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The Effect of Bridging on Fatigue Crack Growth Behavior in 
Aramid Patched Aluminum Alloy(APAL) 

S. W. Oh*, W. J. Park*,  C. W. Hue*,  H. K. Yoon** and K. B. Lee*** 
(Received February 7, 1994) 

A new hybrid composite (APAL ; Aramid Patched Aluminum Alloy), consisting of a 2024-T3 

aluminum alloy plate sandwiched between two aramid/epoxy laminate (HK 285/RS 1222), was 

developed. Fatigue crack growth behavior was examined at stress ratios of R=0.2,  0.5 using the 

aluminum alloy and two kinds of the APA[, with different fiber orientation (0~176 45 ~ for 

crack direction). The APAL showed superior fatigue crack growth resistance, which may be 

attributed to the crack bridging effect imposed by the intact fibers in the crack wake. The 

magnitude of crack bridging was estimated quantitatively and determined by a new technique 

on basis of compliances of the 2024-T3 aluminum alloy and the APAL specimens. 3-'he crack 

growth rates of the APAL specimens were reduced significantly as comparison to the monolithic 

aluminum alloy and were not adequately correlated with the conventional stress intensity factor 

range (Z/K). It was found that the crack growth rate was successfully correlated with the effeclive 

stress intensity factor range (~K+,//: K~,- K~) allowing ['or the crack closure and the crack 

bridging. The relation between da/dN and the ,dK~,,. was plotted within a narrow scatter band 

regardless of kind of stress ratio (R =0.2, 0.5) and material (2024-T3 aluminum alloy, APAL 0 

~ ~ and APAL ~45~ The result equation was as follow:da.'dN-=6.45• z'4. 

Key Words: Hybrid Composite, Aramid/Epoxy Prepreg, Fatigue Crack Growth Behavior, 

Effective Stress Intensity Factor Range. Crack Bridging, Crack Closure 

1. I n t r o d u c t i o n  

The aluminum alloys have been the most popu- 

lar as structural material in the aerospace and 

aircraft industries. The aluminum alloy has good 

charcteristics for high strength to weight ratio 

compared with other conventional metals. But, 

the aluminum alloy has low resistance for fatigue 

crack growth because of its brittleness ~br high 

strenglh. Therefore, many studies are required to 

make up for this weak point. 

The advantages offered by advanced composite 

material over conventional alloys (for example; 
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aluminum alloy etc.) are widely recognized for 

structural applications requiring high strength 

and stiffness to weight. In addition, composite 

materials as a group have significantly greater 

property for fatigue loading than any other class 

of material known up to this time. 

Currently, to high strength and stiffness com- 

bined with low density, advanced composites 

such as fiber-reinforced resin-matrix composites 

have good dimentional stability, corrosion resis- 

tance and good fatigue properties. However, 

resin-matrix composites employing thermosetting 

polymers generally exhibit brittle behavior. 

These, in turn, reduces the fracture toughness and 

damage tolerance of composite structure laminat- 

ed exclusively with these laminate materials. 

To circumvent the problems associated with 

traditional resin-matrix composites, hybrid com- 

posites consisting of two or more type materials at 

the lamina level are currently being introduced to 
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the market (Davidson, 1991; Marissen, 1987; 

Ritchie, 1987, 1989, Volelesang, 1983, 1986). One 

of the emerging hybrid composites is ARALL 

laminate which was originally developed by 

Vogelesang(1983, 1986) and associates at Delft 

University and is currently marketed by the 

Aluminum Company of America. The ARALL 

laminates consist of alternating layers of thin 

aluminum alloy sheets bonded by a structural 

adhesive impregnated with high-strength unidir- 

ectional aramid fibers. It was primarily developed 

as a material with good damage tolerance prop- 

erties. 

Recent investigations (Davidsom 1991: Maris- 

sen, 1987: Ritchie. 1987, 1989: Volelesang, 1983, 

1986) have shown that the ARALL laminates 

possess superior fatigue crack growth resistance 

to conventional high-strength aluminum alloys. 

