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Grain-boundary embr i t t l ement  of pure iron due to phosphorous, antimony and sulfur is  s tud-  
ied using f rac tu re  appearance  t rans i t ion  t empera tu re  measurements  and Auger e lec t ron 
emiss ion  spec t roscopy chemical  ana lys is  of f r ac tu red  sur faces .  Phosphorous and sulfur a re  
found to segregate  to gra in  boundaries  in the ent i re  f e r r t t e  range.  Segregation to gra in  
boundaries  of these e lements  in the austenite appears  to be negligible.  It is shown that the 
segregat ion  of these e lements  to gra in  boundaries  in iron does not conform to the Glbb's  
equi l ibr ium segregat ion model.  Sulfur appears  to be a more severe  embr i t t l e r  of iron than 
does phosphorous.  

T H E  dele ter ious  effect of O, S, P, and SO on the me-  
charflcal p rope r t i e s  of Iron has been well es tabl ished.  
After cer ta in  hea t - t r ea tmen t s ,  when these e lements  
a re  presen t ,  the duc t i l e -b r i t t l e  t rans i t ion  t empera tu re  
is  r a i s e d  with f rac tu re  occur r ing  p r i m a r i l y  along the 
grain boundaries .  These e lements  a re  a lso  known to 
play an important  ro le  in the f rac ture  of low al loy 
s tee l s .  Low alloy Nt-Cr s t ee l s  containing SO, P, Sn, 
or  As exhibit r e v e r s i b l e  t e m p e r - e m b r i t t l e m e n t  7 when 
they a r e  held or  slowly cooled during temper ing  through 
the t empera tu re  range of 575 ~ to 350~ In o rde r  to 
c la r i fy  the ro le  of these e lements  in the embr i t t l ement  
of i ron and i ts  aUoys a deta i led study of the effect of 
the impur i t i es  P, SO, and S on the gra in-boundary  em-  
b r i t t l ement  of pure iron was undertaken. 

Until the recent  work by Rell ick et  a l .  1 on Fe -Te  
sys tem,  the only work on the gra in-boundary  e m br i t t l e -  
ment in a b inary  i ron-base  sys tem had been by lnman 
and Tipler  ~ who studied the embr i t t l ement  of Iron by 
phosphorous.  They showed by bend tes t s  that an iron 
containing 0.09 pct  P was fully ductile at room t e m p e r -  
a ture ,  but fai led in a b r i t t l e  in te rgranular  manner at 
- 780C when furnace cooled f rom 1000~ A short  i so -  
the rmal  t rea tment  at 700"C followed by a water  quench 
produced a severe  in t e rg rana la r  weakness at room 
tempera tu re .  They showed by radioact ive  t r a c e r  tech-  
niques that the concentrat ion of phosphorous at the 
gra in  boundar ies  in the embr i t t l ed  spec imens  (water 
quenched f rom 7000C) is as high as fifty t imes  that of 
the gra in  In ter ior .  In some specimens  the excess  was 
equivalent to a l ayer  of pure phosphorous more  than 
60/~ thick. Cahn and Htl l iard s demonst ra ted  by the rmo-  
dynamic calculat ion that phosphorous segregat ion in 
these amounts does not conform to an equi l ibr ium 
segregat ion  model. 

Even though this study by Inman and Tipler  provides  
some understanding of the problem of gra in-boundary  
embr t t t l ement  of i ron by phosphorous,  more detai led 
study appears  to be n e c e s s a r y  on this sys tem.  More-  
over ,  Auger e lec t ron  emiss ion  spec t roscopy provides  
a be t te r  tool for the analys is  of f r ac tu red  sur faces  
than the method used e a r l i e r  by Inman and Ttpler .  
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Therefore ,  a study of the gra in-boundary  embr i t t l e -  
ment in F e - P  and Fe-SO sys tems  was made using 
Auger Electron Emiss ion Spectroscopy. 

EXPERIMENTAL PROCEDURE 

Alloy Prepara t ion  

F e - P  ALLOYS 

Three al loys were used in this  investigation. 
1) Fe-0 .2  pct  P al loy obtained f rom the General  

E lec t r ic  Research  and Development Center.  This a l -  
loy was also used as  a mas te r  a l loy for  the next two 
al loys .  

