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The tens i le  flow and f rac tu re  behavior  of three  Pdo.sSio.2-based al loys in the glassy,  " m i c r o -  
c r y s t a l l i n e , "  and fully c rys t a l l i ne  condit ion has been studied.  The glassy a l loys  flow p las t i ca l ly  
to a total  s t r a i n  of approximately  0.5 pct  c, and exhibit  p ropor t iona l  l imi t  s t r e s s e s  of approxi-  
mate ly  E • 10 -2 where E is Young's  modulus .  This  p las t ic  flow is accompanied by the format ion  
of shear  deformat ion  bands on the spec imen  sur faces .  Fu l ly  c rys t a l l i ne  al loys are  ex t remely  
br i t t l e  and f r a c t u r e  via  i n t e r g r a n u l a r  cracking.  F r a c t u r e  su r f aces  of the amorphous  and " m i -  
c r o c r y s t a l l i n e "  al loys a re  inc l ined at 45 deg to the t ens i l e  axis  and exhibit two morphologi -  
cally d i s t inc t  zones.  One zone is r e l a t ive ly  f ea tu re le s s  while the other contains  a " r i v e r "  pat -  
t e rn  of local  necking p ro t rus ions .  Deta i led  compar i son  of opposing sur faces  indica tes  that 
f r ac tu re  is  p receded  by large local  p las t i c  shear  which p roduces  the smooth zone while the 
local  necking pa t t e rn  is produced dur ing  rup ture .  These obse rva t ions  form the bas i s  for the 
hypothesis  that p las t ic  flow in the g lassy  m a t e r i a l  occurs  v ia  local ized s t ra in  concen t ra t ions  
and that f r ac tu r e  is  ini t ia ted by ca tas t rophic ,  " a d i a b a t i c "  shear .  

T H E  format ion of the amorphous  state in me ta l l i c  
m a t e r i a l s  by quenching f rom the liquid was f i r s t  r e -  
por ted  in 1960.1 Subsequently,  s eve ra l  g lass  forming,  
me ta l l i c  al loys have been d i scovered  and studied,  usu-  
ally with a view towards  elucidat ion of the g l a s s - l i q -  
uid t r ans i t ion  or g lassy  s t ruc tu re .  Among these ,  p e r -  
haps the mos t  well  cha rac t e r i zed  a re  a l loys  based  on 
Pdo.sSio.2, whose t he rma l ,  2 e lec t r i ca l ,  s s t r u c t u r a l ,  4 
and mechan ica l  5-7 p r o p e r t i e s  have been inves t igated .  
In the glassy state,  these  al loys a re  r epor ted  to pos-  
s e s s  a s t ruc tu re  8 which c losely  approx imates  B e r -  
n a l ' s  9 dense random packing model  for a mbna tomic  
liquid. That  is,  they a re  s t ruc tu ra l ly  s i m p l e r  than in-  
o rganic  or po lymer  g l a s s e s  and are  the re fo re  ideal  
subjec ts  for tes t ing  theor ies  of the glassy state.  The 
phenometm of p las t ic  or " c o l d "  flow and f r ac tu r e  in 
these  m a t e r i a l s  is of p a r t i c u l a r  in te res t ,  s ince  s t r u c -  
t u r a l  cons idera t ions  a re  of pa ramount  impor t ance  in 
these  p roces ses .  In this  paper  we p r e sen t  exp e r i -  
men ta l  observa t ions  of the ex te rna l  man i fe s t a t ions  of 
flow and f rac tu re  produced by indentat ion,  bending,  
and tens ion in three  Pdo.sSio.z-based al loys in the 
g lassy ,  m i c r o c r y s t a l l i n e ,  and c rys ta l l ine  s ta tes .  

EXPERIMENTAL METHODS 

Specimens  for this  study were produced by drop-  
ping a mol ten alloy charge between a pa i r  of rapidly  
ro ta t ing  s teel  r o l l e r s .  1~ Uniform s t r ip s  40 to 100 ~t 
thick and 3 to 5 mm wide were formed by so l id i f ica-  
tion of the alloy dur ing  i ts  contact with the r o l l e r s .  
These  were cut into 3 by 30 mm r ibbons ,  vacuum en-  
capsula ted in quar tz  ampoules ,  heat t rea ted ,  and ex-  
amined  by X- r ay  dif f ract ion p r io r  to tes t ing.  Te ns i l e  
t e s t s  were ca r r i ed  out at room t e m p e r a t u r e  and at 
a s t r a in  rate  of 1.1 • 10 -3  sec -1. Following de fo rma-  
tion, the spec imens  were  examined with a JSM-U3* 

*Japan Electron Optics Laboratory Co., Ltd., Medford, Mass. 

scann ing  e lec t ron  mic roscope  opera t ing at 25 kv in 
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the secondary  e lec t ron  emi s s ion  mode.  The compo- 
s i t ions ,  s t r u c t u r e s ,  and g lass  t r ans i t i on  and c r y s t a l -  
l iza t ion  t e m p e r a t u r e s  2 of the a l loys  examined in this  
inves t iga t ion  a re  s u m m a r i z e d  in Table  I. The gold 
and copper  al loying addit ions shown in Table I were 
se lec ted  because  they i n c r e a s e  the s tabi l i ty  and g lass  
t r ans i t i on  t e mpe r a t u r e  of the b ina ry  alloy, p r e s u m a b l y  
by i n c r e a s i n g  the conf igura t ional  entropy and hence 
the s tabi l i ty  of the liquid phase.  2 This  effect is evi -  
denced by an i nc r ea se  in the c rys t a l l i za t ion  t e m p e r a -  
tu re ,  T c ,  as shown in Table  I. 