These properties, together with Mgh tensile 

strength along the fiber direction and low density, 

make the ARALL laminates attractive for aircraft 

structural applications where fatigue is an impor- 

tant design criterion. Advantages of the ARALL 

laminates oxer conventional monolithic alumi- 

num alloy have been summarized by Bucci etc. 
(1988), 

Most of the work on the ARALL has been 

directed tovcards determining its engineering 

properties under a variety of crack growth was 

perf\~rmed by Marrissen(1984, 1987 and 1988) 

and Ritchie( t986, 1987 and 1989) etc.. Marissen's 

~ork, very comprehensi,,e efforts to determine 

many characteristics of the A R A L L  focused the 

mechanism part of tile work mainly on delamina- 

tion of the aluminum sheets near the crack line 

and beha,,ior of the epoxy adhesi,,e. The works of 

Ritchie etc. were much more concerned with the 

efforts of fiber bridging and closure, as measured 

using a back face strain gage. The locus of the 

eft\~rt was to determine the affects of both closure 

and bridging, on the stress intensity at the crack 

tip, and marked the first attempt to assess the 

factors locally. They found that crack growth 

rates generated under different conditions could 

be regulated well when an effective stress intensity 

factor (~./K~,>.) allowing for crack closure and 

bridging was used as the local crack driving force. 

The performance of hibrid composites depends 

strongly on the type of reinforcing fibers 

(Koterazawa, 1993: Lin, 1991: Mall, 1987). 

Authors (Oh, 1993) have made many efforts for 

hibrid composites. In prior studies+ the fatigue 

crack growth behavior of a hibrid composite 

(APAL : Aramid Patched Aluminum Alloy) was 

found to be reduced extremely as comparison to 

that of the 2024-T3 aluminum alloy. 

The APAL '~as a hybrid composite material, 

which is consisting of aluminum-alloy plate pat- 

ched aramid cloth/epoxy laminate. Its crack 

growth rate was not properly correlated with the 

stress intensity factor range (Z/K). New war- 

ameter needs to be developed to govern the crack 

growth rate. The effective stress intensity factor 

range (MKe,7) taking accounting of the crack 

closure and the crack bridging was introduced to 

solve the problem connected with the crack 

growth rate. 

In this study, the objective was to describe a 

new experimental technique to measure quantita- 

tively the magnitude of crack closure and crack 

bridging in order to determine the effective stress 

intensity factor (z/K, zr). In addition, it was 

examined whether the parameter z/K~js was still 

effective for fiber orientation (0~ ~ 45 +) and 

stress ratio (R -0.2, 0.5). 

2. Experimental Procedures 

2.1 M a t e r i a l  

The composite studied in this study was a 

hybrid material designated APAL supplied 

HAN-KUK fiber glass Co. Ltd., Korea. As 

shown Fig. I, The APAL was a laminate of 

< 

Fig. 1 

~;~__ ara mid/epoxy 
prepreg 

~) --- 2024-T5 
aluminum alloy 

~ aramid/epoxy 
prepreg 

Schematic illustration of APAL 
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Table 1 Chemical compositions of 2024-[3 alumi- 

num allo.,, {wt.%) 

1 

0.11 3 

-r- ..... ~ . . . . . . . . . . . . . . . . . . . .  T 
Cu ] M n  Mg7 Cr T Z n  : Ti i AI 

i _ _ 2  . . . . . .  i - -  . . . . .  ~ . . . . .  .< . . . . . . . . . . . . .  i . . . . . . . .  4 4~o.,8 k , . 4 4 , 0 . 0 4 1 . 0 _ . 0 3  ! 0 .02  1 ,,, , i .  
. . . . . .  ' . . . . . . . .  X . . . . . . . . . . . . . . . . . . .  i . . . .  - 

Table 2 Mechanical properties of 2024-T3 ahimi- 

num alloy 

Yield strength Tensile stregth Elongation / Hardness 

(MPa) (MPa) (%) ~ (H~) 

?30 . . . . . . . . . . .  46; . . . . .  . . . . .  l ,46.5 
. . . . . . . . . . . . . . . . . . . . . . . . . .  [ 

Table 3 Physical properties of aramid/epox,, pre- 

preg (HK 285/RS I "~'')-._ 

Volat i le  content 0.28% 

Resin content 52.17% 

Resin flow {at 0.35 MPa) 28.72% 

Gel lime (at 135+ I<C ) 4 rnin .1.8 sec 

Table 4 Mechanical properties of tram~d,'epox,, 

laminate {HK 285./RS t222) 

F her W a r ; i O : 7 - - Z " D i i : i  ...... 