2) Fe-900 ppm P al loy was vacuum induction melted 
using Johnson-Matthey iron and the Fe-0 .2  pct P al loy 
mentioned above. 

3) Fe-500 ppm P al loy p repa red  in a way s im i l a r  to 
the 900 ppm P alloy. 

The ~ in. diam ingots were hot forged at 1000~ to 
-~ in. diam rods  and then cold ro l led  and swaged to 
0.162 in. diam rods .  These rods  were used for al l  the 
subsequent exper iments  on these a l loys .  

F e - P - S  AND Fe-Sb-S  ALLOYS 

Two phosphorous doped and two antimony doped 
i rons were obtained f rom the General  E lec t r ic  Re- 
search  and Development Center.  These were made by 
vacuum melt ing high pur i ty  vacuum melted e lec t ro ly t ic  
grade iron. Phosphorous doped i rons contained 500 to 
600 ppm P and 200 ppm P by weight, respec t ive ly ,  and 
antimony doped i rons contained 500 to 600 ppm So and 
200 ppm So by weight, respec t ive ly .  Chemical  analys is  
of the ingots showed, in addition to the appropr ia te  
amounts of phosphorous and antimony, the p resence  
of sulfur to the extent of 30 ppm by weight. These a l -  
loys were  used to study the combined effect of phos-  
phorous and sulfur,  and antimony and sulfur in the em-  
b r i t t l ement  of pure iron. The -~ in. diam ingots were 
hot forged, cold rol led,  and swaged to 0.162 in. diam 
rods  (as in the case  of F e - P  al loys) .  

Hea t -Trea tment  and Transi t ion Tempera ture  
Measurement  of Irons 

P r e l i m i n a r y  invest igat ions were made to de termine  
the hea t - t rea t ing  conditions in which fa i lure  occur red  
by in te rgranular  f r ac tu re  and a lso  to de termine  how 
in te rgranular  f r ac tu re  could be avoided in these i rons.  
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A variety of heat treatments were given toward this 
end. As per the experiments of Inman and Tipler, ~ the 
Initial t reatment was to austenlttze the binary Fe-P  
alloys at 1000*C and furnace cool one set of specimens 
and water quench the remainder.  The water-quenched 
specimens were then treated for one hour at 7000C and 
again water quenched. Room temperature notched im- 
pact tests  of furnace cooled specimens and those 
quenched from 700~ showed extremely brittle grain-  
boundary fractures .  Next, a similar  room temperature 
test  was carr ied out on a specimen which was brine 
quenched from 1000*C. The fracture surface revealed 
a mixture of ductile and cleavage facets for the 900 
ppm P and 500 ppm P doped irons, but It was com- 
pletely intergranular for the 0.2 pct P iron. 

Room temperature notched Impact tests were also 
carr ied out on specimens which were water quenched 
from 800 ~ 850 ~ and 9000C after pr ior  brine-quenching 
from 1000*C. In all these cases,  the specimens f rac -  
tured in a brittle manner along the grain boundaries. 
Thus it was found that a specimen, furnace cooled 
from 1000~ and one water-quenched from 700 ~ to 
900~ after pr ior  brine-quench from 1000*C showed 
extreme lntergranular weakness at room temperature.  
The 0.2 pct P Iron showed intergranular weakness at 
room temperature under all heat- treat ing conditions. 
The only possible way to avert  intergranular fracture 
in 900 and 500 ppmP doped irons was to brine quench 
from 1000~ 

Having established the room temperature fracture 
behavior, the next step was to determine the Fracture 
Appearance Transition Temperature (FATT) of the al-  
loys. The transition temperature was determined after 
the following heat- treatments .  The phosphorous doped 
irons were annealed at 1000*C for 1 h, furnace cooled 
to 700~ held for 1 h, furnace cooled to 3750C, and 
water quenched. This treatment was followed to allow 
for optimum segregation. For the two low phosphorus 
irons, specimens brine-quenched from 1000*C were 
used as nonembrittled specimens to get an idea of the 
shift in transition temperature of embrittled irons. 

Fig. l(a) shows the specimens used for FATT mea-  
surement.  The specimens were machined after heat- 
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treatment.  The tests  were made at various tempera-  
tures using a Charpy machine with a constant low 15~ 
pendulum swing. 

