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Origin of Brittle Intergranular Fatigue 
Fracture in Warm Aged AI-3.6 
Wt Pct Cu 
J .  S. SANTNER AND M. E. FINE 

When a b inary  A1-3.6 wt pct Cu alloy is aged for  a 
sufficiently long t ime at 130 to 19023, the fa i lure  mode 
i s  in te rg ranu la r  during monotonic tensi le  test ing.  
In te rg ranu la r  fa i lure  during fatigue c rack  propaga-  
tion has a lso  been repor ted  e lsewhere  i-~ In spec i -  
mens aged for  var ious  t imes  at 160 and 19023, 
propagation of fatigue c racks  occurs  in te rg ranu la r ly  
provided AK is sufficiently la rge .  4 Typical ly ,  in pull-  
pull  specimens the fai lure mode at low AK is t r ans -  
g ranu la r ,  becomes mixed as AK is  increased ,  and is 
completely in te rgranu la r  at high AK. The t rans i t ion  
range of AK dec rea se s  as the aging t ime is inc reased ,  
as shown in Table I for  19023 aging, and for  a given 
aging t ime the t rans i t ion  range of AK d e c r e a s e s  as the 
aging t empera tu re  is  inc reased .  

Pas t  inves t iga tors  s-7 have at t r ibuted the meta l lu rg i -  
ca l  cause for  this mode of f rac tu re  to e i ther  grain 
boundary precipi ta t ion or  a prec ip i ta te  f ree  zone 
(PFZ) .  In the present  investigation,  high magnification 
SEM fractography studies of grain boundary f rac tu re  
sur faces  were compared with TEM resu l t s ,  for  a r ea s  
including gra in  boundar ies ,  to identify the source of 
grain boundary embr i t t l ement  in samples  aged for  
var ious  t imes  at 160 and 19023. 

To examine the grain boundaries  of fatigue c rack  
propagation spec imens ,  sect ions 0.5 mm thick were 
cut pa ra l l e l  to and 1.5 to 3 mm below the f rac tu re  
plane using e l ec t r i ca l  d ischarge  machining. The r e -  
sult ing 0.5 • 3 x 10 mm s labs  were  subsequently 
e lec t ropol i shed  to a thickness of 0.13 mm to remove 
the spa rk  damaged region.  A modified Bollmann 
technique was then used to se lec t ive ly  thin an a r ea  
in the center  of the 3 mm wide slab.  The e lec t ro ly te  
was a mixture  of 20 vol pct perch lor ic  acid (70 pet 
absolute) and 80 vol pct ethanol cooled to below 0~ 
Immers ion  in an e lec t ro ly te  of 25 vol pct n i t r ic  
acid-75 vol pct methanol cooled to below 023 at a 
potential  of 8 VDC was found effective in removing any 
surface f i lm which formed during thinning. 

In samples  aged for  two days at 16023, when AK was 
3/2 10 MN/m , approximate ly  a third of the f rac tu re  

surface  exhibited the t r ansg ranu la r  f rac tu re  mode. 
On aging seven days at 16023, however,  the t rans i t ion  
to 100 pet in te rg ranu la r  f rac tu re  was complete at 10 
MN/m an. In beth cases  TEM ti l t ing exper iments  
showed that there  was no apprec iable  PFZ .  Fig.  1 
gives the resu l t s  for three  different  t i l t  angles of a 
pa r t i cu l a r  grain boundary a r ea  in a specimen aged at 
16023 for  two days.  Examination of a l l  three  m i c r o -  
graphs  shows that no PFZ is actually presen t .  The 
f igure also c l ea r ly  shows par t i c les  in the grain 
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(c) 
Fig. 1--TEM micrographs  of typical grain boundary area  for 
AI-3.6 wt pct Cu aged at 160~ for 48 h with a magnification of 
20,000 t imes :  (a) 0 deg tilt, (b) t deg 40 rain tilt ,  and (c) 4 
deg 10 mia tilt. 
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Table I. Fracture Mode as a Function of z~tK and da/dN for AI-3.6 Wt Pct Cu Aged at 190~ 

