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A s e r i e s  of 13 F e - C r - C  a l loys  was s tudied to de t e r mi ne  the phases  p r e se n t  a f ter  the a l -  
loys were  equi l ib ra ted  for 1000 h at 870~ (1600~ The al loys had a nomina l  composi -  
t ion of 1 pct ca rbon  and 0 to 29 pct ch romium.  The expe r imen ta l  p rog ram employed:  a) 
se lec t ive  e tching plus  X - r a y  d i f f rac t ion  s tudies  of ex t rac ted  ca rb ides  to identify the c a r -  
b ides ,  b) quant i ta t ive  meta l lography  plus  e lec t ro ly t i c  carb ide  ex t rac t ion  to de t e r mi ne  the 
quanti ty of carb ides ,  and c) e l ec t ron  mic rop robe  ana lyses  plus chemica l  ana lyses  of ex- 
t rac ted  ca rb ides  to de t e rmine  the carb ide  compos i t ions .  Microprobe  t r a v e r s e s  through 
the carb ide  p a r t i c l e s  and the adjoining m a t r i c e s  showed that  equ i l i b r ium had been e s t ab -  
l i shed.  The M~C, MvC3 and M23Cc ca rb ides  were  al l  s to i ch iome t r i c  with r e spec t  to c a r -  
b o n - i n  cont ras t  to mos t  p r i o r  d i ag rams  which show the M3C and M7C3 forming  a pseudo-  
b i n a r y  sy s t em.  

THE F e - C r - C  sys tem has been inves t iga ted  many 
t i m e s  over  the past  40 y e a r s .  However,  mos t  s tudies  
have deal t  with por t ions  of the sys t em fa r  r emoved  
f rom the alloy composi t ion  r anges  and annea l ing  t e m -  
p e r a t u r e s  used in c o m m e r c i a l  s t a in l e s s  and tool 
s t ee l s .  The s tudies  of Tofaute e t  al  ~-2 and Bungardt  
e t  al  3 were notable  except ions in that they dealt  with 
850~ (1560~ i s o t h e r m a l  sec t ions .  Likewise ,  J a c k -  
son 4 publ ished a 900~ (1650~ i s o t h e r m a l  sec t ion.  
In a r ecen t  rev iew Forgeng  and Forgeng  5 found that:  
1) the only ca rb ides  p r e s e n t  were  M3C, MvC3 and 
M23C6, 2) the M3C and M7C3 form a pseudob ina ry  s y s -  
tem,  and 3) the M23C6 ca rb ides  a re  in equ i l i b r ium with 
both aus teni te  and f e r r i t e ,  whereas  the M3C and MvC3 
carb ides  a r e  in  equ i l i b r ium with aus ten i t e  only. 

Benz e t  a l  6 concluded that the 900~ (1650~ i so-  
t h e r m a l  sec t ion  is  s i m i l a r  to the 850~ sec t ion  de-  
s c r ibed  by Forgeng .  However,  they cons idered  M3C 
and MvC3 to be s to i ch iome t r i c  ca rb ides  ( c f  Jackson4), 
and found that the so lubi l i ty  l i m i t s  of i r on  in  MvC3 and 
M2aC6 were  57.9 and 42.7 pct r e spec t ive ly ,  i . e . ,  higher  
than the 37.2 and 24.5 pct proposed by Forgeng  and 
Forgeng .  Although Benz and his coworkers  did use 
m i c r o p r o b e  ana lys i s  ex tens ive ly  in the i r  study in con-  
t r a s t  to p rev ious  s tudies  based  on chemica l  and X - r a y  
ana ly s i s  of ex t rac ted  carb ides ,  they did not use m i -  
c roprobe  ana lys i s  to d e t e r m i n e  carbon  contents .  