The heat treating and testing procedures having been 
established, the te rnary  P-S and Sb-S irons were sub- 
jected to the same treatment and their fracture appear-  
ance transition temperature determined in a similar  
way. All heat- t reatments  were carr ied out in a tube 
furnace in a flowing argon atmosphere. 

Auger Electron Analysis and Scanning 
Electron Fractography 

Specimens for Auger analysis were given the same 
treatment as for transition temperature measurement.  
Fig. l(b) shows the specimens machined for Auger 
analysis. The reader  is r e fe r red  to the work of Joshi 
and Stein 4 for details of this technique of surface chem- 
ical analysis.  

Auger specimens were broken in the baked vacuum 
system and the fracture  surfaces analyzed for segre-  
gates. After taking the Auger spectra,  the fractured 
surfaces were sputtered layer by layer 4 (each layer 
6 to 104 deep) using Argon at 4 p pressure .  By this 
method a profile of the segregate from the grain bound- 
a ry  Into the bulk could be obtained. The fractured Auger 
specimens (the half that was not sputtered) were used 
for scanning fractographlc studies. The f ractures  were 
carefully examined for precipitates or any other fea- 
ture that might be present.  

Metallographlc examination of the polished speci-  
mens was also carr ied out to ascertain the micro-  
structure in these embrittled irons. 

Auger analysis of the nonembrtttled specimens was 
not possible since grain-boundary fracture was not ob- 
tained in this case. 

RESULTS 

Table I shows the chemist ry  of the alloys used for 
the present  investigation. The Fracture Appearance 
Transition Temperature (FATT) data are  shown in 
Table II. It is seen that in binary F e - P  alloys the 
transition temperatures  in the embrittled condition lie 
in a narrow range for a wide range of phosphorous con- 
centrations. For all these phosphorous doped irons (in 
the embrttt led state), the FATT is less than 2000C. In 
the case of phosphorous doped te rnary  irons containing 
sulfur, the transition temperature is very  high even 
though the sulfur content is only about 30 ppm. The 
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Fig. 1--(a) Specimen for impact test. (b) Specimen for 
Auger analysis. 

TaMe I. Table Showing the Composition of Alloys Used in This Study 

C o m p o s i t i o n ,  w t  pc t  

A l loy  P Sb S C Cr Ni  Fe  

A 0.2 . . . . .  balance 

B 0.09 . . . . .  balance 

C 0.05 . . . . .  balance 

B 0 .05 -  _ 0 . 0 0 3  - - - ba lance  
0 . 0 6  

E 0 . 0 2  - 0 . 0 0 3  - - - ba lance  

0 .05 -  
F - 0 . 0 0 3 5  - - - ba l ance  

0 . 0 6  

G - 0 . 0 2  0 . 0 0 3  - - - ba l ance  
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Table II. Table Showing the Effect of Heat Treatment on the Fracture 
Appearance Transition Temperature and Type of Fracture of 

P, P-S, and Sb-S Irons 

Type of 
AUoy Heat Treatment FATT Fracture 

A a) W.Q. from 10(X)~ R.T. 100 pet Ix 
b) a + 700~ lh, W.Q. 150~ < FATT < 200~ 20 pet IX at 175~ 
c) f.c. from 1000~ 150~ < FATT < 200~ 100 pet Ix at 150~ 

B a) Brine Q. from 1000~ R.T. mixed mode, 
mainly cleavage 

b) f.c. to 700~ from 
1000Oc hold 1 h, 150Oc < FATT < 200Oc 15 to 20 pet IX 
f.c. 375~ W.Q. at 175~ 

C a) Brine Q. 1000~ 0~ 20 to 25 pet Ix fr; 
rest cleavage 

b) f.c. 700~ from mixed fracture 
1000~ hold 1 h, IO0~ < FATT < 150~ at 150~ 20 to 
f.c. 375~ W.Q. 30 pet Ix 

D a) Brine Q. 1000~ R.T. 90 to 95 pet 
cleavage 

b) f.c. 700~ from 
1000~ hold 1 h, FATT >375~ 100 pet Ix at 375"C 
f.c., 375"C, W.Q. 

E a) f.c. to 700"C from 
1000*C, hold 1 h, FATT > 350~ 100 pet Ix at 350"C 
f.c. 375"C, W.Q. 

