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I_~w t e m p e r a t u r e  impact  t es t s  on th ree  fa i r ly  pure  i rons  have shown that the p ropens i ty  for 
i n t e r g r a n u l a r  f r ac tu r e  is l a rge ly  independent  of p r io r  heat t r ea tmen t .  F u r t h e r m o r e ,  the ef- 
fects  of carbon  and oxygen contents  and carbon:  oxygen ra t io  were  found to be opposite to 
those p rev ious ly  repor ted .  Examinat ion  of f r ac tu re  su r faces  by Auger Spectroscopy showed 
that sulfur  was s t rongly  segrega ted  to g ra in  boundar ies  but showed no evidence of oxygen 
segregat ion .  The f r ac tu re  behavior  of spec imens  p rev ious ly  tes ted in c reep  or high t e m p e r -  
a ture  fatigue differed f rom that of untes ted  spec imens  in that f r ac tu r e  was p redominan t ly  by 
t r a n s g r a n u l a r  c leavage.  

IT has long been  known h2 that i ron  can exhibit  i n t e r -  
g ranu la r  e m b r i t t l e m e n t  at low t e m p e r a t u r e s  but the 
detai led mechan i sm for this behavior  is not understood.  
The e m b r i t t l e m e n t  s eems  to be dependent  on smal l  v a r -  
ia t ions in carbon content  and on heat t r ea tmen t .  3 Rell ick 
and McMahon 4 have suggested that the e m b r i t t l e m e n t  
may be due to oxygen segrega ted  to the gra in  boundar ies  
whilst  ca rbon  is d i spe r sed  within the g ra ins ,  this being 
achieved by quenching f rom about 970 K. Quenching 
f rom succes s ive ly  lower t e m p e r a t u r e s  r e su l t ed  in in-  
c r ea s ing  duct i l i ty  which was a t t r ibuted  to carbon  seg-  
rega t ing  to the boundar ies  and in te rac t ing  with the oxy- 
gen. It was also shown that the addit ion of a luminum 
preven ted  e m b r i t t l e m e n t  i r r e s p e c t i v e  of quenching t em-  
pe ra tu re ,  p r e s u m a b l y  by act ing as an oxygen scavenger .  
Jol ly and Goux S have observed  s i m i l a r  effects but show 
evidence that sul fur  r a the r  than oxygen was the e m b r i t -  
t l ing e lement .  Honda and Taga s inves t iga ted  the effect 
of carbon  and oxygen on the f r ac tu re  of e lec t ro ly t ic  
i ron,  slowly cooled f rom 973 K. The t ens i l e  p rope r t i e s  
were independent  of oxygen content  in the range 0.002 
to 0.016 pct but the f r ac tu r e  changed f rom t r a n s g r a n u -  
l a r  to i n t e r g r a n u l a r  below a c r i t i ca l  carbon content  of 
0.002 pct. 

Embr i t t l emen t  can r e su l t  f rom the adsorp t ion  of 
minor  impur i t i e s  at g ra in  boundar ies ,  with consequent  
reduct ion of the in ter face  energy.  The subject  has r e -  
cent ly  been reviewed by Hondros.  7 Changes in the gra in  
boundary  and sur face  energy  can also lead to reduced 
c reep  f r ac tu re  r e s i s t a n c e  s ince the nuc lea t ion  and 
growth of cavi t ies  depends on the energy  r equ i r ed  to 
c rea te  new sur faces .  For  ins tance  T ip le r  and McLean s 
have shown that the addit ion of 0.3 at. pct an t imony to 
copper halved the creep f r ac tu re  elongat ion of that ma -  
t e r i a l .  

