-
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rameter to describe the damage state ( see Fig. 1) . In

comparison w ith damage area and damage w idth the rela-

t ionship betw een impact energy ( or contact force) and

dent depth is the most sensitive to the dif ference of capa-

bility to withstand impact for different composites and it

is the easiest measurable quant ity. In fact the dent depth

depends on many factors, such as the shape and materials

of the impactor, but they can be specif ied during develop-

ment of these test standards.

Fig. 1  Th e relat ionsh ip b etw een im pact energy an d dif ferent damage parameters for carb on / epoxy

1. 2  Knee Point Phenomenon of Capability of Com-
posites to Withstand Impact

  T he experimental study by Autho rs have ver-i

fied that the relationship betw een impact energ y( con-

tact for ce) and dent depth w hich w as obtained by dif-

ferent damage intr oduct ion methods ( dropped w eight

and quas-i stat ic indentat ion) and impactors w ith dif-

ferent t ip diameters( 12. 7 and 25. 4mm) for compos-

ites w ith dif ferent lay-ups, thickness and material

systems, exhibited obvious knee point phenomenon

and the dent depth at the knee po int w as less than

01 5mm. Autho rs also found that the dent depth ~
compressive failur e st rain curves of composites w ith

damage int roduced by dr opped w eight or quas-i static

indentat ion method tended a constant , that is a

thresho ld. Fig. 2 and Fig. 3 are the par t of the test

results obtained by Autho rs. T he data in Fig. 4 are

quoted f rom [ 20] . This phenomenon show s that the

obvious change occurs at the knee point for no mat ter

damage resistance behavior ( char acterized by impact

energy or contact force ~ dent depth curv es) or dam-

age to lerance behavior ( char acterized by dent depth~

compressive failur e st rain or st ress curves) . There-

fore it is possible to establish evaluat ion sy stems of

composites to w ithstand impact by using this phe-

nomenon.

2  Physical Meaning of Knee Point Phenomenon

The failure mechanisms of damaged composites

w ith dif ferent toughness ( brit t le T300/ 5222 and

toughened T 700S/ 5228) w ere invest igated by using

deply technique. Table 1 show s the test parameters

fo r each specimen. Dknee is the dent depth at the knee

point . F ig. 5 is the results of the deply technique and

show s the damage details and its dist ribut ions ply by

ply . T he fo llow ing is observ ed:

( a) Only matrix and delam inat ion could be ob-

served for damaged composites w ith D< Dknee . The

mark of the knee point is occurrence of f iber break-

age at the impact locat ion on the f ront sur face.
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( b) The preliminary observation found that fiber

breakage propagated to the middle from the surface of

laminates as the dent depth increased when D> Dknee .

( c) The inf luence of damage int roduct ion meth-

ods to damage dist ribut ion and mechanisms is ne-

glectable as long as the dent depth is the same.

  The knee point phenomenon indicates that ab-

Fig. 2  Damage res istan ce( im pact en ergy~ dent depth) and damage toleran ce( dent depth) behavior

for tw o composite sys tems w ith differ ent toug hnes s

Fig. 3  Damag e resi stance( impact en ergy~ den t depth ) and damage tolerance( dent depth) b ehavior for

7 com pos ite systems wi th dif ferent toughn ess

Fig. 4  Damag e resi stance( impact en ergy~ den t depth ) and damage tolerance( dent depth) b ehavior for

2 dif ferent composi te system s ( data f rom referance [ 14] )

rupt change in capability of composites to w ithstand

impact. When D< Dknee, composite lam inates w ith-

stand impact events by means of intact f ront surface

plies ( i. e. , no matrix cracks and interface failure on

the f ront surface plies, usually the first 3 plies) . The

consequence of impact is only matrix cracks and in-

terlaminar delam inat ions in the inner laminates. Af-

ter the knee point phenomenon occurs, i . e. fiber

breakage on the front sur face plies occurs, composite

laminates lose the capability to keep w ithstanding im-
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pact basically . T he succeeding damage is mainly fiber

breakage propagat ion to the middle plies f rom the

surface plies and only a lit t le increase of inner delam-i

nat ion area. Therefore compressiv e st reng th is bas-i

cally a constant w hen D> Dknee , because compressive

st reng th depends on inner delaminat ion area.

Table 1  Test parameters (A-T300/ 5222, B-T700S/ 5228)

Damage int roduct ion meth od
Dropped w eight

B4-1 B4-2

Quas-i s tat ic inden tat ion

A3-3 A3-4 B4-3 B4- 4

Energy/ J or con tact force/ kN 30. 3 41. 7 3. 6 3. 89 8 111 53

Dent depth / mm 0. 26< Dknee 0. 94> Dknee 0. 26< Dknee 0. 4> Dknee 0. 34< Dknee 01 54> Dknee

3  Suggestions on Evaluation System of Ca-

pability of Composites to Withstand Impact

The follow ing evaluat ion system of capability of

composites to w ithstand impact is proposed based on

the knee point phenomenon o f composite behav io r to

w ith stand impact ( impact energy or contact force v s.

dent depth curv e for damage resistance and dent

depth vs. compressiv e failure st rain or st ress curve

fo r damage tolerance) and its phy sical meaning:

( a) T he max imum capability of composite lam-i

nates to keep integ ration of the fr ont surface plies un-

der impact can be used as characteristic quant ity to e-

valuate damage resistance behavior ( so-cal led tough-

ness) of composite systems. Considering that the in-

f luence of damage int roduct ion methods can be neg-

lectable, the maximum contact fo rce using the con-

centrated quas-i stat ic indentat ion method w ith the

specified condit ions. T hese condit ions can be selected

based on [ 11] .

( b) The minimum capability of damaged com-

posite laminates, i . e. the thresho ld of the dent depth

vs. compressiv e failure st rain or st ress curv e under

the specif ied conditions can be used as char acteristic

quant ity to evaluate damage to lerance behavior of

composite sy stems. T hese conditions can be selected

based on [ 12, 13] .
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