F a) Brine Q. from 1000~ R.T. mixed mode, 70 pet 
cleavage, 10 pet Ix 

b) f.c. to 70o~ from 
1000*C hold 1 h, FATT > 300~ 90 to 95 pct IX at 
f.c. 375~ W.Q. 300oc 

G a) f.c. to 700"C from 
lO00~ hold 1 h, FATT > 100*C 100 pet IX at 100*C 
f.c. 375~ W.Q. 

b) Brine Q, from 1000~ 
R.T. 100 pet Ix 

+850~ 1 h, W.Q. 
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Fig .  2 - - A u g e r  s p e c t r a  of  0.2 pc t  P i r o n  w a t e r  q u e n c h e d  
f r o m  700"C. 
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FATT for these alloys is over 300~ as compared to 10 
175~ for a 900 ppm P doped iron. Fig. 2 shows the 
Auger spectrum of the fractured surface of 0.2 pct P 
doPed iron quenched from 700~ Figs. 3, 4, and 5 
show the concentration profile from the grain-boundary 
into the bulk for the 0.2 pct P and the 900 ppm P irons 
and Fig. 6 shows the spectrum for the 0.05 pct P iron. 100 
Segregation of phosphorous is observed in 0.2 pct P 
iron under all heat-treated conditions. However, the 90 
segregation of phosphorous is less  when quenched ~ ~ 
from 1000~ Progress ively  less  segregation of phos- ~_~ 7o 
phorous is observed for 0.2, 0.09, and 0.05 pct P irons ~ 60 
in the embrittled state. ~ so 

An estimate of the concentration of phosphorous at ~ ~, 
the grain boundary can be made following Palmberg ~30 
and Marcus, 5 assuming a linearity of peak height with 
concentration. Weber and Johnson e have argued on a = 20 
theoretical basis that dN(E)/dE (d=N/dE ~ in figures), lO 
that is, the peak height of the Auger electron spectra 
is proportional to the atomic concentration of~he ele-  
ment being analyzed. Since they were able to support 
the calculation with experimental results on potassium 
(deposited on germanium), it appears that the assump- 
tion of linearity of peak height with concentration is 
justified. The height of the phosphorous peak after a 
deep sputter (over 3600 layers) of the fractured sur- 
face in 0.2 pct P (0.35 at. pct) iron is used for calibra- 
tion and calculation of the phosphorous concentration 
at the boundary. All phosphorous peak heights are nor- 

~ 155.0 AT, ~ P 

750 1500 2250 ~70~ " 
No, OF ~(OLAYER$ OF FE REMOVED 

F i g .  3 - - V a r i a t i o n  in  p h o s p h o r o u s  c o n c e n t r a t i o n  w i t h  s p u t -  
t e r i n g  in  0 .2  p c t  P i r o n  f u r n a c e  c o o l e d  f r o m  1000~ 

56 AT, ~ P 

I * i I 
750 

i i i i i i i i , [ 
1500 2250 "2700 " 

NO, OF ~ONOLAYER$ OF FE REMOVED 

Fig .  4 - - V a r i a t i o n  in  p h o s p h o r o u s  c o n c e n t r a t i o n  w i t h  s p U t -  
t e r i n g  in  0 .2  pc t  P i r o n  w a t e r  q u e n c h e d  f r o m  1000~ 

malized with respect to the iron peak height in the bulk 
of the 0.2 pct P iron (see Appendix). 

According to these calculations 0.2 pct P iron (alloy 
A) shows 133 at. pct P at the grain boundary in the fur- 
nace cooled condition, and when quenched from 1000~ 
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Fig. 5--Variation in phosphorous concentration with sput- 
tering in embrittled 0.09 pct P iron. 
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Fig. 6--Auger spectra  ofembri t t led50O ppm P ~on. 