Aging Time, 12 h Aging Time, 36 h Aging Time, 54 h 

Pct lntergranular Fracture z~rf da/dN AK da/dN AK da/dN 

0 6 to 10 0.2 to 1.6 4 to 10 1.0 to 4.6 4 to 9 0.2 to 2.0 
33 I0 to 14 1.6 to 6.7 I0 to t4 4.6 to 14 
50 14 to 17 6.7 to 30 14 to 22 14 to 120 9 to 11 2.0 to 5.6 
67 17 to 34 30 to 

100 none none 22 to 33 120 to "~ 11 to 28 5.6 to r 

AK values are given in units of MN/m ~/2, values of crack propagation rates da/dN are in units of 10 -2/am/cycle. 

Table II. Mechanical and Microstmctural Pmpertias of Two AI-3.6 Wt Pet Cu Alloys 

Ou Kc r fa 1/2 0u K2c 
Heat Treatment s, Particle Spacing,/am h, Particle Size,/am MPa MPav~ J a h (MPa) (MPa 2 m) 

Two days, 160~ 0.5 0.3 299 33 2.66 795 1089 
36 h, 190~ 0.5 0.5 289 30 2.00 578 900 

Fig. 2--SEM fractograph of grain boundary failure in A1-3.6 
wt pct Cu aged 48 h at 160~ magnification 780 times. This 
structure is identical for all areas exhibiting this fracture 
mode. 

boundar ies  approx ima te ly  0.3 ~m in d iam and spaced 
app rox ima te ly  0.5 Izm apar t .  

F ig .  2 shows a typ ica l  high magni f ica t ion  SEM f r a c -  
tograph  of the b r i t t l e  i n t e r g r a n u l a r  f r a c t u r e  su r face  
found in a fa t igue c r a c k  propagat ion  s p e c i m e n  aged two 
days at 160~ The two adjacent  p lanar  s u r f a c e s  of 
the g ra ins  a r e  approx ima te ly  45 deg with r e s p e c t  to 
the plane of the photograph.  Networks  of r idges  out l in-  
ing pi t ted a r e a s  a r e  o b s e r v e d  on both s ides  of the 
boundary .  These  appear  as equiaxed tens i l e  d imples  
f o rming  a c e l l - l i k e  s t r u c t u r e  of 5 /~m diam on the 
r igh t -hand  s ide  and 0.5 /zm diana on the lef t -hand 
s ide .  P r e s u m a b l y ,  the voids  a s soc i a t ed  with the 
d imple  fo rma t ion  in i t ia te  at the p rec ip i t a t e s  in the 
gra in  boundary.  The g ra in  boundary p r e c i p i t a t e s  
shown in the TEM m i c r o g r a p h s  a r e  approx imate ly  
0.5 ~zm apar t  which is s m a l l e r  than the d i a m e t e r  of 
the c e l l - l i k e  s t r u c t u r e  on the r igh t -hand  s ide;  however ,  
the g ra in  on the lef t -hand side of the boundary shows 
the pe r iod ic i ty  p red ic ted  fo r  duct i le  void c o a l e s c e n c e  

is ac tual ly  p r e sen t .  The c o r r e c t  t i l t ing  angle  s e e m s  
to be needed to see  the f ine r  s t r u c t u r e .  Thus ,  the 
g ra in  boundary e m b r i t t l e m e n t  is  c l e a r l y  ident i f ied  
with the p rec ip i t a t e  phase found in the g ra in  boundary 
and cannot be a t t r ibu ted  to a P F Z  s ince  this  f ea tu re  
was not obse rved  on aging at 160~ 