Until r ecen t ly  it was difficult  or imposs ib le  to obtain 
d i rec t  evidence of g ra in  boundary  segregat ion,  but the 
technique of Auger e lec t ron  spec t roscopy  can now be 
used for this purpose .  This technique,  for example,  
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has demons t r a t ed  the segrega t ion  of an t imony and 
phosphorus  to g ra in  boundar ies  in s tee ls .  "'1~ The ava i l -  
abi l i ty  of an Auger ana lys i s  sys tem equipped with a 
f r ac tu r e  stage opera t ing  in UHV, and a fine focus e lec -  
t ron gun, which p e r m i t s  the chemical  ana lys i s  of the 
sur face  of individual  g ra ins  on the f r ac tu r e  sur face ,  
has made it poss ib le  to identify unambiguous ly  i m p u r i -  
t ies  segrega t ing  to the gra in  boundar ies .  

The p r e se n t  study a rose  o r ig ina l ly  f rom a wish to ex-  
ploit  low t e m p e r a t u r e  i n t e rg ranu la r  e m b r i t t l e m e n t  in 
i ron in o rder  to study the morphology of cavi t ies  p ro -  
duced on gra in  boundar ies  dur ing c reep  and fatigue at 
high t e m p e r a t u r e s .  This technique was used s u c c e s s -  
fully by Tapl in and Wingrove 11 on BISRA AH i ron  but 
a t tempts  to use it on an i ron of s i m i l a r  composi t ion,  
namely  " F e r r o v a c  E , "  were only par t ly  success fu l .  

EXPERIMENTAL 

The p r e se n t  work is main ly  on " F e r r o v a c  E , "  but 
two other i rons  have also been studied and the compo- 
s i t ions ,  together  with those of the two al loys used by 
Rell ick and McMahon 4 a re  shown in Table L In view 
of the r easonab le  s i m i l a r i t y  in composi t ion of al l  the 
al loys together  with the la rge  range of ca rbon :oxygen  
ra t ios  in our m a t e r i a l s ,  it was decided to invest igate  
the effect of heat t r e a t me n t  on subsequent  low t e m p e r -  
a ture  f r ac tu re .  

Specimens of the th ree  al loys were machined into 
cy l inders  12 mm long by 3 mm diam and subjected to 
the heat t r e a t m e n t s  shown in Table II. These t r e a t -  
ments  were se lec ted  in view of the creep and fatigue 
tes t ing  p r og r a m which involved tes t ing  over  the t e m -  
pe ra tu r e  range  723 to 973 K. Following the work of 
Rell ick and McMahon, it was thought that slow cooling 
f rom the tes t  or  anneal ing  t e m p e r a t u r e  would pe rmi t  
carbon to segrega te  to the g ra in  boundar ies  and prevent  
embr i t t l emen t .  Reheating for �89 h at 983 K followed by 
quenching, however,  by d i spe r s ing  and re ta in ing  the 
carbon within the g ra ins ,  was expected to produce em-  
b r i t t l emen t .  On this  ba s i s ,  T r e a t m e n t s  1 and 4 were 
expected to r e s u l t  in e m b r i t t l e m e n t  whereas  T r e a t -  
ments  2 and 3 should not. 

T r e a t m e n t s  were  under  vacuum of nomina l ly  1 Pa 
but s l ight  oxidation did occur .  The quenched spec imens  
were annealed  in evacuated Vycor capsules ,  the quench 
being achieved by b reak ing  the capsules  under  water.  
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Table I. Chemical Composition of Materials 

Composltmn, wt pet 

C O  
Alloy C O Ratn~ S N Others 

Relhck &)  F5 0.0056 0.0023 2.44 N.A.* 0 008 
McMahunJ F5-A1 0.0062 00025  248  N .A*  00021 0047A1 

t FerrovacE 0 0 0 7  0.010 0.70 0.005 0.003 O010A1 
A.H 0.005 0.042 0.12 N.A. ~ 0.05 

Present N.P.L.I 0.0023 0.0008 2.88 0.0014 0 0003 0.005 
Work (total) 

J N P .L  11 <0.001 0.004 <0  25 0 0 l  N A.* O.002AI 
0.004 $1 

*Not avadable. 