The purpose  of this  inves t iga t ion  was to d e t e r m i n e  
as  comple te ly  as poss ib le  the F e - C r - C  870~ i so -  
t h e r m a l  sect ion,  a t e m p e r a t u r e  of i n t e r e s t  for tool 
s tee l  and s t a i n l e s s  s t ee l  heat t r e a t m e n t .  The composi -  
t ion l imi t s  of 0 to 30 pct Cr  b racke t  the levels  of those 
e l emen t s  that a r e  found in  both groups of s tee l s ,  and 
1 pct C is  typical  of tool s t ee l s  and w e a r - r e s i s t a n t  
s t a in l e s s  s t ee l s .  Microprobe  ana lys i s  for  Fe,  Cr and 
C as wel l  as  a va r i e ty  of other  expe r imen ta l  tech-  
n iques  were  used to obta in  in fo rmat ion  about the 
s t ruc tu r e ,  quant i ty  and composi t ions  of the phases  
p r e s e n t  in each al loy.  
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EXPERIMENTAL TECHNIQUES 

The specific steps in the experimental program 
were :  

�9 Select ive e tching of meta l lograph ic  spec imens  and 
X - r a y  di f f ract ion s tudies  of ex t rac ted  ca rb ides  to iden- 
tify the types of ca rb ides  p r e s e n t  in  the a l loys .  

�9 ,The carb ide  quant i t i es  were  de t e rmined  by quan t i -  
ta t ive  meta l lography  and the weight pe rcen tage  of ex- 
t r ac ted  ca rb ides .  

�9 E l ec t ron  m i c r o p r o b e  ana lyses  and chemica l  ana ly-  
ses  to d e t e r m i n e  carbide  compos i t ions .  

�9 F ina l ly ,  m a t r i x  composi t ions  were  d e t e r m i n e d  by 
mic rop robe  ana lyses  and the m a t e r i a l s  ba lance  be-  
tween alloy composi t ion  and the volume and composi -  
t ion of the ca rb ides .  

Ma te r i a l s  and Heat T r e a t m e n t  

All  a l loys  were  produced as  22 Kg (50 lb) a i r - i n d u c -  
t i o n - m e l t e d  hea ts .  The i r  composi t ions  a re  l i s ted  in  
Tab le  I. The raw m a t e r i a l s  were  h igh -ca rbon  So r r e l  
I ron  to provide  the carbon and a por t ion  of the i ron,  
l ow-ca rbon  50 pct f e r roch rome ,  and low-ca rbon  A r m c o  
I ron  for the ba lance  of the i ron .  The b a r s  were  forged 
to a d i ame te r  of 2 .54mm (1 in.)  at t e m p e r a t u r e s  be-  
tween 1065~ (1950~ and 1145~ (2100~ After  
homogenizat ion for 12 to 14 h at 1140~ (2075~ the 
b a r s  were  ground to 20 m m  (0.75 in.),  sea led  in evacu-  

Table I. Chemical Analyses of the Alloys 

Alloy C Cr Mn Nl 

CI 096 1 30 041 0.08 
C2 1 03 3,05 0 15 0.10 
C3 0 90 3.86 0 18 0 08 
C4 1.06 3 99 0.13 0.08 
C5 1.03 4.71 0 16 0.10 
C6 0.97 5 06 0 15 0.06 
C7 1.02 7 72 0 14 0.10 
C8 1.07 13.14 0 17 0.12 
CO 0.95 17 00 0.19 0.15 
CIO 1 18 20.11 019 015 
C11 0.95 21.39 0.19 0.16 
CI 2 0.94 23 93 0 22 0.20 
C13 l O0 28 87 0.24 0 14 
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ated quar tz  tubes  backfi l led with 10 KPa (0.1 atm) 
h igh-pur i ty  argon,  and annealed  for 1000 h at 870~ 
Fina l ly ,  s l i ces  5 mm (0.2 in.) thick were  cut f rom the 
middle  of each annealed  bar ,  reheated  to 870~ 
(1600~ and o i l -quenched  to supp re s s  carb ide  p r ec ip i -  
ta t ion  dur ing  cooling. 