Study of s p e c i m e n s  aged at 190~ leads  to a s i m i -  
l a r  conclus ion .  Fa t igue  c r a c k  propagat ion  s p e c i m e n s  
aged fo r  e i t he r  12, 36, or  54 h at 190~ showed pa r t i a l  
b r i t t l e  i n t e r g r a n u l a r  f r a c t u r e  at the lowest  s t r e s s  
in t ens i t i e s  t e s t ed ,  5 M N / m  3/z (Ref. 4). The  g ra in  
boundary m i c r o s t r u c t u r e s  o b s e r v e d  in a l l  t h r ee  w e r e  
s i m i l a r  to that found in the s p e c i m e n s  aged at 160~ 
F i g s .  3(a) and (b) show TEM m i c r o g r a p h s  of a g ra in  
boundary a r e a  with two d i f fe ren t  t i l t  angles  fo r  aging 
36 h at 190~ Again,  t he re  is  no c l e a r l y  def ined P F Z .  
The g ra in  boundary p a r t i c l e s  a r e  0.5 /zm in d iam 
which is  s l ight ly  l a r g e r  than the 0.3 /~m d i a m e t e r  
g ra in  boundary p a r t i c l e s  f o r m e d  dur ing the 160~ ag-  
ing; but the spacing is app rox ima te ly  the s a m e ,  
name ly ,  0.5 /zm. A high magni f ica t ion  SEM f r a c t o -  
graph of an i n t e r g r a n u l a r l y  fa i led  reg ion ,  F ig .  4, shows 
a s i m i l a r  topography to that  shown in F ig .  2. The 
g ra in  boundary e m b r i t t l e m e n t  on aging at 190~ as 
at 160~ is  due to the p rec ip i t a t e  s t r u c t u r e  at the 
gra in  boundary.  The absence  of a P F Z  when 0'  is  
p r ec ip i t a t ed  on aging at 160 and 190~ is  in a g r e e m e n t  
with the data  r ev i ewed  by Kel ly  and Nicholson  8 and 
o the r s .  9-12 The 0'  p r ec ip i t a t e  is  in i t ia l ly  d i s t r ibu ted  
p r e f e r e n t i a l l y  in r eg ions  adjacent  to g ra in  boundar ies  
but at peak ha rdnes s  th is  he t e rogene i ty  is  l e s s  ap- 
paren t  due to high densi ty  of p r ec ip i t a t e s  ins ide  the 
g ra ins .  Both F i g s .  1 and 3 e s s e n t i a l l y  show a homoge-  
neous d i s t r ibu t ion  of 0' up to the gra in  boundar i e s .  

The idea that the b r i t t l e n e s s  of A1-Cu b inary  a l -  
loys i s  caused  by the p r e s e n c e  of compounds at the 
g ra in  boundar ies  is  not new. 13 Howeve r ,  what is  new 
i s  that  the s i ze  of these  g ra in  boundary p a r t i c l e s  need 
not be l a rge .  The f r ac tog raph ic  ev idence  shows the 
gra in  boundary fa i l s  by voids  in i t ia ted  at p a r t i c l e s  on 
the o r d e r  of tenths of m i c r o n s  in s i z e ,  as o b s e r v e d  
in o ther  c a se s  of duct i le  f r a c t u r e .  14 A n e c e s s a r y  con- 
di t ion fo r  duct i le  g ra in  boundary fa i lu re  is  that voids  
f o r m  m o r e  eas i ly  around p a r t i c l e s  in the g ra in  
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Fig .  3 - - T E M  m i e r o g r a p h s  of t y p i c a l  g r a i n  b o m l d a r y  a r e a  fo r  
A t - 3 . 6  wt  pe t  Cu aged  a t  190~ fo r  36 h wi th  a m a g n i f i c a t i o n  of 
10,0O0 t i m e s :  (a)  5 deg  t i l t  and (b) 10 d e g  t i l t .  

boundary than around par t ic les  in the c rys ta l .  An ad- 
vancing fatigue c rack  gives r i se  to an increasingly 
large amount of displacement  at the c rack  tip ( i ,e . ,  
crack  tip opening displacement)  which must  be ac -  
commodated by s t ra in  or  f rac tu re .  When nondeform- 
ing par t ic les  a r e  presen t ,  they give r i s e  to l a rge r  
s t r e s s  concentrat ions which a re  tess  eas i ly  accom-  
modated by dislocation motion in the grain  boundary 
than in the grain i tself .  Thus the inc rease  in the p e r -  
cent grain boundary f rac tu re  with increase  in AK is  
not surpr i s ing .  