The a m o r p h o u s - c r y s t a l l i n e  t r ans fo rma t ion  in these  
al loys has been studied prev ious ly .  For  the b inary  a l -  
loy, 2 c rys t a l l i za t ion  occurs  in three  stages:  a) homo- 
geneous prec ip i ta t ion  of a very  f i ne -g ra ined ,  " m i c r o -  
c r y s t a l l i n e "  (20 to 100A) me ta s t ab l e  fcc phase within 

Table I. Pd-Si Specimen Compositions, Heat Treatments, Structures, and 
Transformation Temperatures 

Composition, 
No. Atomic Fractions Heat Treatment Structure Tg* Tc* 

1 Pdo.a2Sio.la as quenched amorphous 362~ 367~ 

2 Pd0.a2 Sio.]s 350~ hr glass 
furnace cool microcrystalline 

fcc + metastable 
sdicide 

3 Pdo.s2 Slo.ls 450~ hr fcc + metastable 
furnace cool silicide 

4 Pdo.79sAuo.o4Sio.16 s as quenched amorphous 372~ 402~ 

5 Pdo.795Auo.o4Sio.16s 350~ hr. glass + fcc 
mlcrocrystals 

6 Pdo.79s Auo.o4 Sio.t6s 450~ hr. microcrystalline 
furnace cool fcc + metastable 

sihclde 

7 Pdo.7qs CUo.o6 S10.16s as quenched amorphous 373~ 413~ 

8 Pdo.77sCuo.o6 Sio.16s 350~ hr glass + 
furnace cool microcrystalhne 

fcc 

9 Pdo.7~s Cuo.o6 Sio.]6s 450~ hr glass + micro- 
furnace cool crystalline fcc + 

metastable silicide 

*Tg and T c values from Ref. 2. Heating rate = 20~ per rain. 
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Fig. 1--Load-elongation curves  for the tensile spec imens  
l isted in Table I. 

Table II. Mechanical Properties of PdSi Alloys 

Num- DPH, E, YS, UTS, 
ber kg/mm 2 dyne/cm 2 dyne/era 2 dyne/cm 2 TS YS/E 

1 118 6.8 X 10 n 8.25 X 10 9 2.7 • 101~ 0.0025 1.21 X 10  -2 

2 116 7.5X 10 n 1.35X l0 l~ 2.75X 10 l~ 0.004 1.5X 10 -2 

3 232 Specimens extremely 0 
brittle no tensde data 

4 127 8.5 X lO l* 9.5 X 109 2.7 X 10 l~ 0.003 1.12 X l0 "2 
5 91 10X 10 n 1.25X 10 m 2.95X 10 m 0.003+ 1.25X 10 .2 
6 161 Specimens extremely 0 

brittle no tensile data 
7 129 8.25 X I0 *] 1.0 X lOm 1.82 X 10 m 0.003 1.11 X 10 -2 

8 113 9.0X l0 .1 1.15X 101~ 3.55X lOm 0.009 1.40X 10 .2 
9 141 9.0 X lOn 1.37 X 101~ 2.52 X lO 1~ 0.004 1.89 X 10 "2 

Notes: DPH = diamond pyramid hardness, average of 4 values;E = Young's 
modulus; YS = Yield stress; UTS = Ultimate tensile stress; and TS = Plastic strain 
at fracture. 

the  g l a s s y  m a t r i x ,  b) p r e c i p i t a t i o n  of  a m e t a s t a b l e  
s i l i c i d e  of unknown s t r u c t u r e ,  and c) p r e c i p i t a t i o n  of 
the  e q u i l i b r i u m  Pd  + Pd3Si p h a s e s .  As  n o t e d  in T a b l e  I, 
b i n a r y  a l l o y s  a n n e a l e d  a t  350 ~ and  450~ p o s s e s s  
s t r u c t u r e s  c o r r e s p o n d i n g  to  s t a g e s  (a) and  (b) a b o v e ,  
r e s p e c t i v e l y .  C r y s t a l l i z a t i o n  of t he  t e r n a r y  a l l o y s  
p r o c e e d s  a long  a s i m i l a r  c o u r s e  but  i s  f u r t h e r  c o m -  
p l i c a t e d  by p h a s e  s e p a r a t i o n  in the  g l a s s y  s t a t e  a t  a n -  
n e a l i n g  t e m p e r a t u r e s  n e a r  450~ T h i s  p h a s e  s e p a r a -  
t ion  i s  not  d e t e c t a b l e  by the  X - r a y  m e t h o d s  u s e d  to  
c h a r a c t e r i z e  the  a l loy  s t r u c t u r e s  in t h i s  s t udy ,  but  i s  
p r e s u m e d  to o c c u r  on the  b a s i s  of p r e v i o u s  t r a n s m i s -  
s ion  e l e c t r o n  m i c r o s c o p y  e x p e r i m e n t s .  2 