present  in very  small amounts and its concentration 
in the bulk is far less than the concentration of phos- 
phorous or antimony. In the 500 ppm P iron containing 
sulfur (alloy D), both sulfur and phosphorous are seg- 
regated to the boundary, though the segregation of sul-  
fur is more pronounced. In the res t  of the i rons  only 
sulfur is observed. It is surprising that there is very  
little indication of antimony segregation (antimony 
peaks show up at 460 eV energy in the Auger spectra) 
even in the iron containing 500 to 600 ppm Sb (alloy F). 
The small chlorine peak at 180 eV in Fig. 8 is possibly 
due to contamination from the atmosphere. Fig. 11 
shows the Auger spectrum of 200 ppm P iron contain- 
ing sulfur (alloy E), water quenched from 850~ after 
a prior  quench from 1000~ Even quenching from this 
high a temperature does not prevent the segregation of 
sulfur to the grain boundaries. It is difficult to est i -  
mate the amount of sulfur at the boundary as no stan- 
dard alloy has been studied for calibration. However, 
since the electron energies for sulfur and phosphorous 
are close (150 and 120 eV, respectively), it is reason-  
able to estimate the sulfur concentration using the 
same calibration as used for phosphorous. Although 
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Fig. 7--Auger spectra  of embrittled 200 ppm Sb-30 S iron. 

the concentration at the tntergranular faces dropped to 
51 at. pct P. Alloy B containing 900 ppm P shows 38 
at. pct P at the boundary in the embrittled condition. 
Values of over 100 at. pct P at the grain boundaries 
are obtained from extrapolation of peak heights ob- 
tained at low concentrations where slight e r r o r s  may 
result  in gross  e r ro r s  at higher concentrations. (The 
e r ro r  is introduced mainly from the phosphorous peak 
height measurement in the spectrum obtained from 
deep sputtered 0.2 pct P iron. The phosphorous peak 
height is small so that its exact measurement is dif- 
ficult. This could introduce an e r ro r  of 25 to 30 pct.) 
However, it is clear that the phosphorous concentra-  
tion at the grain boundaries of these alloys is very  
high and it approaches 100 at. pct. 

Figs. 7 and 8 show the Auger spectra  of the embri t -  
tled 200 ppm P and 200 ppm Sb irons containing sulfur 
and Figs. 9 and 10 show the sputtering profiles from 
the boundary into the grain of 500 ppm P and 500 ppm 
Sb irons containing sulfur. It may be noted that there 
is a pronounced segregation of sulfur even though it is 
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Fig. 8--Auger spectra  of embrittied 200 ppm P-30 ppm S 
iron. 
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Fig. 9- -Var ia t ion of phosphorous and sul fur  concentration 
with  s p u t t e r i n g  in 500 p p m  P i r o n  c o n t a i n i n g  s u l f u r .  
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Fig .  1 0 - - V a r i a t i o n  o f  s u l f u r  in concentration with  s p u t t e r -  
ing  in 500 p p m  P i r o n  c o n t a i n i n g  s u l f u r .  

such an estimate may not be very  accurate,  it gives 
us an approximate idea of the extent of sulfur segre-  
gation. Accordingly, the concentration of sulfur at the 
boundary turns out to be almost 35 at. pct. All the 
irons studied showed excess of nitrogen at the grain 
boundary indicating segregation of this element (peak 
at 380 eV). The nitrogen content of the bulk was not 
determined. 

Scanning electron fractograph of embri t t led 500 ppm 
P iron is shown in Fig. 12(a). The low magnification 
pictures show clearly the intergranular nature of 
fracture.  

DISCUSSION 

Results on Fe-P, Fe-P-S, and Fe-Sb-S alloys show 
that the embrittlement occurring in these alloys is dif- 
ferent from the revers ible  temper embritt lement known 
to occur in low alloy steels. The embritt lement in the al- 
loys studied is found to be i r reversible .  Segregation of 
impurities occurs  at all temperatures  in ferri te .  This 
is also clear from Tables HI and IV of Inman and Tip- 
le t  z where segregation of phosphorous to the grain 
boundaries in iron is reported irrespective of the heat- 
treatments undergone by the alloy sections. It appears 
that the segregation in austenite is negligible or very  
limited in extent. This is evident f rom the Auger spec-  
t ra  of alloy A (0.2 pct P iron) water quenched from 
1000~ and the mechanical tests on alloys B, C, D, E, 
F, and G which produced mainly cleavage fractures  
after brine quenching from 1000~ Fig. 13 shows the 
F e - P  phase diagram with the positions of alloys A and 
B in the diagram at 1000oc indicated. The alloy B con- 
raining 900 ppm P is close to the solid solubility limit 
of austenite and yet it does not fail by intergranular 
mode when it is quenched from 1000~ Alloy A is in 
the two phase (~ + 7) region at 1000~ The equilibrium 
composition of ~ and 7 at 1000~ is about 0.4 and 0.1 
pet P, respectively.  This alloy shows up to 50 at. pct 
P at the grain boundary when quenched from I000~ 
Since the alloy B containing 900 ppm P did hot show in- 
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(a) 

