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ABSTRACT

X—ray do uble crys tal d if f r a c tometry and
ref lec tion topography were employed to examine the
deforma tion response of sing le crys tals and Al 2024
alloy specimens. A propensity f or work hardening
in the surface layers compared to the bulk material
was demonstrated for both tensile—deformed and
fa tigue—cycled metals. The cyclically ind uced
defec t distribution with depth from the specimen
sur face  was also inves tiga ted as a f unc t ion of the
f rac tion of fa tigue life. This led to a capability
for  predic t ing the fa tigue life  and fa i lure by a
nondestructive x—ray diffrac tion method .

ADMINISTRATIVE INFORMATION

Th is investigation is part of an in—house research program at the
David W. Taylor Naval Ship Research and Development Center. It was con-

ducted under task ZR0220 10 1, work unit 2802—004.

INTRODUCTION

The ability to predict the failure of materials subjected to repeated

or al terna ting load is of grea t technolog ical impor tance , bo th fo r

mechanical and structural applications. Because x—ray diffrac tion methods

are nondes truc t ive , they have been used extensively in the past to eluci-

date structural changes. In these previous investigations , however , the

change in the pa tter ns, such as asterism or line broadening , occurred

either at the very early stages of cycling , rema ining invariant there—
1 2*af ter , ‘ or were restricted to that period which follows the initiation

o f catas trophic macr oscop ic failure.
3’4 Conseq uen tly,  the attempts to

f orecas t ul timate fa i lure at early stages of the life were unsuccessful .

We recen tly applied a special x—ray method which enabled us to pre—

d ict the fatigue life and failure of Al 2024 with considerable relia—
**bility. The nondestructive technique combines diffraction analysis

using a double crystal diffractomer , with x—ray reflection (Berg—Barrett)

*A list of references is given on page 10.

**A list of symbols and abbreviations is given on page v.

1
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anib t e n t  temper~st  un’ ; a l u m i n u m , a h i g h s s ta c k i n g  f a u l t  e ner gy  m a t e r i a l  , wi  L It

i n i c r o s t r u c t u r e  t y p i ca l  01 d u c t i l e  [ c c  m e t a l s ;  and gold , w h i c h  e x h i b i t s

l i t t le  p r o p e n s i ty  fo r  s u r f a c e  oxide Liver  f o r m a t i o n ,  The d i s t r i b u t i o n  of —

excess d i s l o c a t i o n s  in d ep t h  was detc rn t i i sed  b y r o c k i n g  curve  measu remen t s

a t  t er  d i s c re te  s u r f a c e  l ay er  r en sov ab s b y ch emica l  d i s so l u t i o n  or e l c c t r c ’—

polishing,

As shown in Fi gure 1 , a decreasing grad jeut of exces s  di  5 l o c al. ion

dens itv t rom st r f a , ’e to b u l k  was ob ta ined  f o r  a l l  three shi t’c ics , It will

be n o ted that t here was ,i dec line by tac to  rs of 2 , 7 to  6. 2 , f r o m  a is igh

surface d i s l o c at  ion d e n s i ty  ~
‘ to  s conot ant value ~ , at  about 150 iii i n to
S 1

the  i n t e r i o r .  .-\ l t h o u g l s  t e s t e d  t o  ..‘us l s- )~.. plastic strain , the gold rs.’vs.’,t l ee l

a s i m i l a r  g r s d i s .’nt . T h i s  r e s u l t  i n d i c a t e s  t hat  oxide film forma t ion is not

~s necessary  p r e r e qu i s i t e  I s ’r  C hic d c er c , i s s .’ o f  excess  d i  s loca t  ions f ro n t  t It ’

ou r s  .1cc t o  I lie i n t e r  i. . ’r  . A rd a t  ion  pr oposed to  d~’s cr i be t lie d i  s b ea t  i..sti

g r a d ien t  in ground a l k a l i  ha l  ide c r v s t a l s ~~ can be e t n p i ov t ’d in t h i s  s tud y

t t ~ cons’s.’ r t  t h e  ob t a  m c d  c u r ve s  o t F ’j . .~u r e  1 i n t o  l i s t ’ 1 inea r  fo r m

1 nt ( ~ h~~) - U = ln~~(~ / . . )  - 1’ - kx ( 2 )
x i. S I

where ,~ is the  t’x cc ’os d i s l o c a ti o n  d e n s i ty  a t  t he  d e p t h  d i s t an c e  x .  T his.’
linear convers ion  y i e l d e d  a c o n s i s ten t  n t a t e r i a i — i n d t .’iscneient si i1i k o t  ,iI ’ s ’u t

2 .85 f or  a l l  three  mat erials.

LATTICE DEFECTS IN FATI GU E—C YC LEI )  Al SINGLE CRYSTALS

A l u m i n u m  c ry s t a l s  were sub j cc ted t o  ,sx i , t l  t en s  i s s l s — e -ornpres s  ic’ts I i t  i so -

and the  d e t e c t  s t r u c t u r e  induced in the  I s i c h s  cs’c 1€~ ran ge’ ( ‘ 1, 1) 3 Mr,i , -~ x

10~ eye  leo)  was s tud ied  in dep th  by r o c k i n g  curve  measurements , As showis

in Fi gure  2 , a decreasing g rad ien t  f r o m  t h e  su r f a c s .- into d e p t h s , t v ~’ i . .-a l  01

monotonic  de fo rma t ion , was also produced by the  ey e - i  ing .