Properties (MPa) (MPa) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Tensile strength [ 567.50 5[2.41 

Tensile modulus I 30000.35 31000.04 

. a~  -~ -1-7 - Compression strength ,_4 14 =_, _',9 

('omwession modulus , 29000.66 29000.66 

FlexuTal strength i 513.79 510.35 

Inter laminar shear strength ] 63.45 : 

2024-173 a luminum alloy plate sandwitched with 

two sheets of  aramid f iber /epoxy prepregs. The 

a luminum alloy plate was 6.5 mm thick and the 

each aramid f iber /epoxy prepreg (HK :~285/RS 

1222) was about 0.25 thick. The a ramid /epoxy  

prepreg was a sheet of  Kevlar  aramid fibers 

embedded in epoxy resin. Tables  I and 2 show the 

chemical composi t ions  and the mechanical  prop- 

erties of  the 2024-T3 a luminum alloy. Tables 3 

and 4 show the physical properties and the 

mechanical  properties of  the a r amid /epoxy  pre- 

~]romid/epo• prepreg 
contour  line 

I _ I  

0 " / 9 0 "  • r 
/ 

\ , , ,  

f -  . . . . . . .  

6 5  

is . [  

Fig. 2 

g " -  r  R 

b 

r-- -'---dT: 

Shape and dimension of specimen Rw lkitigue 
test 

preg. T w o  plies of  the a r amid /epoxy  prepreg 

sheets ~,,ere cured at 127~ ̀  to douMe sides of  a 

surface treated a luminum alloy plate. Tile A P A L  

specimens used were two kinds v, ith different 

fiber orientat ion of 0 ' / 9 0  and } 4 5 '  liar crack. 

direction. :~here the a luminum alloy specimen 

phtte was nlanufactured for L - T  orientat ion,  as 

shown Fig. 2. 

2.2 Fat igue test  

Fatigue crack growth tests ~ere  perl\)rmed 

using CT  specimens of 2024-T3 a luminum alloy 

and APALs .  All tests ,aere carried out using a 

servohydraul ic  testing machine (M-[S model 810. 

10 ton[) with load control  mode. t~ o stress ratios 

/r 0.2. 0.5, waxet\~rm sinusoidal and frequency 

15 Hz. 

The  fat igue crack length x~as m o n i t o r e d  by the 

comp l i ance  method,  and was measured by a tra,,- 

elling microscope and a beach mark method. 

The crack closure was analyzed using a back- 

face strain gage mounted on the ahJminum plate 

and a C O D  gage sticked to crack rnouth. 
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3. Resu l t  and D i s c u s s i o n  

3.1 Measurement of crack length 

l i g u r e  3 shov, s the relation between the 

compl iance  crack length ~c~) by compl iance  

method and the measured true crack length (av) .  

l-lie compl iance  crack length was determined on 

basis o f  the contpl iance ,,atuc using the crack 

opening displacemenl ICOD)  at loading line. The 

measured crack length ~as  the ' ,alue measured on 

surface by a travell ing microscope ~n case of  the 

2024-F3 a luminum alloy specimen, and the ' ,alue 

determined by beach mark method in case of  the 

, \PAI~ specimen. The compliance crack lengths 

(,/~1 were nearl> equal to the measured crack 

lcngth,,l~Lv) for the both stress r a t i o s ( R  :0 .2 .0 ,  

S) regzudless of'stress ratio in the a luminum alloy 

and the A P A L  specimens. In case of  the alumi- 

num allo>, the compl iance  crack lengths ~ere  

almost identical to the measured crack lengths. In 

case of  the A P A L ,  the compl iance  crack lengths 

\~ere smaller than the measured crack length. The 

magnitudes of  differences were larger in the 

A P A L  0~ 90~ in the A P A L  ~45 ~ 

3.2 Fatigue crack growth behavior 

Figure 4 shows the relation between fatigue 

crack growth rate (d~z!d, ' \)  and stress intensity 

factor range (,.JA') at t ~ o  stress ratios IN--() .2,  0. 