R E S U L T S  

a) T e n s i l e  P r o p e r t i e s  

T e n s i l e  l o a d - e l o n g a t i o n  c u r v e s  f o r  the  a l l o y s  l i s t e d  
in T a b l e  I a r e  s h o w n  in Fig~ 1. In e v e r y  i n s t a n c e ,  
t h e s e  c u r v e s  a r e  c h a r a c t e r i z e d  by the  a b s e n c e  of a 
w e l l - d e f i n e d  p l a s t i c  y i e l d  and a h igh  a p p a r e n t  h a r d e n -  
ing  r a t e .  The  y i e l d  s t r e s s  d a t a  shown in T a b l e  II w e r e  
t h e r e f o r e  t aken  e q u a l  to  the  p r o p o r t i o n a l  l i m i t .  F o r  
t he  b i n a r y  a l loy ,  good a g r e e m e n t  wi th  the  r e c e n t l y  
r e p o r t e d  r e s u l t s  of M a s u m o t o  and Madd in  ~ w a s  ob -  
t a i ned .  In add i t ion ,  the  Y o u n g ' s  m o d u l u s  of  the  gold  

+5* 30p -5* 
Fig. 2---Stereo pair  of micrographs  of a 50 g dph indentation in 
an amorphous Pd0.szSi0.18 alloy. The tilt axis is ver t ica l  and 
rotation is taken as positive in the clockwise direction. 

c o n t a i n i n g  a l loy  a g r e e s  we l l  wi th  t h a t  d e t e r m i n e d  by 
d y n a m i c  m e t h o d s f i  In e v e r y  c a s e ,  t h e  m o d u l u s  of the  
a m o r p h o u s  a l loy  i s  s m a l l e r  t han  t h a t  of i t s  m i c r o -  
c r y s t a l l i n e  c o u n t e r p a r t .  T h i s  b e h a v i o r  h a s  b e e n  n o t e d  
p r e v i o u s l y  6'1~ and W e a i r e  et  a l .  n h a v e  a t t r i b u t e d  i t  to  
the  i n t e r n a l  a t o m i c  d i s p l a c e m e n t s  w h i c h  a c c o m p a n y  
s h e a r  d e f o r m a t i o n .  Note  t h a t  t he  m o d u l u s ,  y i e l d  
s t r e s s ,  u l t i m a t e  s t r e n g t h ,  and s t r a i n  a t  f r a c t u r e  of 
the  c r y s t a l l i n e  s p e c i m e n s  a r e  h i g h e r  than  the  a m o r -  
p h o u s  a l l o y s .  Both  f low and f r a c t u r e  a r e  e v i d e n t l y  
i n i t i a t e d  m o r e  e a s i l y  in the  g l a s s y  than  in the m i c r o -  
c r y s t a l l i n e  s t a t e .  

b) H a r d n e s s  M e a s u r e m e n t  

The  d i a m o n d  p y r a m i d  h a r d n e s s  n u m b e r s  of the  a l -  
l oys  a r e  a l s o  g iven  in T a b l e  II. F o r  the  v a l u e s  of 
Y S / E  e n c o u n t e r e d  h e r e ,  the  h a r d n e s s  i n d e n t e r  m a y  
be t r e a t e d  a s  a f l a t  d ie  p e n e t r a t i n g  an e l a s t i c - p l a s t i c  
m a t e r i a l .  In t h i s  c a s e ,  we e x p e c t  p l a s t i c  f low to p r o -  
duce  an e x t r u s i o n  l ip  a t  t he  e d g e  of the  inden ta t ion~  ~a 
T h a t  t h i s  i s  i n d e e d  the  c a s e  i s  i l l u s t r a t e d  in F ig .  2, 
w h e r e  a s t e r e o  p a i r  of m i c r o g r a p h s  of a 50 g i n d e n t a -  
t ion  in s p e c i m e n  No. 1 i s  s h o w n . *  T h e  p l a s t i c  d e f o r -  

*This and subsequent scanning electron mmrographs are oriented such that the 
scanning direction is horizontal from left to right. The secondary electron detector 
is located to the right of the scanned area. 

m a t i o n  e v i d e n t  in t h i s  f i g u r e  c a n n o t  be  a t t r i b u t e d  to  
the d e n s i f i c a t i o n  p r o c e s s e s  wh ich  o c c u r  in s o m e  ox ide  
g l a s s e s ,  ~4 b e c a u s e  the d e n s i t y  of the  g l a s s y  p h a s e  d i f -  
f e r s  i n s i g n i f i c a n t l y  f r o m  tha t  of t he  c r y s t a l l i n e  p h a s e .  
Al l  of the  a l l o y s  l i s t e d  in T a b l e  I e x h i b i t e d  a s i m i l a r  
i n d e n t a t i o n  m o r p h o l o g y .  