(b) 
Fig. 12--(a) Fracture surface of embrittled Fe-500 ppm 
P alloy. Magnification 110 times. (b) Micrograph of Fe-  
500 ppm P alloy showing ferrite graias. Magnification 
170 times. 

t e rg ranu la r  f r ac tu re  (indicating negligible segregation),  
it  appears  that the segregat ion  in al loy A has occur red  
f rom f e r r i t e  to the f e r r i t e - aus t en i t e  boundary. Thus, 
in spite of the much lower solubil i ty of phosphorous in 
austenite than in i e r r i t e ,  segregat ion  appears  to occur  
only in the f e r r i t e .  The absence of segregat ion  in au-  
stenite in al loy B cannot be at t r ibuted to the high t em-  
pe ra tu re  of 1000~ and its effect on gra in  boundary en-  
ergy,  because al loy A is a lso  t r ea ted  at the same t em-  
pe ra tu re .  

Inman and Tlpler  es t imated  the amount of phospho- 
rous  segrega ted  to the gra in  boundaries  in Fe-900 ppm 
P al loy to be about 50 t imes  that p resen t  in the bulk, 
by using radioisotope technique. They showed that in 
the ex t reme  case,  if phosphorous segrega tes  as  a l ayer  
of pure element,  the total  thickness  of phosphrous layer  
l ies  in the range of 30 to 70.~. P resen t  investigation 
shows the concentrat ion of phosphorous at the boundary 
for Fe-900 ppm P al loy to be ~ 38 at. pct. For the 0.2 

pct P iron in the furnace-cooled  condition, however, 
the r e su l t s  show the p resence  of a l ayer  of near ly  pure 
phosphorous at the gra in  boundary. The thickness of 
the near ly  pure  phosphorous layer ,  consider ing both 
s ides  of the f rac tu re  surface,  appears  to be not more 
than 10 to 15~,. A sharp fal l  in the phosphorous con- 
centrat ion af ter  sput ter ing two monolayers  suggests  
that most  of the phosphorous exis t s  as a segrega te  in 
the e lementa l  form r a the r  than as a p rec ip i ta te .  Even 
though most  of the phosphorous exis t s  as a segregate ,  
i t  is not unlikely that some of it  could exis t  as  p r e c i p i -  
ta tes .  An indication of the p resence  of p rec ip i t a t es  is  
obtained f rom the pe r s i s t ence  of phosphorous s ignals  
when sput ter ing deep in the 0.2 and 0.09 pct P al loys.  

Calculation of excess  phosphorous at  the boundary 
for  Fe-900 ppm P al loy using the model of Cahn and 
Hil l tard 3 conf i rms thei r  view that the phosphorous 
segregat ion in i ron does not conform to the equi l ibr ium 
segregat ion  model. The excess  phosphorous atoms at 
the boundaries  a re  found to be more  than two t imes  
l a rge r  than the maximum number of a toms (0.19 x 10 xe 
atom cm "z) pred ic ted  by the model, even if one a s sumes  
that the grain boundary energy goes to zero .  Similar  
calculat ions using Cahn and Hil l iard  model for sulfur 
also show that the segregat ion does not conform to that 
proposed by Gibbs. As equi l ibr ium segregat ion  is gov- 
erned by fac tors  control l ing solubil i ty,  it  would appear  
that for  b inary  al loys of i ron with e lements  such as  
phosphorous,  which form substi tut ional  sol id  solution, 
the segregat ion is governed by fac tors  other than those 
that control  solubil i ty.  Also, ff sol id  solubi l i ty  were to 
be the c r i t e r i a  for segregat ion,  we should have observed 
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l a r g e r  amounts of segregat ion  in the ansteni t ic  phase.  
It appears  that the type of phase,  the type of grain 
boundary (7-~ or ~-~) or the vacancy solute interaction 
near the boundary in ~ phase may be responsible for 
the nonequilibrium segregation observed in binary and 
ternary irons studied. 