Embury and Nes ~s published a s imple model for  
grain boundary f rac tu re  based on the nucleation and 
growth of voids at grain boundary prec ip i ta tes .  The 
essent ia l  feature  of their  approach predic ts  that the 
square  of K c should be proport ional  to the product of 
the ul t imate s trength t imes  the inverse  square  root 

Fig .  4 - - S E M  f r a c t o g r a p h  of g r a i n  b o u n d a r y  f a i l u r e  in A1-3 ,6  
w t  pe t  Cu  aged  54 h a t  190~ wi th  a m a g n i f i c a t i o n  of 780 t i m e s .  
This structure is identical for all areas exhibiting this frac- 
ture mode. 

of the a r ea  f ract ion,  f a ,  of grain boundary prec ip i ta tes .  
Following Embury  and Nes,  the a r ea  f rac t ion  can be 
re la ted to the grain boundary par t ic le  spacing, s ,  and 
s ize ,  h. The last  two columns of Table rr compare /~c  
and eufa 1/2 for  two days at 160~ and 36 h at 190~ 
The r~tios of ~ a re  within 12 pet of the ra t ios  of 
trufa it2 for  both t r ea tments .  Since the data is l imited 
to only two heat t r ea tmen t s ,  these resu l t s  cannot be 
taken as  confirming Embury and Nes;  however,  the r e -  
sults  a re  encouraging. 

Ca labrese  and Lai rd  a suggested that c r ack  init ia- 
tion in grain boundaries of b inary A1 base -Cu  alloys 
with 8'  precipi ta tes  formed by aging at 240~ is due 
to intense s l iwat  precipi tate  f ree  a reas  nea r  the 
grain boundaries.  However,  they did not document the 
p resence  of PFZ .  In view of the presen t  resu l t s ,  
i t  s eems  m o r e  probable that the p resence  of p rec ip i -  
ta tes  in the grain boundaries like those shown in Fig's. 
1 and 3 se rve  as s t r e s s  concentra tors  and a re  respon-  
sible fo r  the ea r ly  c rack  initiation which they observed.  
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Positron Lifetime Studies Made in 
Fatigue Damaged AIS! 4340 Samples 
K. G~ LYNN AND J.  G. BYRNE 

In the las t  few y e a r s  a number  of posi t ron studies 
lmve been pe r fo rmed  to observe  defects  in me ta l s .  
These  studies have been l imited p r i m a r i l y  to the 
examination of point and/or  tine defects for  which 
excellent  reviews exist ,  x# Only a few ar t ic les  have 
appeared  in which the posi t ron technique has been 
employed to study other  m o r e  complicated defect  
s t ruc tu res  ,-6 

It  has been suggested previously ~ that positron 
studies could eventually tead to a new nondestructive 
test ing technique. It  is  now recognized,  however,  that 
such studies can only be useful in s tages  of de fo rma-  
tion p r io r  to the occurrence  of the saturat ion of pos i -  
tron t rapping at dislocations s This  saturat ion l imit  
seems  to be determined by many fac tors  including 
grain size,~ deformation p rocess ,  and most  probably 
other var iab les  such as  the type of subs t ructure .  
Clear ly ,  the situation is not present ly  well understood, 

In this study the p r i m a r y  positron lifetime in AISI 
4340 steel ,  in each of hardness  levels Rockwell C (Rc) 
27 and 51, was measured  as a function of number  of 
cant i lever  bending fatigue cycles with a maximum 
s t r e s s  of two-thirds of the yield s t r e s s  for  each condi- 
tion. In a previous study, 4 of annealed Ni and a Ni-Co 
alloy,  the posi t ron l ifet ime increased quickly and 
saturated at o r  before 7 pct of the total fatigue life 
when cycled in the cant i lever  mode with maximum 
s t r e s s e s  equal to or  g rea te r  than the yield s t r e s s .  

With this previous resul t  in mind we examined the 
Rc-27 condition to observe  if saturat ion of the posi~ 
t ron l i fet ime occurred  for  a maximum cyclic  s t r e s s  
level below the yield s t r e s s .  The Rc-51 sample  was 
selected to determine if a decrease  in the posi t ron l ife-  
t ime would occur .  Such a decrease  in positron life- 
t ime during fatigue cycling would support  the e a r l i e r  
r epo r t  of Klesnfl  and Lukas ~~ who found cyclic 
fatigue softening in hardened low carbon s teel .  This  
softening was accompanied by the sharpening of 
Debye X - r a y  diffraction r ings.  Such sharpening is  
commonly associa ted  with an inc rease  in X - r a y  pa t t i -  
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cle s ize with concomittant dec rease  in dislocation 
density n - i s  Other workers  14 'is have associa ted fatigue 
softening with decreasing dislocation density and de-  
c reas ing  complexity of dislocation subs t ruc ture  de- 
te rmined f rom direct  t r ansmiss ion  e lect ron m i c r o -  
scope observat ions.  