The dep th  p r o f i l e  exh ib i t ed , h owever , an add i t  ional  sal  is.’nt t e’, s t u r e ’

A min imum in the  curve was ob ta ined  at a d e p t h  ci i s ta n ce  of 101) ~~ f r om t ilt ’

s u r f a c e .  Fu r the r  in dep th , the  h a l f w i d t h  va lue  increased ag a i l s  and

a t t a i n e d  a p l a t eau  level at about 250 om f rom t h e  s u r f a c e  and ex t  end L u g

into the b u l k .  It  essn be noted tha t  the h a l fw i d t h  va lues  measur ed or t l s~ 
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subsus ’t  a c e  l iver extending t r o r n  ~O to  l~ O ni in d e p t h s  were lowe r t i t an

t i l l ot the v i  r~~i i s  r v s t a l  , m d  i c a t  i ng t h a t  a cyclic rs.n - uve r v  p r o c es s

o c c u r re d  in t h i s  r e g i o n .  F u r t h i e r i ~si r e-, i t  univ be set -n that in the bulk no

change  f r o m  the  i n t r i n s i c  h a l f w i d t h  Wan produced by the low amplitude

c~ ’c 1in g .

DEPTH D I S T R I h IL ’T l i N  OF IJ...TTICE DEFECTS IN
Fl’F IC [ 1- :—CY CLED Al ALLOY

Al 2O2’~ alloys were- cycled in t h e  p u s h — p u l l  mode at  an amplitude of

-2 00  MPa c o r r e sp o n d in g  t o  t h e  p r o p o r t i on a l  limit in static tension. The

.s tlgue b e h a v i o r  of  t h e s p e c i m e n s  is g i v e n  in  ‘Fable 1. As shown in Fi gur c

3, Part A , the measured  r o c k i n g  cu rve  h s a l f w i d t h s , and thus  the  der ived

excess  d i s l o c a t i o n  d e n s i t i e s , increased t h r o u g hout  the  specimen w i t h

increased  cy c l i n g .  Ana logous  to t i le  d e f o r m a t i o n  c h a r a c t e r i s t i c s  of

iionotonicallv and c v c l i c a l l  d e f o r m e d  s ing le c r y s t a l s , the d e p t h  p r o f i l e

analysis ot~ Part A in the figure revealed hi ghe r excess dislocation densi-

ties in the surface lover. Aft er O.l~~ of t i c  fati gue life , a decreasing

gradient to a constant bulk levei was obtained , similar to that observed

for simp le tension (the first half cycle of push—pull fati gue) . For i ’ of

th e f a t  igue life , an incrtiase to a bulk plateau level was again evident , as

found previousl y b r  sing le crystal fati gue .

TABLE 1 — FATIGUE LIFE OF THE 202n Al
SPECIMENS; R = — 1

Stress (MPa) Cycles to Failure

200 21 ,100

150 191,000

100 6,740,000
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Fi g u r e  3 — C omp o s i t e  D i a g r a m  for Al 2024
Spe c linens 1 Iveis Prior F a t  igue to 75 and
95% of Their Lift ’ at ~200 MPa , Fol—

lowed by S u r f a c e  Removal (Pa r t  A)
and R e cyc  1 lu g (Pa r t  B) , and
Ei t lse r Cont I nued R e c y c l i n g

or X—r : s~ Anal ysis  In
D e p t h s  ( P a r t  C)

Fi gure 4 shows da L.s obt a i ned by ,itsa I vs is of the sur f;sci’ layer alone ,

u s i n g  sIsal l o w — p on d  rat ing copper rail i _ st ion , after eye’ 1 ing t o  V a r i o u s  f r ~sc—

t i o n s  o I t lie I ; t t  i gist’ I it e . Thie rest s  I t  a are ’ ~ lo t  t i’d fo r  spec imens w i  t h s  t w

I v er l I g e  g r a i n  s i ze s , d i  I f e ’ r i t s g  by abou t  2~ % i ts  g r a i n  d i a m e t e r , and f o r

t c i -;  t s t a r  r it’d t i s t i  a t  C wo d i t  t’e r i - s t  I st se as ;smp lit side ’s. ‘l’h sc c hinge It s e x t .. as

d i s h  s t e  :st j o t s  dc-us i t  y d t i r  in g t h e ’  I i t  e’ cost Id be’ d e s c r i b e d  by a t lsret ’— st ag s. ’

se-qu cnc e ’ t o  r a l l ,  th i s . ’  t e s t s , Rap id u s c  rc ssi’s in t h e  de l  oct  concent ra t  i o n

oe - .. s sr r ed  e a r ly  (S tage  I)  and late  (S tags .’ 111)  in  the  l i f e .  A m a r k e d l y

dec reased slope was obtained for I lie bcsng dur;it ion of the  second st ap e ,

e’ornpr i s ing  tlse period f r o m  15 to 95% o f t he  l i t  igue l i fe .  A l l  the  da t a

it’ l l wit lsiss the ’ e x p e r i m e n ta l  e r ro r  band , eveis f o r  the a h ternate gra in s izs.’

s to ck  If is uniform sh i t t  f act o r  r e l a t ed  to t h s c  r a t  to  of gra in d i a m et e r s

was ;spplied .
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