5) for the a luminum alloy. The fatigue crack 

glxmth rate was similar in both stress ratios (R  

0.2, 0,5) and ~as plotted on a line with little 

sca[tering, which implied that the crack growth 

rate ~as  not effected by' stress ratio. It have been 

reported that the effect of  stress ratio on fatigue 

crack growth rate is resulted from the crack 

closure (Hudson,  1969: Newman,  1984: Allison,  

1988: Omer, 1990). This behavior  being indepen- 

dent of  stress ratio indicated that the crack closure 

was not developed in this test condit ion.  In 

actual, the crack cloure was measured using a clip 

gage at loading line and a back lace strain gage, 

but it was scarcely detected in both methods in 

this experinaent. Accordingly,  it could be consid- 

ered that the crack closure was not originated in 

this test condit ion.  

As a result, the fatigue crack growth rate, in the 

E 

d 

8 

d 

Fig. 3 
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Measured crack length, at,~ (ram) 

( omparison ot compliance crack length and 
measured crack length h~ beach mark method 
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Fig. 4 Relation bet,teen fatigue crack growth rate 
and stress intensity factor range for 2024-T3 
aluminum alloy 

a luminum alloy, was expressed as a function of  

stress intensity factor range. This figure thus in- 

dicated that stress intensity factor range (Ai r )  was 

good parameter for the fatigue crack grov~th rate 

in the a luminum alloy. 

Figures 5 and 6 show the relation between 

fatigue crack growth rate ( d a / d N )  and stress 

intensity factor range (,.qK) at stress ratios o f / q =  
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0.2, 0.5 in the A P A L  0 ~  ~ and  the  A P A L  + 4 5 2  

c o m p a r e d  wi th  the  a l u m i n u m  al loy.  The fa t igue 

crack grov, lh b e h a v i o r  o f  the A P A t ,  was  grea t  

d i f fe ren t  h+om lhut o f  the  akm~inum al loy.  T h e  

fa t igue  crack g r o w l h  rule  in the  A P A L  w a s  

r e m a r k a b l y  s l ower  than  that  in the u l u m i n u m  

i k! : : . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

[ : s f ~ q r n e n  ' R 'svnd:x~l! 

:05 �9 ! 
' _. : : f )  

~) iAm"d, • ' !+ :: }/ 1:~ ! i ':! ! �9 ! 

L 

F 

j~)  o L  . i L ~ I { i i 1 ~. . :_.{. .  ,. + i i :  

1 'k l  1:.' +, 

glK ( M P a -  ~ m )  

F i g .  5 Relation between fatigue crack growth rate 

a n d  stress intensity factor r a n g e  for A P A L  
:~ 45 ~ 

a l loy  and  the a m o u n t  o f  d i f fe rence  in lkltigue 

c rack  grox~,th rate got  la rger  as the  stres,, intensity, 

fac tor  r ange  level was inc reased .  It:, r e d u c t i o n  is 

very ' ,cry s ign i f ican t .  It ma,,. be  suid that  the  

A P A L  possesses  s p l e n d i d  fa t igue  crack g r o w t h  

res i s t ance  c o m p a r e d  wi th  the  a l u t ~ i n u m  Ldloy. 

T h e  fittigue crack g r o w t h  b c h a x i o r  o f  the  

A P A L  was pecu l i a r  tk)r >,tres>, intensit), fac tor  

r ange  (,_/Ix') and  stress rulio,  c o m p a r e d  to the 

a l u n f i n u m  a lhw.  l h o u g h  fa t igue  crack g r o w t h  

rate mum be increased  us .21f( lexcl wa~ increased ,  

here  ca~e~ ~q" the \ P A l  v, erc  h m n d  to be de- 

c r eased  con~cr , , c ix  in a , Id i~ , ,n ,  the tzfiivtlc cr;lck 

g r o ~ A l h  i - a l e  g e l l C l ; l l ! }  f ! c t  i l . . i  : I s  , t l < . ' . s  ! ' ; ! r !~,  ~ ! . ,w s  

h i g h .  h u l  l i l t '  I ; i ! r )? l l c  CF,?~.i,. !_,l,'.','+t[; i ' .tl~ 1~!1 h ! ~ h c r  