Table II. Heat Treatments for Impact Specimens 

Treatn'tent 1 24 h at ~,~83 K furnace cooled + !~2 h at 983 K, quenched 
Treatment 2 24 h at r K furnace cooled 
Treahnent 3 24 h at 983 K furnace cooled + 24 h at 773 K, ',low cooled 
Treatmenl 4 24 b at 983 K fmnace cooled + 24 h at 773 K, slow cooled, 

+ Y h a t q g 3 K  quenched 

Table III. Heat Treatments for the Auger Specimens 

Treatment 5 1 h at q73 K m vacuum tube. Vacuum tube then a i r  cooled 
Treatment 6 1 11 at 973 K m vacuum tube Vacuum tube then turnace cooled. 
Treatment 7 I h at 973 K m evacuated Vycor capsule. Capsule then broken undm 

water. 

After heat t r e a t m e n t  the spec imens  were notched, im-  
m e r s e d  in liquid n i t rogen  and f r ac tu red  by impact .  
F r ac tu r e  su r faces  were then examined in a Cambridge 
scanning e lec t ron  mic roscope .  

The cy l indr ica l  impact  tes t  spec imens  could not be 
dealt  with in the Auger sys t em.  Therefore ,  another  set  
of spec imens  2 sq m m  in c r o s s - s e c t i o n ,  15 mm long 
were p repa red  for the f r ac tu r e  sur face  ana lys i s .  In 
view of the impact  r e s u l t s ,  a s impl i f ied  h e a t - t r e a t m e n t  
schedule was adopted for these  spec imens  for al l  three  
composi t ions  (see Table III). The r e su l t s  obtained with 
these spec imens  caused us to p r epa re  a fur ther  set  of 
spec imens  of " F e r r o v a c  E , "  which had a l a rge r  g ra in  
size and pe rmi t t ed  the ana ly s i s  of individual  g ra ins  on 
the f r ac tu re  su r face  (see Table IV). The spec imens  in 
the Auger appara tus  were notched and f r ac tu red  in 3- 
point bending at t e m p e r a t u r e s  down to 153 K. 

The Auger appara tus  used in i t i a l ly  was a t h r e e - g r i d  
LEED sys t em opera ted  as a r e t a rd ing  field ana lyze r .  12 
Either  an oblique incidence  e lec t ron  gun giving a cu r -  
ren t  of 10 gA or a n o r m a l  incidence gun (giving 2 pA 
within a c i rc le  of 200 pm) could be used. Both guns 
were n o r m a l l y  opera ted  at 1500 V. The background 
p r e s s u r e  in the vacuum sys t em was typical ly  2 x 10 -8 
Pc, the r e s idua l  gas being ma in ly  CO. To achieve this 
vacuum the appara tus  had to be baked for 24 h at 520 K 
with the spec imens  in posi t ion.  The Auger ana lys i s  
spec imens  there fore  r e c e i v e d ' a  fur ther  heat t r e a t me n t  
which would allow the carbon  to diffuse s ignif icant ly .  

The va r i a t i on  of chemica l  composi t ion of the f r ac tu re  
sur face  as a function of posi t ion was studied by taking 
spec t r a  with the n o r m a l  incidence gun at 0.25 mm in-  
t e rva l s  a c r o s s  the f r ac tu r e  sur face  by moving the spec-  
imen  with m i c r o m e t e r  d r ives  on the spec imen  manipu-  
la tor .  In this way the whole of the f r ac tu re  sur face  was 
analyzed and the spec t ra  obtained compared  with sub-  
sequent  scanning e lec t ron  mic rog raphs  of the sur face .  

Subsequently r e su l t s  were obtained with a cy l indr ica l  
m i r r o r  ana lyze r  Auger sys tem,  x3 but with this sys tem 
the high spat ia l  r e so lu t ion  was not avai lable .  