Carbide  Ext rac t ion  

The ca rb ides  were  ex t rac ted  f rom the quenched 
s l i ces  by anodic d i sso lu t ion  of the m a t r i x  in a 10 pct 
HC1//methyl alcohol e lec t ro ly te ,  v The weighed spec i -  
m e n s  had an act ive sur face  a r e a  of 300 mm. ~ S ta in less  
s t r i p s  of comparab le  su r face  a r e a  were  the cathodes.  
E l e c t r o l y s i s  was pe r fo rmed  at a c u r r e n t  densi ty  of 75 
to 100 m A / c m  ~ for 6 h. Af ter  the e l ec t ro lys i s ,  the 
adher ing  r e s idue  was r emoved  f rom the spec imen  with 
a glass  rod and an u l t r a son i c  c l eane r .  The ex t rac ted  
r e s idue  was separa ted  f rom the e lec t ro ly te  by c e n t r i -  
fuging. Af ter  drying,  the centr i fuge tube containing 
the r e s idue  was weighed and the weight pe rcen tage  of 
the res idue  was calcula ted by dividing the weight gain 
of the centr i fuge tube by the weight loss  of the spec i -  
men.  

X-Ray Dif f rac t ion  

The X - r a y  d i f f rac t ion  of the ex t rac t ion  r e s i d u e s  was 
done on a Gene ra l  E l e c t r i c  XRD-6 d i f f r ac tomete r  with 
ch romium radia t ion ,  a vanadium f i l te r ,  and opera t ing  
condit ions of 45 kV at 20 mA. Represen ta t ive  X - r a y  
di f f ract ion pa t t e rns  a re  shown in Fig .  1. All  d i f f rac-  
t ion pa t t e rn s  were  indexed in accordance  with data 
f rom the ASTM Powder Diff ract ion F i l e .  ~ All  l ines  in 
the pa t t e rns  were  accounted for,  except for the s ingle  

~ _~ ~ ~ ~ .-- ~, ~=t ~ ~w ~ ~ . ~  
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l ine at a d spac ing  of 2.124.~ (0.2124 nm) in the M2~C6 
pa t t e rn  in Fig .  l(d).  Although, as shown in Fig .  l(b), 
M~C3 carb ides  have a l ine with d spacing  of 2.12A, the 
absence  of the s t rong  l ines  at d spacings  of 2.28, 1.96, 
1.75, 1.71, 1.44 and 1.38A indica tes  that the unknown 
l ine was not emi t ted  f rom MvC3 ca rb ides .  A l ine with 
d = 2.12/], a lso  appears  in the X - r a y  pa t t e rn  f rom the 
i r o n - c h r o m i u m  s igma  phase (Reference Card5-07088) .  
However,  the absence  of the s t rong  l ines  at d spac ings  
of 2.063, 1.964 and 1.928.~ shows that the s igma  phase  
is  not the source  of the unknown l ine .  The la t t ice  
p a r a m e t e r s  for  the ca rb ides  were  ca lcula ted  by adapt-  
ing H e s s ' s  modif ica t ion  of Cohen ' s  method 9 to a l e a s t -  
squa re s  l i nea r  r e g r e s s i o n  computer  p r o g r a m .  