Several conclusions can be made from the mechani- 
cal test data on the binary and ternary alloys studied. 
Alloy C containing 0.05 pct P has a transition tempera- 
ture close to 140~ and the alloys A and B containing 
0.2 and 0.09 pct P, respectively, show transition tem- 
perature close to 175~ Considering that the phospho- 
rous content at their boundaries in the embrittled con- 
dillon is approximately 21, 100, and 38 pct, respec- 
tively, it would appear  that there  is no definite c o r r e l a -  
tion between the concentrat ion of phosphorous at the 
boundary and the t rans i t ion  t empera tu re ,  at leas t  be-  
yond a cer ta in  phosphorous concentrat ioh level  at the 
boundary.  As the t rans i t ion  t empera tu re  r emains  the 
same (~ 175~ for a wide range of phosphorous con- 
centrat ton at the boundary, it appears  that the maxi -  
mum t rans i t ion  t empera tu re  is  a cha rac t e r i s t i c  of the 
type of impuri ty  present .  This is  also evident f rom the 
r e su l t s  on sulfur bear ing i rons.  Alloy D (500 ppm P 
and 30 ppm S) shows a t rans i t ion  t empera tu re  g rea te r  
than 350~ a l loy F (500"ppm Sb and 35 ppm S) has 
FATT g rea t e r  than 375~ and al loy E (200 ppm P and 
30 ppm S) a lso  had FATT over 375~ As only sulfur 
is  seen segrega ted  to the boundary in al loy E, it is 
reasonable  to deduce that the high t rans i t ion  t e m p e r a -  
tu res  in these al loys a r e  a t t r ibutable  to sulfur and that 
sulfur induces a cha rac t e r i s t i c  maximum t rans i t ion  
t empera tu re  of over  350~ when presen t  as  a segrega te  
in iron.  Thus, this  investigation seems  to indicate that 
sulfur has a much g rea te r  potential  for  producing in-  
t e rg ranu la r  f r ac tu re  than phosphorous alone does.  Low, 
et al. 7 showed that for a 3.5 Ni, 1.6 Cr, 0.4 pct C s tee l  
containing 500 ppm P, the t rans i t ion  t empera tu re  in the 
seve re ly  embr i t t l ed  condition is 120~ which is l e ss  
than that observed  for the 500 ppm P iron (140~ 
Therefore ,  it may be in fe r red  f rom the p resen t  mechan- 
ica l  t e s t  r e su l t s  that in low aUoy Ni -Cr -C  s tee l s  the 
embr l t t l ement  (obtained by temper  embr i t t l ing  t r e a t -  
ment) is not enhanced beyond that cha rac t e r i s t i c  of the 
impur i ty  element.  As t e m p e r - e m b r i t t l e d  Sb-doped Ni- 
Cr s tee l s  7 have FATT ~600~ it may also  be in fe r red  
that antimony induces a high t rans i t ion  t empera tu re  
when presen t  as  a segregate  at the grain boundaries  
and that the FATT cha rac t e r i s t i c  of antimony is over 
600~ It may be noted here  that the p re sence  of ant i -  
mony at  the gra in  boundaries  in Ni-Cr  s t ee l s  in the 
embr i t t l ed  condition was es tab l i shed  by Joshi  and Stein s 
by Auger spec t roscopic  study of f r ac tu red  sur faces .  
Hence, the effect of different  impuri ty  e lements  such 
as  P, Sb, As, Sn, and so forth,  on the extent of t emper  
embr i t t l ement  in s tee l s  may be explained by the extent 
of embr i t t l ement  they produce in iron. 

The abi l i ty  of different  e lements  to impar t  vary ing  
degrees  of embr i t t l ement  may be explained by the 
change in surface and grain boundary tensions they 
produce due to unit change in gra in  boundary compo- 
si t ion.  Hondrons, Low, and Joshi  and Stein have dealt  
with this aspect  in considerable  detai l .  A genera l  ap-  
proach to the problem can be made using the Griffith 
equation for b r i t t l e  f r ac tu re :  

2E7 x/z 
a F - ffr 

where a F is  the f r ac tu re  s t r e s s  at  which a c rack  of 
length C becomes  unstable and propagates .  E is the 
e las t i c  modulus of the ma te r i a l  and 7 is  the work to 
form two new surfaces  c rea ted  as the c rack  inc reases  
in length. 