,dl+ex. ~, l H t i o  k ;+ l} "~ \%ij,, , ,c]x.  '-,[(~%,:r ':?.tyl ~ ; 1 [  ll+}r 

]~  ( )  2 *0 h c I t "  U < O l l l l i l !  \ b c h a ~ ,  i o f  \~ ?.,, s l l ~ , x ~ , n  

liar Ihe ',Ire,,, rat io.  

,\11 resul ts  o f  the col+stant+;up, p l t l udc  hHigue 

crack glo,Ath Icy, t, in the form o f  g ( ,pa th  i;ttes, as 

a h l n c t i o n  o f  stress in tens i ty  factor  r ange  are  

s h o w n  in Fig.  7 to c o m p a r e  grov, th rate~, lk)r the  

A P A L  0 ~  + and  the  A P A L  , 4 5 " .  T h e  reduc-  

t ion in g r o ' a t h  rates was  r e m a r k a b l y  + ior two  

k inds  o f  the A P A I  c o m p a r e d  v+ith the  2024-T3 

a l u m i n u m  alloy.  In a d d i t i o n ,  it way o b v i o u s  that  

f specin~en R [symbol[  . . . . . . . .  ; 6 { !  

k I A I 2 0 2 4 - T 3  ~ ~ . . . . .  

1 0  .s.~_ I A P A L  0 /90  ~) :2 : ._  ~ . . ~  

-s 

"L~ 13-+ 
B 

Z -S 

" ~ t  

10 -+I 

_ _  _ _ i 9 # _  �9 i 

7 

AK ( M P a -  , / -m) 

Relat ion between fatigue crack growth rate 
a n d  s t re s s  intensity factor range for A P A L  0 ~ 

/90  ~ 

F i g .  6 
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~: s p c v i m e n  i R is.,,[!~boll 
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A12024 T 3  . . . .  
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F i g .  7 Relation between fatigue crack growth rate 

a n d  stress intensity factor range for all test 
conditions 
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the fatigue crack growth rate of the APAL 

appeared different from fiber orientation. The 

APAL 0~176 fiber orientation v, as ()~ 

91) to cr;lck direction had greater fatigue crack 

~ r o v , , I h  ic>,isl{:lnL'L" IN , i l l  the A P A L  ~ 45+which 

i ' i t l c l  , l l l C i l l t i l l c t l l  \~,;.i", ' 4 5  <' f h i s  i s  resuhcd l'rom 

thal lhe A P A I  ( i  9(~' lia~c more larger stiffness 

than ihc APAI  -4> 

3.3 Effect of f iber hridRing 

The reason ~h5 the fatigue crack growth rate of 

the A P A L  was reduced con]pared with the 2024- 

T3 aluminum al loy was that fatigue crack growth 

was hindered by the aramid/epoxy laminate ad- 

hered to double surfaces. In specimens of the 

APAL being finished fatigue test, fatigue crack 

was propagated on the aluminum alloy. However, 

on the aramid/'epoxy prepreg, fatigue crack was 

hardly made and propagated. When fatigue crack 

was propagated on the aluminum alloy in speci- 

men of the APAL, the aramid/epoxy laminate 

was debonded from the aluminum alloy in the 

wake of the crack tip, and the shape of the 

debonded area was formed into triangular shape. 

Exceedingly partial fibers were damaged on the 

debonded area and most fibers remained intact. 

Marissen(1984) have reported thai Aramid 

fiber reinforced a luminum alloy laminates 

(ARALL) similar to the APAL derives superior 

crack growth resitance by promoting extensive 

crack bridging in the wake of the crack tip. The 

individual fibers remaining intact span the crack 

in the wake of the crack tip. Thus, similar to 

behavior in certain ceramic-matrix composites 

(Marshall, 1987) the fibers act as bridges to res- 

tain crack opening, thereby reduce the effective 

crack driving force actually experienced at the 

crack tip. Crack bridging is an example of crack- 

tip shielding, where toughness is enhanced, or 

more generally crack advance is impeded, not by 

increasing the intrinsic microstructural resistance 

but by mechanisms which act to lower the local 

near-tip driving force (Ritchie, 1987, 1989). 