c) T e n s i l e  F r a c t u r e  M o r p h o l o g y  

F ig .  3 s h o w s  the  f r a c t u r e  s u r f a c e s  of o p p o s i n g  s e g -  
m e n t s  of a t y p i c a l ,  u n a n n e a l e d  a m o r p h o u s  s p e c i m e n .  
T h i s  s p e c i m e n  (al loy No. 4) f r a c t u r e d  on two m a c r o -  
s c o p i c  s u r f a c e s ,  e a c h  o r i e n t e d  a p p r o x i m a t e l y  45 d e g  
f r o m  the  t e n s i l e  ax i s .  The  r e g i o n  of t r a n s i t i o n  f r o m  
one to the  o t h e r  of t h e s e  i s  s h o w n  in the  le f t  p o r t i o n  of 
F ig .  3, and in g r e a t e r  d e t a i l  on the  r i g h t .  A l though  the  
s t r e s s - s t r a i n  c u r v e s  f o r  the  a m o r p h o u s  a l l o y s  show 
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Fig. 3--The tensile fracture morphology of 
an unannealed amorphous, Pdo. ?95Auo.04Sio. 165 
alloy {tensile specimen No. 4). The sur- 
faces of opposing segments of the fractured 
specimens are shown in the upper and lower 
pairs of micrographs. The white arrows 
mark corresponding points on the two sur- 
faces. 

l i t t le  duct i l i ty ,  it is apparen t  that this  m a t e r i a l  does  
not f r a c t u r e  in a typ ica l  g lassy  or  b r i t t l e  manne r ;  i . e .  
the two complemen ta ry  f r a c t u r e  su r f ace s  a r e  not m i r -  
r o r  images  on a m i c r o s c o p i c  sca le  and the f r a c t u r e  
s u r f a c e s  a re  not n o r m a l  to the t ens i l e  axis .  S t e r eo -  
m i c r o s c o p y  e x p e r i m e n t s  conf i rm that the " v e i n "  
s t r u c t u r e s  apparent  in Fig.  3 a re  protrusions on both 
f r a c t u r e  su r faces .  F u r t h e r m o r e ,  the pa t t e rns  f o r m e d  
by these  p ro t ru s ions  on opposing f r a c t u r e  s u r f a c e s  a re  
s i m i l a r  but not ident ical .  The a r rows  in Fig.  3 m a r k  
co r respond ing  points  on the opposing su r f aces .  We 
take these  obse rva t ions  as evidence for  the o c c u r r e n c e  
of loca l  necking dur ing the f r a c t u r e  of this m e t a l l i c  
g lass .  

In a r ea s  r e m o v e d  f r o m  the t rans i t ion  reg ion  shown 
in Fig.  3, the f r a c t u r e  morphology cons i s t s  of two 
eas i ly  d is t inguished zones ,  as shown in Fig.  4. The 
zone located u p p e r m o s t  in the top m i e r o g r a p h  of Fig.  
4 is  c h a r a c t e r i z e d  by i ts  lack of a loca l  necking  pa t -  
t e rn  and genera l ly  smooth  appearance .  This  zone 
g ives  waJ] abruptly to a reg ion  in which loca l  necking 
is evident.  Note that the " v e i n s "  and the r eg ions  be-  
tween them are  quite smooth,  and that they fo rm a 
pa t te rn  r e m i n i s c e n t  of the " r i v e r "  pa t t e rns  f o r m e d  
dur ing  c leavage  f r a c t u r e  of b r i t t l e  c ry s t a l l i ne  m a t e -  

r ia l .  is On this  bas i s ,  the point of c r a c k  ini t iat ion is 
evident ly  nea r  the cen te r  of the i n t e rm ed ia t e  magni f i -  
cation m i c r o g r a p h  in Fig.  4, i . e . ,  at the smooth  reg ion  
where  the " v e i n "  pa t t e rns  c o n v e r g e .  Long, necked 
f i l aments  a r e  commonly o b s e r v e d  at t r ip l e  point junc-  
t ions of loca l  necking r idges ,  as shown in Fig.  5. 
These  f i l amen t s ,  often nea r ly  1 /z long, a re  usual ly  
e longated in the tens i le  d i rec t ion  but occas iona l ly ,  as  
in Fig.  5, appear  to have r e l axed  into a curved  pos i -  
tion. In eve ry  case ,  the t ips  of the f i l amen t s  a re  
rounded, as if by v i scous  flow. Fig.  5, which was ob- 
ta ined f r o m  a m i c r o c r y s t a l l i n e  spec imen  (No. 5) a l so  
shows that the reg ions  between loca l  necking r idges  
a r e  roughe r  than co r re spond ing  r eg ions  on the g lassy  
alloy f r a c t u r e  su r faces .  This  is the s ingle s ignif icant  
d i f fe rence  between the amorphous  and m i c r o c r y s t a l -  
l ine al loy f r a c t u r e  morpho log ies .  

In con t r a s t  to the amorphous  and m i c r o c r y s t a l l i n e  
s p e c i m e n s ,  those containing l a rge  amounts  of m e t a -  
s table s i l i c ide  were  e x t r e m e l y  b r i t t l e  and invar iab ly  
f r a c t u r e d  dur ing handling. One such f r a c t u r e  is shown 
in Fig.  6. The f r ac tu r e  cons i s t s  of two zones.  The 
reg ion  of c r a c k  ini t iat ion is quite rough,  the f r a c t u r e  
being apparent ly  i n t e rg ranu la r  in this  region,  while 
the r e m a i n i n g  zone is rough on a much f iner  scale .  
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Fig. 4--A typical two zone tensile fracture in an amorphous 
Pdo.Ts~Auo.o4Sio.16 s alloy (tensile specimen No. 4). 