RESULTS 

It was expected that the di f ferent  heat t r e a t m e n t s  
would r e s u l t  in di f ferent  p ropor t ions  of i n t e r g r a n u l a r :  
c leavage f r ac tu re .  In the case of the " F e r r o v a c  E"  
and N.P.L.  I i ron,  however,  f r ac tu r e  seemed to be 
l a rge ly  indpendent  of heat  t r ea tmen t .  " F e r r o v a c  E"  
subjec ted  to T rea tmen t  1 showed comple te ly  i n t e r g r a n -  
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Table IV. Heat Treatments to Produce Larger-Grained Spemmens of 
"Ferrovac E" for Auger Analysis all Furnace Cooled 

Heat Treatment 8 IA h at 973 K m am 
Heat Treatment 9 24 h at 973 K m vacuum. 
Heat Treatment 10 kl h at 973 K m air + 24 h at 973 K In vacuum. 

ular  f r ac tu re .  Specimens subjected to T r e a t m e n t s  2, 3, 
and 4 showed some cleavage a reas  but in all  cases ,  
f r ac tu re  was es t imated  to be at l eas t  90 pct i n t e r g r a n -  
u lar .  The N.P.L.  I i ron  exhibited s l ight ly  more  c leav-  
age a r ea  than " F e r r o v a c  E"  but again the ra t io  of i n t e r -  
g r a n u l a r : c l e a v a g e  was ve ry  high with no s igni f icant  de-  
pendence on t r ea tmen t .  In the case of the AH iron,  the 
spec imen  subjected to T r e a t m e n t  1 showed sl ight ly 
more  cleavage than i n t e r g r a n u l a r  a rea .  Specimens sub-  
jec ted to T r e a t m e n t s  2, 3, and 4 showed i n c r e a s i n g  p ro -  
por t ions  of i n t e r g r a n u l a r  a rea  but the i nc r ea se  was not 
regarded  as ve ry  s ignif icant .  

The heat t r e a t m e n t s  5, 6, and 7 for the spec imens  
tes ted  in the Auger sys tem were chosen to s imula te  
the tes t ing  and cooling condit ions exper ienced  by the 
creep and fatigue spec imens .  Not al l  the spec imens  
could be f r ac tu red  success fu l ly  because  of l imi ta t ions  
in the force  that could be applied. In te rp re ta t ion  of r e -  
sul ts  f rom spec imens  that did show a r e a s  of i n t e r g r a n -  
u lar  f r ac tu re  was complicated by the diff iculty of en-  
su r ing  that the e l ec t ron  beam was hi t t ing only the f r ac -  
ture  surface ,  and by post f r ac tu re  con tamina t ion  f rom 
the r e s idua l  gas.  However, none of the spec imens  
showed unambiguously  oxygen segrega ted  to the f r a c -  
ture  sur face .  The N.P.L.  I i ron  af ter  heat t r e a t m e n t  7 
gave a f r ac tu re  sur face  which was main ly  i n t e r g r a n u -  
lar  and this  spec imen  also c l ea r ly  showed sulfur  in the 
f r ac tu re  sur face  composi t ion.  

In other  expe r imen t s  with " F e r r o v a c  E "  it was found 
that only in spec imens  that had suffered some (acciden-  
tal) oxidation dur ing heat t r e a t me n t  p r io r  to creep t e s t -  
ing, was the f r ac tu re  p redominan t ly  i n t e r g r a n u l a r  on 
subsequent  low t e mpe r a t u r e  f r ac tu re ;  oxidation alone 
or vacuum annea l ing  alone was insuff ic ient .  In view of 
this a fur ther  set  of spec imens  was p repa red  for Auger 
f r ac tu r e  sur face  ana lys i s ,  as detai led in Table IV. 

These t r e a t m e n t s  were expected to produce spec i -  
mens  showing i n t e r g r a n u l a r  f r ac tu re  af ter  t r e a tmen t  
10, but not af ter  8 or 9. Useful r e su l t s  were obtained 
f rom spec imens  subjected to t r e a t m e n t s  9 and 10. In 
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both cases  spec imens  were f r ac tu red  at 153 K. The 
g ra in  size of these spec imens  was cons ide rab ly  l a rge r  
(about 500 ~m) than those p rev ious ly  p repa red ,  so that 
Auger spec t ra  could be obtained f rom individual  g ra ins  
using the n o r m a l  incidence gun. Separate ana lyses  of 
i n t e r g r a n u l a r  and t r a n s g r a n u l a r  (cleavage) su r faces  
were therefore  obtained.  