According to Ritchie(1987, 1989) et. al., the 

crack driving force should be better represented 

by the effective stress intensity factor range 

(z/K~ss), which embodies the effect of both crack 

bridging as well as crack closure. 

3.3.1 P r i n c i p l e  

The principle of the measurement technique for 

the shielding by crack bridging and closure was 

illustrated schematically in Fig. 8. Shielding is 

assumed to affect the applied crack driving force, 

J K - - A "  ...... -K, , , , , .  in two ways. One is crack 

closure (i.e. physical contact between crack sur- 

face) and the other is crack bridging, which 

primarily decreases the effective K,,,,~. According- 

ly, the effective stress intensity experienced at the 

tip may be defined as:zlK~,x,.-K~,.--K<.~, where 

Kbr is the effective Km~,~ (corrected for crack 

bridging) and K~t is the effective K,~,,, (corrected 

for crack closure). Experimental techniques to 

measure each parameter are described below. 

3 .3 .2  C r a c k  c l o s u r e  

In aluminum alloys at low A/K level, the princi- 

pal source of crack closure arises from wedging of 

Crack tip Shielding Mecharisms 

P 

COD 
Uneffectlve mcrecse in K~. 

(a) Wedging via crack closure (fracture sur- 
face asperities) 

crock 

r C ,,~- C ,, 

r [ l~.~f~mo. Effective decrease ,n K~. 

COD 

(b) Crack bridging via fibers 

i l l  s 

AK. .=  K -  K0, ( K<, = K=. , )  j 

(c) Total shielding 

Fig. 8 Schematic illustration of the primary crack- 
tip shielding mechanism in APAL (crack 
bridging and crack closure) 
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crack surface by fracture-surface asperites 

(roughness-induced closure), aided by that in- 

duced by cyclic plasticity in the wake of the crack 

tip. Accordingly, the closure stress intensity t,~,.~ is 

generally measured at first contact point of the 

crack surface during an unloading cycle In the 

present study, this crack closure was measured by 

monitoring the elastic unloading compliance der- 

ived from the clip gage at loading line and the 

back-face strain gage. Specifically. the data acqui- 

sition and control system were programmed to 

determine the K~.t value in real time in terms of 

the highest load where the elastic unloading com- 

pliance curve deviated from linearity. 

Using such procedures, however, closure level 

was timnd to be small negligibly in this condition 

of test l\)r the 2024-T3 aluminum alloy and the 

APAL (Fig. 8(a)). The reason of small crack 

closure was thought that the l:aligue crack growth 

rate level was too high in this condition of test. 

in fact, the crack closure was clearly of secon- 

dary inaportance to the crack bridging in govern- 

ing the value of zJK~N. 

3,3.3 Crack bridging 
The effect of the crack bridging on the effective 

Km~ value was estimated using a new technique 

which combined determination of the actual 

length, using calibration chart of Fig. 3, with 

measurement by the compliance of the bridged 

crack, using clip gage at loading line. For each 

cycle, on the elastic compliance curve of the 

actual crack opening displacement ICOD) vs. 

load (P) determined in the APAL .~pecimen :the 

slope of this curve (ignoring non-linearities due to 

closure at very low loads) represented the compli- 

ance of the bridged crack. In addition, the true 

length of the crack was estimated using the experi- 

mentally verified compliance calibration in Fig. 