E l ec t ron  Mic roprobe  Ana lys i s  

The composi t ions  of the ca rb ides  and m a t r i x  phases  
were  de t e rmined  by e l ec t ron  mic rop robe  ana lys i s  on 
ARL-EMX m i c r o p r o b e s .  A l i th ium f luor ide (LiF) 
c r y s t a l  s p e c t r o m e t e r  was used to analyze  the C r K a  
and F e K a  rad ia t ions ,  and the CK~ rad ia t ion  was ana-  
lyzed with e i ther  a lead s t ea ra t e  c r y s t a l  s p e c t r o m e t e r  
or a b l a z e d - g r a t i n g  s p e c t r o m e t e r .  All  work was done 
at an opera t ing  potent ia l  of 10 kV and a spec imen  cu r -  
r en t  of 0.1 ~A. The counting t imes  for a l l  m e a s u r e -  
me n t s  were  80 to 100 s.  When a c rys t a l  s p e c t r o m e t e r  
was used in  an ana lys i s ,  background read ings  were  
taken at an off-peak posi t ion.  However,  for carbon  
ana ly se s  with the gra t ing  spe c t r ome t e r ,  the very  
broad  peak made it  n e c e s s a r y  to do the carbon  back-  
ground m e a s u r e m e n t s  on-peak  on the pure  i ron  s tand-  
a rd .  F ina l ly ,  ca rbon  con tamina t ion  dur ing  the long 
counting t i me s  was de t e rmined  f rom a curve of ca rbon  
pickup as  a funct ion of counting t ime and was sub-  
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Fig. 1--Representative X-ray diffraction charts of extracted carbides; (a) M3C in Alloy C1 (0.96 pet C, 1.30 pct Cr), (b) M?C 3 
in Alloy C6 (0.97 pct C, 5.06 pct Cr), (c) M23C G in Alloy Cll  (0.95 pct C, 21.39 pct Cr), (d) M23C 6 in Alloy C13 (1.00 pct C, 28.87 
pct Cr). 
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t r ac t ed  f rom al l  carbon readings .  Al l  probe ana lyses  
were  l imi ted  to carb ides  and ca rb ide - f r ee  mat r ix  
a r e a s  l a r g e r  than 4 #m.  Quantitative analyses  were  
made with s tandard  p rocedures  to co r r ec t  the data 
for  a tomic number effects,  X - r a y  absorpt ion,  and 
secondary  f luorescence .  These cor rec t ions  were  made 
with the computer p rogram developed by Goldstein et  
al ~~ af ter  modificat ions to incorpora te  the carbon ab- 
sorpt ion coefficients r epor ted  by Henke e t  a l #  ~ The 
mic roprobe  r e su l t s  were  not normal ized  to total  100 
pct .  

The s tandards  for a l l  samples  were  Johnson-Matthey 
iron,  Johnson-Matthey molybdenum, and spec t rog ra -  
phical ly  pure chromium. A sample  of quenched high- 
pur i ty  F e - l . 0 0  pct C s tee l  was the s tandard  for ma-  
t r ix  carbon contents, while cementi te  in a spheroidized 
sample  of the same F e - l . 0 0  pct C s tee l  was the s tand-  
a rd  for carbide  carbon contents.  

Metal lography 

The type and volume of each carbide  and ma t r i x  
phase were  de te rmined  by se lec t ive  etching with the 
etchants l is ted in Table II. In specimens  containing 
both f e r r i t e  and mar tens i t e ,  t emper ing  for  1 h at 
200~ (400~ was used to darken the mar t ens i t e .  The 
to ta l  volume percen t  of carb ides  in each alloy was 
measu red  with a Quantimet 720 image analyzer  ope ra t -  
ing at a magnification of 360 t imes  with a field s ize  of 
0.25 mm square and a resolut ion  of 0.43 ~m. Each of 
the r e su l t s  p resen ted  is the average  of 25 readings .  
No se lec t ive  etch was found that would dist inguish the 
different  carb ides  sufficiently for use of the Quantimet.  
Therefore ,  carbide volumes in se lec t ive ly  etched 
spec imens  were  de te rmined  by manual  point-counting.  