Fig. l(a) shows a scanning  e lec t ron  mic rog raph  of 
" F e r r o v a c  E"  af ter  heat t r e a t m e n t  10. Specimens 
given heat t r e a t m e n t s  9 and 10 gave s i m i l a r  r e s u l t s .  
Auger spec t ra  f rom a cleavage and an i n t e r g r a n u l a r  
a r ea  f rom a spec imen  given heat t r e a t m e n t  9 a re  shown 
in Fig. 2. As expected, all  the cleavage su r faces  gave 
pure i ron spec t ra  14 immedia te ly  af ter  f r ac tu re  (e.g., 
curve II in Fig. 2). The ambien t  a tmosphere  was such 
that 6 h af ter  f r ac tu r e  carbon  and oxygen which had 
adsorbed f rom the r e s idua l  gas could just  be detected 
on the cleavage a r ea s .  The i n t e r g r a n u l a r  f r ac tu re  s u r -  
face immedia te ly  af ter  f r ac tu r e  gave a spec t rum (curve 
I in Fig. 2) with a la rge  peak f rom sulfur  and s m a l l e r  
peaks f rom carbon and ni t rogen,  as well  as the i ron 
peaks.  A plot of the peak to peak height of the sulfur  
Auger peak ac ros s  the f r ac tu re  sur face  shown in Fig. 
l(a) is shown in Fig. l(b).  The co r r e l a t i on  of a la rge  
su l fur  peak with i n t e r g r a n u l a r  reg ions  is c l ea r ly  shown. 

Argon ion bombardmen t s ,  calculated to remove  the 
top six atom l aye r s  f rom the f rac tu re  sur face ,  removed 
more  than 95 pct of the sulfur  peak in the Auger spec-  
t r um.  This shows that the sulfur  was segrega ted  uni-  
fo rmly  at the boundar ies  and was not in the fo rm of 
sulfide pa r t i c l e s .  

A repea t  of the exper iment ,  on a spec imen  given heat 
t r e a t m e n t  9, us ing the more  sens i t ive  cy l indr ica l  m i r -  
ro r  ana lyze r  gave a spec t rum f rom a sulfur  r ich  a r ea  
on the f r ac tu re  sur face  as shown in Fig. 3. This spec-  

t r u m  shows s t rong sulfur  and ca rbon  peaks and also 
peaks due to n i t rogen  and oxygen. However, the oxygen 
peak was sma l l  and showed no co r r e l a t i on  with the su l -  
fur peak when the e l ec t ron  beam was moved a c r o s s  the 
f r ac tu r e  sur face  whereas  the carbon and n i t rogen  peaks 
did. This f r ac tu re  was pe r fo rmed  in a somewhat poore r  
vacuum (2 • 10 -7 Pc) so it is probable  that the oxygen 
peak and perhaps  also some of the carbon is due to post 
f r ac tu r e  contaminat ion .  

Accurate  quant i ta t ive  es t ima t ion  of sur face  compos i -  
tion f rom Auger spec t ra  is difficult ,  but Hondros and 
Seah 15 have r ecen t ly  r epor ted  a spec t rum from an in-  
t e r g r a n u l a r  f r ac tu r e  of an i ron containing 44 ppm sulfur  
which shows a sulfur  peak which ag rees  well with that 
shown in Fig. 3. Hondros and Seah es t imate  this peak 
height to r e p r e s e n t  0.5 mono laye r s  of sulfur  and we 
also es t ima te  the mean  su l fur  concen t ra t ions  on the 
i n t e r g r a n u l a r  f r ac tu re  su r faces  to be 0.5 monolayers .  
The amount  of oxygen p r e s e n t  is even more  difficult  to 
es t imate  but compar i son  spec t ra  obtained f rom a de-  
l i be ra t e ly  oxidized c lean  i ron surface  suggest  that the 
r e t a r d i ng  field ana lyze r  r e su l t s  would detect  an oxygen 
concen t ra t ion  g rea te r  than 2 pct of a monolayer .  