The f ea tu r e s  p re sen t  in Figs .  3 and 4 are  common 
to all of the amorphous  and m i c r o c r y s t a l l i n e  alloy 
fract t t re  su r f ace s  and may be s u m m a r i z e d  as follows: 

a) F r a c t u r e  occurs  on su r faces  whose n o r m a l s  l ie 
at 45 �9 2 deg to the t ens i l e  axis  in the plane of the 
t ens i l e  axis  and the r ibbon sur face  no r ma l .  That  is ,  
f r ac tu re  o c c u r s  on planes  of m a x i m u m  shear  s t r e s s .  

b) F r a c t u r e  invar iab ly  involved one and occas ion-  
ally two t r a n s i t i o n s  f rom one to the other  plane of 
ma x i mum shea r  s t r e s s .  

c) Two d i s t inc t  f rac tu re  zones  a re  p resen t :  a 
nea r ly  smooth region,  and one in which local  necking 
" v e i n "  pa t t e rn s  a re  observed.  The " v e i n s "  are  the 
o rder  of 0.1 ~ in width and genera l ly  posses s  ahe igh t -  
to-width ra t io  of f rom two to four ,  except at t r ip le  
point junc t ions  where m i c r o n - l e n g t h  necked f i l aments  
a re  often observed .  

The shea r  na tu re  of the deformat ion  p rocess  de-  
sc r ibed  above was conf i rmed by ben d tes t  exper i -  
ments .  The deformat ion  m a r k i n g s  on the tens i le  
s t r e s s  s ide of r ibbon spec imens  bent  to var ious  rad i i  
of cu rva tu re  a re  shown in Fig.  7. At la rge  radi i ,  bend-  
ing produces  long s t ra ight  p las t ic  shear  deformat ion  
steps p a r a l l e l  to the bend axis.  F u r t h e r  bending leads  
to product ion of secondary s teps at sma l l  angles to the 
p r i m a r y  s teps  and finally to l a rge  shea r  d i sp lacemen t s  
at these s teps .  The absence of t ens i l e  c racks  is p a r -  
t i cu la r ly  to be noted in Fig. 7. 

The r e m a r k a b l e  shear  fa i lure  of these  spec imens  
may be envis ioned  as propagat ing in s e ve r a l  poss ib le  
modes .  These  a re  i l lus t ra ted  schema t i ca l ly  in Fig.  8. 
In the f i r s t  case ,  Fig. 8(a), a shear  c rack  propagates  
f rom the sur face  through a por t ion of the spec imen and 
c rea te s  the smooth f r ac tu re  zone.  At the now inc r ea sed  
s t r e s s  leve ls ,  shear  c racks  (voids) in the r e m a i n i n g  
sound m a t e r i a l  may l ink together  du r ing  f rac tu re  to 
produce the observed  vein s t r u c t u r e .  Al te rna t ive ly ,  
Fig. 8(b), the spec imen may undergo  plas t ic  shear  
deformat ion  and subsequent ly  fai l  by propagat ion and 
l inking of i n t e rna l  shear  c racks  or voids. F inal ly ,  the 
a l t e rna t ing  shear  mechan i sm proposed  by Pel loux 16 to 
account for  observa t ions  of shear  fa i lu re  I~''8 in s tee l s  
tes ted n e a r  the i r  duc t i l e -b r i t t l e  t r a n s i t i o n  t e m p e r a -  
tu re  is shown in Fig. 8(c). 

Of these  m e c h a n i s m s ,  only those shown in Figs.  8(a) 
and 8(b) produce f rac tu re  su r f ace s  which possess  the 
c h a r a c t e r i s t i c s  observed in th is  study. These  mechan -  
i s m s  may be d is t inguished by compar i son  of the m o r -  
phology of opposing f r ac tu re  su r faces .  Such a com-  
par i son  is shown in Fig. 9. The mi c r og r a phs  in the 
lef t -hand column of Fig. 9 were obtained from one 
segment  of spec imen No. 1 while those on the r ight  
were obtained from the co r re spond ing  a r e a  on the op- 
posi te  segment .  The lef t -hand column of m i c rog raphs  
was p r in ted  with the negat ive r e v e r s e d  to allow d i r ec t  
compar i son  of the vein pa t te rns .  The a r ea  se lec ted  
for Fig. 9 conta ins  an eas i ly  recogn ized  vein pa t te rn  
which is  obse rved  to be nea r ly  iden t ica l  on each f r ac -  
ture  sur face .  The position of this  pa t te rn  on the left 
set  of m i c r o g r a p h s  is d isplaced s igni f icant ly  with r e -  
spect to i ts  posi t ion on the other f r a c t u r e  sur face .  
This  p rov ides  c lea r  evidence for the fa i lu re  mode 
shown in Fig.  8(b) and leads  to the conclusion that 
p las t ic  shea r  deformat ion of as much  as 40 pct p r e -  
cedes fa i lu re  in these spec imens .  However,  the high 
apparent  hardening  ra te  shown in Fig. 1 should lead 
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+ 1 0  ~ , I 0 ~  
Fig. 5--Stereo pair of micrographs illustrating extensive local necking at triple point junctions in a microcrystalline 
Pd0.79~Au0.04Si0.16~ alloy (tensile specimen No. 5). 