RESULTS AND DISCUSSION 

Before d i scuss ing  the exper imenta l ly  de te rmined  
870~ sect ion of the F e - C r - C  sys tem,  we will  f i r s t  
summar i ze  p r e l im ina ry  work pe r fo rmed  to de te rmine :  
a) whether there  was a measureab le  segregat ion  of the 
ma jo r  impuri ty  e lements ,  e .g . ,  manganese,  and nickel,  
to e i ther  the ma t r ix  or the carb ides ,  and b) whether 
the a l loys  were  at equil ibr ium af ter  1000 h at 870~ 
(1600~ 

Dist r ibut ion of Mn and Ni 

The al loys,  as shown in Table I, contained 0.13 to 
0.41 pet Mn and 0.06 to 0.20 pct Ni. General ly ,  the 
manganese was combined in sulfide inclusions.  How- 

Table II. Response to Selective Etchants 

Etchant M3C M473 M~3C6 

Chromic acid composition = 1 g Not Outlined in Outlined m 
CrO~ + 100 ml H=O used electro- attacked black black 
]ytically at 30 V etch for 30 s 

Murakaml~s reagent compomtion = Not Not Colored hght 
I0 g KzFe(CN)6+ 10g  KOH+ 100 attacked attacked tan 
ml H20 etch for 10 s 

Potassium permanganate compom- Not Not Colored hght 
tion = 4 g KMn04 + 4 g NaOH + attacked attacked tan 
100 mI H20 etch for 20 s 

ever ,  it  was not known whether the nickel  and poss ib ly  
some of the manganese would segrega te  s t rongly to 
e i ther  the carbide  or the ma t r ix  and thus affect ca r -  
bide format ion and /o r  equi l ibr ium.  Therefore ,  the d i s -  
t r ibut ion of these e lements  was studied in al loy C13 
(I .00 pct C, 28.87 pct Cr) af ter  equi l ibrat ion for  1000 
h at 870~ (1600~ This alloy was chosen because it 
contained large ,  wel l -def ined carb ides  and significant 
amounts of Mn and Ni. 

The dis t r ibut ion ra t ios  of manganese and nickel,  
i . e . ,  the concentrat ion of each element  in the carbide 
divided by its concentrat ion in the matr ix ,  were  de- 
t e rmined  by quanti tat ive mic roprobe  ana lys i s  to be, 
respec t ive ly ,  1.26 and 0.82. These  r a t io s  a r e  con- 
s i s ten t  with: a) the observat ions  of Gurry  12 that man- 
ganese concentrates  in cementi te  whereas  nickel  con- 
cen t ra tes  in the f e r r i t e ,  and b) the findings of Clayton 
e t  al ~3 that the c e m e n t i t e / f e r r i t e  par t i t ioning ra t ios  
for  manganese range from 1.27 to 1.44 whereas  those 
for nickel  range from 0.77 to 0.94. However, since the 
concentrat ions of these e lements  were  quite low, we 
concluded that par t i t ioning r a t io s  of these magnitudes 
would not s ignif icant ly affect the equil ibrat ion or  c a r -  
bide formation in the a l loys .  

Attainment of Equil ibr ium 

The at tainment of equil ibr ium in the a l loys  held for  
1000 h at 870~ (1600~ was confirmed by making mi-  
c roprobe  readings  at  1 #m in terva ls  a c r o s s  the 
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Fig. 2--Composition profile of Alloy C13 (1.00 pct C, 28.87 pct 
Cr) held for 250 h at 870~ (1600~ 

M E T A L L U R G I C A L  T R A N S A C T I O N S  A V O L U M E  7A,  J U L Y  1 9 7 6 - 9 8 5  



specimens of alloy C13. As shown in the concentrat ion 
prof i les  of F igs .  2 and 3, no gradients  were  found in 
the ma t r i ce s ,  evidence that equil ibrium had been at -  
tained.  The carb ides  were  general ly  too smal l  for 
de terminat ion  of concentrat ion gradients .  The com- 
posi t ion prof i le  for a specimen held 250 h at 870~ 
(1600~ is quite s i m i l a r  to that shown in Fig.  3 for  
the same al loy held 1000 h at 870~ In both cases ,  the 
chromium contents of the ma t r ix  and carb ides ,  19.5 
and 68.0 pct respec t ive ly ,  were v i r tua l ly  the same as 
the 19.74 and 68.58 repor ted  in Table VI for the 
Me3C6 carbides ,  obtained by mic roprobe  ana lyses .  
Measurements  had to be made at leas t  2 ~m away 
from the in ter face  between two phases  to e l iminate  ef- 
fects  of the other phase .  