In view of the s t rong indicat ion of sulfur  as the im-  
pur i ty  r e spons ib l e  for segrega t ion  an al loy containing 
0.01 pct S was p r epa red  by N.P.L.  (Alloy N.P.L.  If in 
Table I). Specimens of this al loy were tes ted  in creep 
at 973 K at a constant  s t r e s s  of 5.6 MN per  sq m. The 
f rac tu re  s t r a i n  was ve ry  low (0.17 pct elongat ion)  and 
the spec imen  showed grea t ly  i nc rea sed  cavi ty  nuc l ea -  
tion. A mic rograph  of such gra in  boundary  cav i t ies  is 
slmwn in Fig. 4. The r e su l t s  with this al loy provide 
fu r the r  evidence that sulfur  is the dominant  impur i ty  
with r ega rd  to g ra in  boundary  segrega t ion  and e m b r i t -  
t l emen t  for i ron.  These r e su l t s  may be compared  to 

41 13 106 45 108 108 90 10 
i 

15 121 126 95 68 123 52 BO 

100 173 0 0 48 139 111 112 

123 137 0 0 53 0 103 87 

94 92 49 4 0 0 116 135 

113 0 0 16 125 52 44 13 

63 106 60 0 24 108 0 91 

107 125 54 98 111 

~) (b) 
Fig .  1--(a) Scann ing  e l e c t r o n  m m r o g r a p h  of the  f r a e t u r e  s u r f a c e  of a " F e r r o v a c  P." s p e c i m e n  f r a c t u r e d  at 150 K a f t e r  hea t  t r e a t -  
m e n t  10. The  a r e a s  of i n t e r g r a n u l a r  and  t r a n s g r a n u l a r  f a i l u r e  a r e  e a s i l y  d i s t i n g u i s h e d .  (b) Re l a t i ve  s u l f u r  A u g e r  peak  h e i g h t s  
a c r o s s  the  f r a c t u r e  s u r f a c e  shown  in (a). 
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Fig. 2--Auger spectra obtained from mtergranular (curve I) and 
transgranular (curve II) areas of a "Ferrovae  E"  specimen 
fractured at 150K after heat treatment 9, The non-iron peaks 
on curve I are labelled with the chemical symbol of the elements 
producing them. Incident beam energy 1.5 keV. Modulation vol-  
tage above 100 eV, 5 V r.m.s. ,  below 100 eV, 2 V r,m.s.  

those of B e e v e r s  and Kirby 17 who have found that the 
p r e s e n c e  of phosphorus  in s i m i l a r  N.P .L .  i ron a l loys  
s e e m s  to reduce  cavi ta t ion  dur ing c r e e p  at 973 K. 

DISC USSION 

The ini t ial  e x p e r i m e n t s  indicated that the low t e m -  
p e r a t u r e  f r a c t u r e  behav io r  of the th ree  a l loys  was 
f a i r l y  independent of heat  t r e a t m e n t  both in t e r m s  of 
anneal ing t e m p e r a t u r e  and cool ing ra te .  This was un- 
expected  in v iew of the work of Rel l ick  and McMahon 4 
who found that slow cool ing  f r o m  about 973 K could p r e -  
vent  e m b r i t t l e m e n t .  Also s u r p r i s i n g  was the fact  that 
N .P .L .  i ron f r a c t u r e d  i n t e r g r a n u l a r l y .  This r e l a t i v e l y  
pure  i ron  had both a v e r y  low oxygen content and a high 
ca rbon :oxygen  ra t io .  The AH iron,  however ,  having 
both the h ighes t  oxygen content  and the lowest  carbon:  
oxygen ra t io  showed r a t h e r  m o r e  c leavage  than i n t e r -  
g r anu l a r  f r a c t u r e .  These  r e s u l t s  a r e  in d i r e c t  confl ic t  
with the explanat ion for  e m b r i t t l e m e n t  p roposed  by 
Rel l ick  and McMahon. The impact  f r a c tu r i ng  technique 
d i f fe red  f r o m  that of Rel l ick  and McMahon who used 
t ens i l e  tes t ing .  It might  be expected,  however ,  that i m -  
pact  loading would i n c r e a s e  the l ikel ihood of c leavage  
f r a c t u r e  whereas  the r e v e r s e  appea r s  to be the case .  
In the same  context ,  it may be that the f r a c t u r e  mode 
is  s ens i t i ve  to va r i a t i ons  in spec imen  geome t ry .  