3. On elastic compliance curve by the COD of the 

aluminum alloy at the crack length corresponding 

to the true crack length of the APAL specimen vs. 

load (P) in aluminum alloy ;the slope of this 

curve represented the compliance of the unbrid- 

ged crack. As illustrated in Fig. 8, the slopes of 

these two curves were different. The curve, der- 

ived from clip gage measurement, was steeper 

(implying a smaller effective crack size) because 

the compliance is reduced b~ the fiber bridging: 

and the curve, deri~ed lr,m~ the true crack length. 

is insensitive to the bridginb!, cflecl. 

fhus.  at maximum Ir ':he ( '()[) determined 

by the clip gage mca.,,urcnlelx lbridged) could be 

seen to be less l h H r l  l h : i !  ix,:dicted h-om the true 

(unbridged) crack length, hc~. ~ ~c ,;~ the restraint 

on crack openm~ b', 1i~,,- ~!...,~, ()r, this blasis, the 

reduction in elt)cti.c ~,,'~:.: (!~t,.t to tqber bridging 

could be estimated by ~;:~ap::rinl,, these t~o 

curx.es. 

As shown in Fig. 8(b). the P at maxium COD 

in the APAL got down largely than that of the 

aluminum alloy at the maxium COD of the 

APAL ; the reduction is essentially the load car- 

ried by the bridging fibers. Accordingly, the value 

of the Pbr can be used to compute magnitude of 

Kh, as the effective maximum stress intensity. 

Figure 9 shows the relation between the COD 

ma• at loading line and the true (unbridged) crack 

length in all test specimens in order to determine 

bridging quantitatively. As shown in Fig. 9, the 

CODm,~x tbr the APAL specimens is smaller than 

that for the 2024-T3 aluminum alloy specimen at 

a given I true) crack length, because of the effect of 

bridging, in the APAL 0~176 smaller than that 

in the APAI, -~:45 ~ As to stress ratio, the C()Dm,~• 

for R = 0 . 2  and R: 0.5 are identical in case of 
the aluminum alloy specimen, but, in case of the 

i speci.r--~n--i R-!2"!Y!.h'f"{{! I 

........... I~s .~ 
IAPAL 0,~ Id-~-l-~--I / /  
. . . . . . . . . . . . .  = . . I  . . . . . . . . .  J f X 

0 , 1  

0 , 0  1 I - - l _ _ L _  l 
30  48  SO 60  70 ~O 

Measured crack length, aM (trim) 

E 
~ 0 . 4  
E 

8 0 . 3  

Fig. 9 

90  

Relation between ('ODma~ and measured 
crack length in order to estimate crack bridg- 
ing 



382 S. W. Oh, W. J. Park, C. ~: Hue, H. K. Yoon and  K. B. Lee 

A P A L  specimen, the C O D  .... fi)r A '=0 .2  is larger 

than that for A' 05 .  

In the AI 'A[ .  ',pecimens. the intact fibers 

around the wake of crack tip resilained the crack 

opening and lieu,, carried some porl ion of  total 

load, that  is, the bi ideing phenomenon was devel- 

oped. The anlounl <q" load thai the fiber carried 

did not exercised no influence on the crack 

growth. The cflective load for the crack growth 

was the ,,ahie after subtracting the load Ibr the 

fibers from the total load. The magnitude c)f l oad  

that the fibers carried ,aas in propor t ion to the 

reduction of  the CO[),,,~,• of  the A P A L  specimens 

in compar ison with the C O D  ... .  of  the a luminum 

alloy. Accordingly,  the effective load (~[~ , ,  - - t ~  

-t{z) could be determined quanti tat ively on 

basis of  Fig. 9 and :_]Ix'<,-, ;>,':is calculated corre- 

sponding to the p,:,:;. 

l--igure I0 shosss the wdue of  the ~A~,:r/zJ/ '( 

determined at a given true carck length, using the 

result of  Fig. 9. In actual, the effective stress 

intensity factor range (zJA'~,/:r) is reduced consider-  

ably in compar ison with the stress intensity factor 

range (z_/K) and the amount  of  reduction grew 

large as the crack length was increasing. The 

effect of  crack bridging on the A P A L  specimen 

was found to be great in /s values during the 

fatigue cycle. With such procedure,  the result of  

Fig. 8 for crack growth at constant Z]/-( was 

replotted in terms of  :.-qK~v?-, as Fig. 11. The 

fatigue crack growth rate was then correlated with 

the effective stress intensity factor range, zJK~x,-, 

for all specimens of  test. As a result, good result 

,,,,'as achie,,ed for all the test conditions.  The 

relation between (/(z/ (,l:\: and Z/A~o, in the A P A L  

specimens, was found to be plotted within a 

narro~ scatter band tot both the A P A L  speci- 

mens and the stress ratios. Moreover,  the test 

points for the 2024-T3 a luminum alloy also were 

distributed within the same scatter band. 