to a homogeneous d i s t r ibu t ion  of p las t ic  s t r a in  while 
the d i sp lacement  shown in Figs.  8(b) and 9 is  loca l -  
ized at the f r ac tu re  sur face .  The plas t ic  shear  d i s -  
p l acemen t  mus t  the re fo re  have been produced at high 
s t r e s s ,  jus t  p r i o r  to f r ac tu re .  This  expectat ion was 
conf i rmed by examinat ion  of s eve ra l  spec imens  which 
had been unloaded pJrior to f rac ture .  These  exhibited 
only sca t te red  c l u s t e r s  of s t ra ight  shear  s teps  of the 
sor t  produced by bending to la rge  rad ius ,  Fig. 7. 
These  steps,  genera l ly ,  about 0.5 m m  in length,  often 
or ig inated  at imper fec t ions  on the sample  sur face .  
They were or iented  at f rom 90 to 45 deg with r e spe c t  
to the tens i le  axis so that they can al l  be accounted 
for  as t r aces  of the i n t e r sec t i ons  with the sur face  of 
va r ious  planes  of m a x i m u m  shear .  F ina l ly ,  we note 
that the extent of the shear  d i sp lacement  shown in 
Fig.  9 is not un i form,  but d e c r e a s e s  gradual ly  and 
becomes  very  sma l l  n e a r  the region where the f r a c -  
tu re  sur face  changes or ienta t ion.  This  behavior  is 
i l l u s t r a t ed  in Fig. 9 where  a t r ans i t ion  region  appears  
on the r igh t -hand  side of the low magnif ica t ion  m i c r o -  
graphs.  

DISCUSSION 

The observa t ions  desc r ibed  above are ,  to our  
knowledge, unique, although other m a t e r i a l s  do ex-  
hibit  flow and f r ac tu r e  behavior  that is  s i m i l a r  in 
some aspects .  For  example ,  s tee ls  f r ac tu red  at the 
b r i t t l e -duc t i l e  t r ans i t i on  17'18 t e m p e r a t u r e  often ex-  
hibit  shear  plane f r ac tu r e  sur faces  and local  necking 
r idges  s i m i l a r  to those observed  in this  study. As a 
fu r the r  example,  po lys ty rene  ~9 exhibi ts  local  necking 
on tens i l~  c raze  cracked f r ac tu r e  sur faces .  It is  note-  
worthy that in each of these m a t e r i a l s ,  a s m a l l  t e m -  
pe ra tu r e  inc rease  produces  a large change in ducti l i ty.  
This  observat ion  and the apparent ly  v iscous  r e l a x a -  
t ion of the necked f i l amen t s  at vein t r ip le  points  sug-  

gest  that a por t ion of the mechan i ca l  work expended 
dur ing  rup tu re  produces  local  hea t ing  of the m a t e r i a l  
in the necked regions .  

Aside f rom the local  necking pa t t e rn s ,  mac roscop ic  
shear  s i m i l a r  to that desc r ibed  he re  is commonly ob- 
se rved  in c rys t a l l i ne  spec imens  when the w o r k - h a r d -  
ening ra te  is  nea r ly  zero,  or  when " a d i a b a t i c "  heat ing 
of the deforming  region lowers  the effective hardening  
ra te  to nea r ly  zero.  2~ This  l a t t e r  phenomenon,  com-  
monly r e f e r r e d  to as "ad iaba t ic  s h e a r , "  occurs  ca ta-  
s t rophica l ly  whenever  the ra te  of dec rea se  in s t rength  
due to " a d i a b a t i c "  heat ing of the deforming  region 
equals  or  exceeds the ra te  of s t reng then ing  due to the 
i nc r e a se d  s t r a in  and s t r a in  ra te .  If the usual ly  sma l l  
s t r a in  ra te  effect is neglected,  the shear  s t rength  may 
be exp re s sed  as a function of s t r a in  and t e m p e r a t u r e :  

dy T V dy [1] 

The c r i t e r i on  for ca tas t rophic  shear ,  d'r/dv <- 0, may 
thus be wri t ten:  

0 < ~ 1 [2] 

y aC 

where "r/aC = dAT/dv ,  C is  the specif ic  heat,  r and V 
are  the shea r  s t r e s s  and s t r a in  respec t ive ly ,  and a 
--< 1 depending upon the degree  of adiabat ic i ty  of the 
p rocess .  

Values for the quant i t ies  appear ing  in Eq. [2] may 
at bes t  only be es t imated .  For  (O~-/O,~T).~=~ the data 
of Masumoto and Maddin v suggest  a value of approx- 
imate ly  - 1.4 • 107 dyne per  sq cm per  deg for the 
region f rom 0 ~ to 350~ and a much l a r g e r  negative 
value for higher  t e m p e r a t u r e s .  C may be e s t ima ted  
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Fig. 6--The two zone fracture surface typical of a 
Pd0.795Au0.04Si0.165 alloy which has been annealed at 450~ for 
2 hr. The region of crack initiation appears at the lower edge 
of Fig. 6(a). and is shown in greater detail in Fig. 6(c). 