The r e s u l t s  of the Auger spec t ro scopy  a re  perhaps  
the mos t  impor tan t  to e m e r g e  f rom this  work.  The e v i -  
dence of sulfur  s e g r e g a t i o n  to the g ra in  boundar ies  is 
unequivocal ,  p a r t i c u l a r l y  in the case  of the s p e c i m e n s  
which gave Auger  scans  f r o m  both c l eavage  and i n t e r -  
g ranu la r  r eg ions .  This r e s u l t  is supported by that of 
Hondros and Seah. is These  r e s u l t s ,  however ,  a r e  s o m e -  
what in opposi t ion to those  r e p o r t e d  by Rel l ick  et al . ,  16 
who show Auger s p e c t r a  f r o m  a F e r r o v a c  i ron f r a c t u r e  
su r f ace  and f r o m  an Fe-0 .15  pct Ti a l loy f r a c t u r e  s u r -  
face  which show no sulfur  but some  oxygen, carbon,  and 
n i t rogen .  Rel l ick  et al.  sugges t  that the oxygen may be 
due to p o s t - f r a c t u r e  contamina t ion  and our r e s u l t s  
taken under s i m i l a r  condit ions would tend to conf i rm 
this .  The absence  of sulfur  in the i r  t r a c e s  indica tes  
that in this  case  sulfur  is not the embr i t t l i ng  spec ies  
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Fig. 3--Auger spectrum obtained with a hemicylindrical mi r -  
ror analyzer from a "Ferrovac  E" specimen fractured at 
150K after heat treatment 9. (Note: y-axis measures EdN(E)/  
dE in arbitrary units). Incident beam energy 2.5 keV. Modula- 
tion voltage, 3 V r.m.s.  

Fig. 4--Scanning electron micrograph of longitudinal microsec-  
tion of Alloy N.P.L. II after creep at 873 K at a stress of 5.6 
M N / m  2 for 1 h showing grain boundary cavities. The fracture 
strain was 0.17 pct. (Mmrograph courtesy of G. Leone). 

and that pe rhaps  n i t rogen is r e spons ib le .  The p r e s e n c e  
of carbon,  on the ideas of Rel l ick  and McMahon, would 
be d e - e m b r i t t l i n g .  

Unfor tunate ly  no sulfur  contents  a r e  ava i lab le  for  the 
i rons  used by Rel l ick  et al. ,  so no com par i son  with our 
r e s u l t s  is poss ib le .  Taking the gra in  boundary concen-  
t ra t ion  of sulfur  f rom our m e a s u r e m e n t s  to be one 
monolayer  ( i .e . ,  twice 0.5 mono laye r s  on each f r a c t u r e  
sur face)  and a gra in  boundary width of 2 at. d iam,  this  
r e p r e s e n t s  a gra in  boundary sulfur  concent ra t ion  which 
is 104 t i m e s  the bulk value  for  " F e r r o v a c  E "  and about 
3 • 104 t imes  the bulk concent ra t ion  for  N.P .L .  I, which 
a g r e e s  with the r e s u l t s  of Hondros and Seah.l~ 

Honda and Taga 6 have a t t r ibu ted  i n t e r g r a n u l a r  e m b r i t -  
t l emen t  of i ron so le ly  to carbon content.  It is note-  
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w o r t h y ,  h o w e v e r ,  t h a t  t he  c a r b o n  and  o x y g e n  c o n c e n t r a -  
t i o n s  in t h e i r  i r o n  w e r e  v e r y  s i m i l a r  to t h o s e  of  o t h e r  
i m p u r i t y  e l e m e n t s ;  in p a r t i c u l a r ,  s u l f u r  (0.004 pc t )  and  
p h o s p h o r u s  (0.002 pc t )  w e r e  p r e s e n t ,  b o t h  of w h i c h  a r e  
known to e m b r i t t l e  i r o n .  No A u g e r  s p e c t r o s c o p y  w a s  
p e r f o r m e d  in t h i s  w o r k .  