Therefore,  once the a l lowance is made for both 

closure and bridging in the computa t ion  of  the 

appropr ia te  crack driving force , crack growth 

behavior  is no longer dependent  upon stress ratio 

and material,  and is a unique function of  only 

zJA%-,-. Hence, it can be concluded that zJ]x~>- is 

the governing parameter regardless of  kind of  

i .  c ~ 
i 

m APAL -+45 b~ m -  

f 

I 
0 .3  

@.2 -- 

@.1 ! 

@.o L_ ,~ t L -  _L• l ~ _ ~  ~- J L_J 
:fc) ,;i7 L}~ "-'>O 70 8C~ 9D i @(g 

Measured crack length, aM (ram) 

Fig, 10 Relation between ,.JK,,rf/,.JK and measured 
crack length in order to estimate crack bridg- 
ing 

1 @ 2 ~_ da/dN=6 45• ]O7(M~a) 24 / ' ~  

, / ~ o  "/ A 7 ~ - ~ 3 3  ~ [symb~ 

/ / 
1(~) 6 t _  i i i ~  i r l l l _ _ L  i I i t i i i  

1 1 0  1 ~  ~ 

AK, ff (MPa - f -m)  

Fig. 11 Relation between fatigue crack growth rate 
and effective stress intensity factor range (~K 
e l f :  Kbr-- Ko0 for all test conditions 

material and stress ratio. Based on this result, a 

power- law relation as Paris'(1963) equat ion can 

be expressed as the following, 

d a / ( t N = 6 . 4 5  • 10-7(,.4Keff) z4 (1) 

4. C o n c l u s i o n  

The fatigue crack growth test has been carried 
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out at stress ratio N 0 . 2 ,  0.5 using 2024-T3 

a luminum alloy, the A P A L  0~ 9('r and the A P A L  

+45  <~ (Aramid  Palched A l u m i n u m  Alloy).  a 

dr i v ing  parameter Jiir crack grmsth rate in all the 

test conditions.  [-he results x~ce, :is follows : 

(1t ]he  .~.PA[ deri~ed exccttentl', superior  

crack gro;t<th resistance to 2024-[3 a luminum 

allo~, thus the fatigue crack growth rate of  the 

APA[ .  was redticed extremely compared with that 

of  the a luminum alloy. The convent ional  parame- 

ter, stress intensity factor range (.,:J/x'), was impos- 

sible to correhile v, ith the <ltigue crack grov, th 

rate in the A P A L  specimens. 

(2) In the A P A L  specimens, the efllzctixeness of  

the reduction of  the crack growth rate was found 

to be dependent on tl3e crack bridging by the 

fibers. The crack bridging ~:is e~tilnaled quanli ta-  

tively by a new technique on bash, of  the con-lpli- 

antes  at loading line of  2U24-13 aiunlinunl alloy 

and the A P A L  specimens, and the .jfQ,:, (~/t',,,, 

-/x';,,. - t~<;) was determined a l lowing the crack 

bridging. 

(3) The fatigue crack gro'~x, th 1-ate (U<z.,' U.V) wa~, 

regulated as a function of,AN<: .... It ~sas found thai 

the crack growth rate was successfully correlated 

with lhe J/x'~<,- and so the reduction c,f lhe crack 

growth rate in the APAI .  wa~, exphiined rising 

this p:lrameter. 3-lie relation belwecn j , ; ,  J . \  and 

,.Jlt'~,.,:, ',sas plotted wittlin a narrov, .,cartel band 

regarles.', of kind of  the stress ratio~, IN 0.2.0.5i  

and the material,,, t2024-13 a luminum alhL',. 

A P A L  0" /90 '  and, A P A L  ::.:,15<:). 1he  resuh 

equat ion was as fo l low:  d a . / d N - 6 . 4 5 , *  10 7 

( z./I(,j:r F "~. 
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