as  2.5 • 10 7 e r g  pe r  cu cm per  deg, and z .is about 
1 • 101~ dyne per  sq cm.  Inse r t ion  of these  quant i t i es  
into Eq. [2] leads  to the pred ic t ion  that (aT/aT) T mus t  
be of the o r d e r  of 5 • 10 9 if " a d i a b a t i c "  s h e a r  is  to 
be cons ide red  as a p laus ib le  explanation for  the shea r  
f a i lu re  of these  m e t a l l i c  g l a s ses .  F r o m  Fig.  1 a value 
of (acr/aE)T of approx imate ly  4 • 1011 dyne p e r  sq cm 
is  obtained. The condit ions for  ca tas t roph ic  shea r  
can t h e r e f o r e  only be m e t  if the " n u c l e a t i n g "  d e f o r -  
mat ion  2~ is inhomogeneous to the extent  that the shea r  
o c c u r s  in bands of th ickness  l e s s  than about 10 -a cm.  
This  poss ib i l i ty  appea r s  l ikely in view of the l o c a l -  
ized  na ture  of the shea r  s teps  obse rved  on unloaded 
spec imens .  In addition, the assumpt ion of adiabat ic  
condit ions (~ = 1) s e e m s  a r easonab le  f i r s t  app rox i -  

mat ion s ince  the t h e r m a l  di f fus ivi ty  of these  spec i -  
mens  is  r a t h e r  lower  than that of a c ry s t a l l i ne  spec -  
imen (~ cc K-1/2). Chin et  a l .  2~ have shown that the ful -  
f i l lment  of condition [2] indica tes  only that adiabat ic  
flow wil l  occur  if nucleated.  The extent  of the ca t a -  
s t roph ic  flow depends upon the e l a s t i c  energy  s to red  
in the d e f o r m i n g  sys tem (i. e.  the t en s i l e  machine  and 
specimen)  and is  p ropor t iona l  to ~ where  rn and k 
a re  the e f fec t ive  m a s s  and s t i f fness  of the e las t i c  
m e m b e r s .  M a s s i v e  loading s y s t e m s *  extend the du- 

*An Instron model TM testing machine was used in this study 

ra t ion of unstable  flow but make  ini t ia t ion m o r e  dif-  
f icult .  The absence  of load d rops  in the cu rves  shown 
in Fig. 1 is t h e r e f o r e  to be expec ted  in view of the 
l a rge  amount  of e l a s t i c  energy  s t o r e d  in the spec i -  
men. F ina l ly ,  we note that the " d e g r e e  of adiabat i -  
c i t y , "  a ,  is  p ropor t iona l  to the s t r a in  ra te .  22 That is,  
the s t r e s s  at  which ca ta s t roph ic  flow o c c u r s  wil l  de -  
c r e a s e  with i n c r e a s i n g  s t ra in  r a t e .  This  re la t ionsh ip  
has been r e p o r t e d  by Masumoto  and Maddin 7 for  the 
f r a c t u r e  s t r e s s  of an amorphous  Pdo.8Sio.2 alloy. 

Dur ing  loca l i zed  shear  de fo rmat ion ,  t ens i l e  spec i -  
mens  a r e  r e s t r a i n e d  by the g r ips  and cannot undergo 
f ree  l a t e r a l  d i sp lacemen t  as depic ted  in Fig. 8. The 
s p e c i m e n s  a r e  t h e r e f o r e  sub jec ted  to a bending m o -  
ment  which i n c r e a s e s  with shea r  s t ra in .  For  s ingle 
c r y s t a l  s p e c i m e n s  this  moment  p roduces  p las t ic  de-  
fo rmat ion  n e a r  the gr ips ,  but does  not affect  the sl ip 
sys tem,  which is de t e rmined  by the c r y s t a l  s t ruc tu re .  
In the amorphous  spec imens  t e s t ed  here ,  shear  de-  
fo rmat ion  is  not cons t ra ined  to a p a r t i c u l a r  d i rec t ion .  
At any given elongation,  the l a t e r a l  d i sp lacemen t  is 
r e s i s t e d  by a fo r ce  p ropor t iona l  to the moment  of in-  
e r t i a  of the spec imen  c r o s s - s e c t i o n ;  i . e .  propor t iona l  
to the square  of the spec imen  th ickness  m e a s u r e d  in 
the d i rec t ion  of l a t e r a l  d i sp lacement .  This  r e s i s t a n c e  
is s m a l l e s t  for  a shea r  d i rec t ion  in the plane pe rpen -  
d icu la r  to the broad face of a r ibbon spec imen  and 
evident ly  expla ins  the cons i s ten t  observa t ion  of shea r  
fa i lu re  in this  d i rec t ion .  

The e x p e r i m e n t a l  observa t ion  of shea r  deformat ion  
below the f r a c t u r e  s t r e s s  leads  v ia  w e l l - e s t a b l i s h e d  
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(a) 

(b) 

(c) 

Fig. 7--Deformation markings produced by bending an amorphous Pd0.82Si0.18 alloy. The deformation markings shown in Figs. 
7(a), 7(b), and 7(c) were  produced by bending the ou te rmos t  specimen surface to a radius of 405, 145, and 75 ~t respectively.  
The outlined a reas  are  shown at higher magnification in the r ight-hand micrograph of each pair,  and the bend axis is oriented 
vert ical ly.  
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Fig. 8--Schematic illustration of possible shear fracture 
modes in ribbon specimens. (a) Shear crack propagation; 
(b) Plastic shear and fracture; (c) Alternating shear. 