I ron-Chromium-Carbon  System 

The 870~ (1600~ i so the rmal  section of the i ron-  
chromium-carbon  sys tem determined in this  study is 
shown in Fig .  4. Enlargements  of the low-carbon,  low- 
chromium region and the high-carbon region of the 
i so the rmal  sect ion a r e  shown in F igs .  5 and 6, r e s p e c -  
t ively.  Included in F igs .  5 and 6 a r e  the boundaries  of 
the phase f ields de te rmined  by other inves t iga tors .  
The r e su l t s  of X - r a y  diffract ion studies of ex t rac ted  
carb ides  a r e  shown in Table III, and the amounts and 
average  composit ions of the ext rac ted  carb ides  a r e  
l i s ted  in Tables  IV and V, respec t ive ly .  Final ly ,  the 

mic roprobe  analyses  of carb ides  and m a t r i c e s  a re  
l i s ted  in Table VI, and rep resen ta t ive  mic rographs  of 
the two- and th ree -phase  al loys a r e  shown in Fig .  7. 
Each of the t ie  l ines in Fig.  4 was de termined by calcu- 
lat ing a l e a s t - s q u a r e s  line that went through the com- 
posi t ion of the alloy as well  as the composi t ions of 
i ts  carbide and ma t r ix  phases .  S imi la r ly ,  the s ides  of 
the t ie t r i ang les  were  de te rmined  by calculat ing a 
l e a s t - s q u a r e s  line through the composi t ions of the 
component phases .  Final ly ,  the carbide  phase bound- 
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Fig. 4--The 870~ 1600~ iso thermal  sect ion of the F e - C r - C  
sys tem.  
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Fig. 5--The low-carbon,  tow-chromium region of the 870~ 
(1600~ iso thermal  sect ion of the F e - C r - C  sys tem,  
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Fig. 3--Composition profile of Alloy C13 (I,00 pct C, 28.87 
pct Cr) held I000 h at 870~ (1600~ 
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Fig. 6--The high-carbon region of the 870~ (1600~ i so the r -  
mal section of the F e - C r - C  system.  
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ary compositions were determined by calculating the 
least-squares  line through ai1 microprobe analyses 
and known binary phase diagram data on the particular 
carbide. For example, the MTC~ phase boundary com- 
position was determined by a least-squares line 
through the MTCa compositions of alloys C3, C4, C5, 
C6, C7 and C8 and the CrTC~ composition in the chro- 
mium-carbon system. 

As shown in Fig. 7, the carbides were generaIiy 
smaller than the 4 ~m minimum required for quanti- 
tative microprobe analysis.  However, in all alloys 
there were some carbides in the 4 to 10 /~m s ize  ~loy 

range. Alloys C3 and C4 had M7Cz and MaC carbides 
C1 c o e x i s t i n g ,  but a l l  the  l a r g e  c a r b i d e s  w e r e  s h o w n  by c2 

s e l e c t i v e  e t c h i n g  to  b e  MvCa. T h e r e f o r e ,  no  q u a n t i t a -  c3 

t i v e  m i c r o p r o b e  a n a l y s i s  o f  the  MaC c a r b i d e s  w a s  
p o s s i b l e  in  t h e s e  two  a l l o y s .  I n  a l l  a l l o y s ,  the  q u a n t i t y  c4  

of  e x t r a c t e d  c a r b i d e s  w a s  s u f f i c i e n t  f o r  the  X - r a y  d i f -  
f r a c t i o n  s t u d i e s .  A l s o ,  w i t h  t h e  e x c e p t i o n  of  a l l o y  C 1 ,  c5 

c6  
the quantity of carbides extracted was also sufficient c7 

for wet chemical analysis.  C8 
The 870~ (1600~ isotherm of the iron-chromium- c9 

carbon system determined in this study is quite s imi-  cl0 
lar to Benz's 900~ (1650~ isotherm. It differs from Cll 