Let us consider  the case where there  is a change in 
7. For  cleavage f rac tu re  7 is equal to 27s, where 7s 
is  the energy per  unit a r ea  of the cleavage surface.  
For  tn te rgranu la r  f r ac tu re ,  s ince the energy of the 
new surfaces  is  pa r t ly  reduced by the energy of the 
gra in  boundary 

7 = (2~s - 7b) 
where 7b is the gra in  boundary energy per  unit a rea .  
When an impur i ty  segrega tes  to the grain boundary due 
to Gibb's  adsorpt ion it reduces  7b and contr ibutes to an 
inc rease  in % .  But most  gra in  boundary act ive impur i -  
t ies  a re  also surface  active and hence dec rease  the 
surface energy 7s. The degree  to which an impuri ty  
affects the 7s and 7b t e rm de te rmines  the extent of 
embrittlement that it produces in a material. There- 
fore, the ability of Sb, P, As, and Sn to impart variable 
degrees of ernbrittlement could be explained on the 
basis that their effect on 7s and 75 vary markedly. How 
valid this argument is for iron and steels is not clear 
because the discussion on the grain boundary energy 
is based on Gibb's adsorption and as we observed ear- 
lier, the segregation in binary and ternary irons stud- 
ied do not comply with this mechanism. 

The segregation of phosphorous and sulfur in irons 
and the subsequent intergranular fracture seems to 
occur along ferrite-ferrite boundaries rather than 
strictly along prior austenite boundaries (intergranular 
fracture in Ni-Cr steels occurs along prior austenite 
grain boundaries). This conclusion is based on a com- 
parison of the grain size obtained from fractographs 
with the ferrite grain size obtained by optical metallog- 
raphy of published and etched specimens, Fig. 12. 

Another conclusion can be made from the results on 
irons. The data clearly establishes that, in the absence 
of C, NI, and Cr are not required for the embrittlement 
of irons. The presence of phosphorous, sulfur or pos- 
sibly antimony alone at the grain boundary is sufficient 
to cause extreme brittleness in irons. 

C ONC LUSIONS 

1) Phosphorous and sulfur segregate to grain bound- 
aries in iron in the entire ferrlte range. 

9.) There appears to be negligible segregation of 
these elements in austenlte. 

3) Sulfur appears to be a more severe embrittler 
(FATT > 350~ than phosphorous (FATT ~ 175~ 

4) Segregation of phosphorous and sulfur to iron 
boundaries does not follow Gibb's adsorption mecha- 
nism. 

APPENDIX 

A) ATTENUATION 

1 x 10, 1 x 6.3, and so forth, in F igures  a r e  the a t -  
tenuation levels .  When an Auger spec t rum is compared  
with a standard to determine the composition, it should 
be at the same attenuation levels. The phosphorous 
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and iron peaks in the deep sputtered 0.2 pct P iron 
were made at an attenuation of 1 • 6.3. For the embri t -  
tled 0.2 pct P iron, the phosphorous peak was taken at a 
reduced attenuation of 1 • 10 as the 1 • 6.3 attenuation 
takes the phosphorous peak out of scale. The equivalent 
peak height attenuated to 1 • 6.3 is given by: 

Actual measured peak height x 10 
from (1 • 10) attenuation 

6.3 

B) NORMALIZATION OF PEAK HEIGHTS 

When comparing spectra  to evaluate phosphorous 
composition, care was taken to see that the iron peak 
heights for the standard and the spectrum in question 
were the same. For example, let us say that the 650 
eV Fe peak height for the deep sputtered 0.2 pct P 
iron standard is 35 a rb i t ra ry  units. To compare an- 
other spectrum with this standard, the whole spectrum 
to be compared is proportionately reduced or increased 
in size (as the case may be) so that the 650 eV Fe peak 
is 35 a rb i t ra ry  units. This procedure was found nec- 
e s sa ry  because, under identical conditions, even for 
the same material ,  the peak heights obtained at differ- 
ent t imes are  not exactly identical. 
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