a rgumen t s  23 to the quest ion:  Is the deformat ion  Jn the 
shear  surface  homogeneous or do some a r e a s  deform 
before  others  ? This  ques t ion may be cons ide red  by 
es t ima t ing  the s t r e s s  r equ i r ed  for homogeneous shear  
of an amorphous alloy. Following F r a n k e l ' s  c l a s s i c a l  
a rgumen t  for the c rys t a l l i ne  case,  the energy of a 
defec t - f ree  c lose-packed  c rys t a l  which is  shea red  an 
amount  x/d on a c lose -packed  plane is r e p r e s e n t e d  by 
- A  cos 2rr(x/d), where d is the in te ra tomic  spacing.  
It is eas i ly  shown that the s t r e s s  r equ i red  for  homo- 
geneous shear  is /~/2~. 23 Ref inements  in the a s sume d  
ene rgy -d i sp l acemen t  curve  reduce the theo re t i ca l  
shea r  s t r e s s  to about 0.03 ~. For  amorphous  and m i -  

c r o c r y s t a l l i n e  m a t e r i a l s ,  the f i r s t  ne ighbor  d is tance  
is l i t t le  d i f ferent  than that of the c r y s t a l  but long range  
per iodic i ty  is  not p resen t .  The potent ia l  energy of a 
r igidly she a r e d  amorphous m a t e r i a l  will  therefore  be 
de t e rmined  by the local  a tomic conf igura t ions  which, 
dur ing  shea r ,  produce the l a r ge s t  d i sp lacement  p e r -  
pendicu la r  to the shear  surface .  We therefore  expect 
that the energy  change accompanying  a r igid  shear  
d i sp l acemen t  ac ross  the weakest  sur face  in any given 
d i rec t ion  wil l  r i s e  to a value higher  than that encoun-  
te red  in c r y s t a l s  and r e m a i n  at this  level  as x/d is 
inc reased .  Once ini t iated,  only the s t r e s s  r equ i red  to 
c rea te  the new surface  is needed to main ta in  the d i s -  
p l acemen t  and r igid shea r ing  should proceed to f r a c -  
ture .  

Al t e rna t ive ly ,  if re laxa t ion  of the a toms in the 
neighborhood of the sheared  sur face  is allowed, the 
energy i n c r e a s e  accompanying shea r  is dec reased  and 
the energy vs x/d re la t ion  may p o s s e s s  min ima .  The 
exis tence  of such m i n i m a  changes the deformat ion 
p roces s  fundamenta l ly .  That  is ,  pa r t s  of the m a t e r i a l  
will have undergone  p e r m a n e n t  shea r  deformat ion  and 
re laxed  to n e a r  equi l ib r ium g lassy  or c rys t a l l i ne  con-  
f igura t ions  while other reg ions  will  have re laxed into 
pos i t ions  only slightly di f ferent  f rom thei r  o r ig ina l  
locat ions.  In this  case the d i s loca t ion- l ike  boundar ies  
which sepa ra t e  the sheared  f rom unshea red  a reas  of 
the shear  plane act to local ize  the deformat ion  and 
the i r  mobi l i ty  will de t e rmine  the course  of de fo rma-  
tion in the ma t e r i a l .  

F ina l ly ,  if the e l imina t ion  of a l l  of the inc rease  in 
energy with deformat ion  were achieved through com- 
plete r e laxa t ion  of all  a toms in the s t r e s s e d  volume,  
a v iscous ,  z e ro  hardening  ra te ,  shea r  deformat ion  
would r e su l t .  Note that the th ree  deformat ion  modes 
desc r ibed  he re  differ p r i m a r i l y  in that each r e q u i r e s  
that a d i f fe rent  degree of a tomic re laxa t ion  occur  d u r -  
ing deformat ion .  Each mode thus will  occur  in a dif-  
fe rent  range  of t e mpe r a t u r e  and s t r a in  ra te .  Although 
the s t r e s s e s  involved a re  diff icul t  to es t imate ,  the ex-  
p e r i m e n t a l  data  descr ibed  here  sugges ts  that a m o r -  
phous Pdo.aSio.2 alloys deform via motion of local ized 
s t r a in  concen t ra t ions  at room t e m p e r a t u r e .  

Examina t ion  of the t ens i l e  deformat ion  and f r ac tu re  
behavior  of s e ve r a l  amorphous  and m i c r o c r y s t a l l i n e  
al loys has shown that: 

a) Te ns i l e  s t r e s s  is accommodated  by high ha rden-  
ing ra te  p las t i c  shear  deformat ion;  

b) F r a c t u r e  occurs  on su r faces  of max imum shear  
s t r e s s  and is  preceded by p las t ic  shear  s t r a in  of as 
much as 40 pct. 

c) F r a c t u r e  is accompanied by local  heat ing and 
viscous  flow necking of m a t e r i a l  between propagat ing 
c racks  or voids.  

These obse rva t ions  form the ba s i s  for speculat ion 
that p las t ic  flow occurs  via motion of local ized s t r a in  
concen t ra t ions  and that f r ac tu re  is ini t ia ted by m a c r o -  
scopic " a d i a b a t i c "  shear .  
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Fig. 9--The fracture  morphology of opposing segments  of an amorphous Pd0.82Si0.ta alloy (tensile specimen No. 1). The micro-  
graphs in the left column were  printed with the negative r e v e r s e d  to facili tate compar ison with those f rom the opposite surface,  
shown in the r ight-hand column. White a r rows  mark  corresponding points on the two surfaces .  
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