The fatigue samples  were cut f rom the same ingot 
and machined into constant maximum s t r e s s  bending 
fatigue spec imens .  The samples  were  then austenit ized 
at  1116 K for  1 h. The Rc-27 sample  was subsequently 
cooled in l ime and then tempered  at 922 K for  t h. The 
Rc-51 sample  was oil quenched and tempered  for  1 
hour at 682 K. F rom the hardness  measu remen t s  the 
yield strength levels  were  es t imated to be approxi-  
mate ly  1526 and 869 MN/m 2 for  the Rc-51 and Rc-27 
samples  respect ive ly .  The Rc-27 samples  were  im-  
m e r s e d  in a 10 pet solution of H2SO4 in disti l led water  
at  353 K fo r  5 min to r emove  some surface  mi l l -  
sca le .  Both se t s  of samples  were  polished with 00 
e m e r y  paper  a f t e r  heat t rea tment  to r emove  sur face  
imperfec t ions ,  and then cleaned thoroughly with ace-  
tone to r emove  surface  g rease  and fine part iculate  
ma t t e r .  

A Sontag SF-2-U fatigue machine with a fixed f r e -  
quency of 30 Hz was employed for  cycling. The 
sample  dimensions a r e  descr ibed e lsewhere  :6 After  
each fatigue run the samples  were careful ly removed 
f rom the fatigue machine and introduced into the 
posi t ron l ifetime sys tem in the s tandard sandwich 
configuration. ~ The Na~C1 source was enclosed in 
0.005 in. (0.013 cm) myla r  sheets  and then inser ted 
between the fatigue spec imens .  Each measu remen t  
lasted approximate ly  16 h. 

The constant fract ion d iscr imina tor  designed by 
Hall ~7 gave very  reproducible resul ts  and ul t imately 
allowed the run t ime to be reduced by a fac tor  of three .  
The t imes  between the positron measuremen t s  were  
not always constant probably causing some e r r o r  which 
will be descr ibed la ter ,  

The data were analyzed by a computer  p rogram 
which is  a modification of "PositrenFit" by Kirke-  
g~aard and Eldrup ~s and is descr ibed e lsewhere ,  le The 
data were  cor rec ted  for  a l inear  L~ckground and an- 
nihilation t imes  appropr ia te  for  both annihilations 
in the m y l a r  and in the Na~2C1 posi tron source .  

As expected,  fatigue hardening of the soft Rc-27 
samples  caused the positron l i fet ime to increase  
as  seen in Fig. 1. The initial l ifet ime was approxi-  
mate ly  119 ps and at f rac tu re  was 165 ps ,  the change 
indicating an increase  in the number  of defects .  The 
dec rease  in slope of the curve  in Fig.  1 occurs  at  
about 20 pct  of the total  fatigue life. tn e a r l i e r  w o ~  4 
in the plast ic  range the slope change occur red  ea r l i e r  
(~7 pct of total  fatigue life) and was comptete~ i.e., 
the slope went to ze ro ,  indicating saturat ion.  Fig.  I 
shows that during e tas t ic  fatigue the slope dec rease  
is  not so  d ras t i c .  In fact  the smal l  posi t ive slope 
during the las t  80 pet of fatigue life p romise s  to be a 
very  useful quality for  fa i lure  prediction and design 
purposes .  

With the 1Rc*51 specimens  we hoped to study fatigue 
softening. The initial  mean posi t ron l ifetime of 205 ps  
before fatiguing was probably due to the fact that a 
complicated and intense defect  s t ruc tu re  is  in t ro-  
duced during the oil quench. Fig. 2 shows a dec rease  
of approximately 37 ps  in the mean posi t ron l i fet ime 
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