D e s p i t e  t he  e v i d e n c e  f o r  s u l f u r  a t  the  g r a i n  b o u n d a -  
r i e s  the  e m b r i t t l e m e n t  p h e n o m e n o n  i s  s t i l l  not  fu l ly  
e x p l a i n e d .  In p a r t i c u l a r ,  s p e c i m e n s  of " F e r r o v a c  E "  
p r e v i o u s l y  t e s t e d  in c r e e p  o r  f a t i gue  at  973 K d id  not  
g e n e r a l l y  f r a c t u r e  a l o n g  the  g r a i n  b o u n d a r i e s  w h e n  
s u b s e q u e n t l y  n o t c h e d  and i m p a c t e d  u n d e r  l iqu id  n i t r o -  
gen .  E a r l y  u n s u c c e s s f u l  a t t e m p t s  w e r e  a t t r i b u t e d  to 
l a r g e  g r a i n  s i z e  bu t  l a t e r  t e s t s  on m a t e r i a l s  h a v i n g  
c o m p a r a b l e  g r a i n  s i z e  to t ha t  u s e d  f o r  t he  e m b r i t t l e - .  
m e n t  s p e c i m e n s  (-~ 80 pm m e a n  d i a m )  a l s o  r e s u l t e d  in 
p r e d o m i n a n t l y  c l e a v a g e  f r a c t u r e .  A f t e r  c r e e p  o r  f a -  
t igue  t e s t i n g ,  " F e r r o v a c  E "  h a s  a p r o n o u n c e d  d i s l o -  
c a t i on  s u b c e l l  n e t w o r k  w i th in  the  g r a i n s  and  the  g r a i n  
b o u n d a r i e s  o f t e n  b e c o m e  s e r r a t e d  b e c a u s e  of  i n t e r a c -  
t i o n s  wi th  s u b - b o u n d a r i e s .  It i s  p o s s i b l e  t ha t  t h i s  m a y  
i n f l u e n c e  the  low t e m p e r a t u r e  f r a c t u r e  m o d e  so tha t  
c l e a v a g e  f r a c t u r e  b e c o m e s  m o r e  l i ke ly .  It i s  a l s o  p o s -  
s i b l e  t ha t  t he  v a c a n c y  f lux  to  the  g r a i n  b o u n d a r i e s  u n d e r  
c r e e p  c o n d i t i o n s  m a y  h a v e  s o m e  e f f e c t  on the  b o u n d a r y  
r e g i o n  c o m p o s i t i o n .  

C ONC LUSIONS 

I) The low temperature fracture behavior of the 
three irons, in terms of relative proportions of inter- 
granular:cleavage areas was relatively independent of 
annealing temperature and cooling rate. 

2) The tendency for intergranular fracture appeared 
to increase with increasing carbon: oxygen ratio and 
with decreasing oxygen content. This behavior is op- 
posite to that previously reported. 4'18 

3) A u g e r  s p e c t r o s c o p y  s h o w e d  t h a t  s u l f u r  w a s  h e a v -  
i ly  s e g r e g a t e d  to  g r a i n  b o u n d a r i e s .  No c l e a r  e v i d e n c e  
of o x y g e n  at  g r a i n  b o u n d a r i e s  was  found  s u g g e s t i n g  tha t  
s u l f u r  i s  r e s p o n s i b l e  f o r  the  i n t e r g r a n u l a r  e m b r i t t l e -  
m e n t .  
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