CI2 
Forgeng's 850~ (1560~ isotherm in that the MaC and Cl3 

;'2. " ,':.~-. :':.~' " ", - �9 ' . . . .  :." i-. ' .'- "- ,'-' 
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Fig.  7 - -Micros truc tures  of the F e - C r - C  a l l o y s  h e l d  1000  h at 
870~ (1600~  p i c r a l / H C 1  e t c h ,  m a g n i f i c a t i o n  300 t i m e s .  
( a )  A l l o y  C12 ( 0 . 9 4 p c t C ,  23 .92  p c t  Cr )  t e m p e r e d  1 h a t  200~ 
(400~  (b) A l l o y  C13  (1 .00  p c t  C, 28 .87  p c t  C r ) .  

M7Ca carbides are stoichiometric with regard to car- 
bon rather than forming a pseudobinary system.  

The compositions of the phase fields along the edges 
of the ternary phase diagram are known from the dia- 
grams of the component binary systems.  ~3 Therefore, 
Point A, in the schematic diagram of Fig. 8, the Fe3C 

Table III. X-Ray Diffraction Analyses of Extracted Carbides 

Carbides Relatwe Lattice Parameter (A) 

Present  Percentages ao bo co 

M3C 100 4 53 5.09 6.73 
M 3C 100 4.51 5.07 6.70 
M3C 6 4.52 5.08 6.69 
M7('3 94 13 91 4.55 
M~C 75 4.51 5.07 6.69 
MTC 3 25 13 93 -- 4 55 
MTC 3 100 13.94 - 4 56 
M423 100 t3 95 - 4.60 
M7C3 100 13 99 -- 4 54 
M42~ 100 14 27 -- 4 71 
M23C6 100 l 0 60 - 
M23C 6 lO0 i0 60 - - 
M23C 6 I00 10 61 - 
M~3C 6 100 10,61 -- -- 
M2~C6 1 O0 10.63 - - 

Table IV. Carb=de Contents of the Alloys 

Alloy 

Predicted by 
Proposed Diagram 

Carb,de Extraction Metallograpluc 
Type Wt Pct Vol Pct Wt Pct Vol Pct 

CI M3C 3.2 4 2 2 1 2 l 
C2 M:~:' 10.0 9 8 7.3 7 6 
C3 Total 6 1 6 5 4.9 5 6 

M~C 0.2 0.9 1 0 
M~3 - 6.3 4 0 4 6 

C4 Total 9 2 9 5 8 3 8.8 
M3C - 6 9 6.8 7 1 
M,.tC 3 -- 2.6 1 5 1.7 

C5 M~3 8 0 8.4 6.4 7 3 
C6 M7C3 7 0 8.4 5.8 6.7 
C7 M423 8 0 10 0 7 0 8.0 
C8 M-~C3 9 0 9 7 8 7 9.9 
C9 Mz3C6 15.0 14.1 12 9 14.5 
CI0 M~3C6 16 0 18 8 17.5 19.5 
C11 M23C6 14 l 17.1 13 9 15.6 
C12 M~C2s I5.9 16.8 15.3 17.0 
C13 M23C6 15 8 18.3 t6 9 18 7 

Table V. Compositions of Extracted Carbides 

Alloy Cr/lCr + Fe) 

CI 
C2 0.160 
C3 0.327 
C4 0.231 
C5 0 344 
C6 0 327 
C7 0 446 
C8 0 627 
C9 0 523 
CI0 0.579 
C I 1 0 620 
Cl2 
C t3 0 680 
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Table VI. Results of Microprobe Analyses 

Composmon, Wt Pct 

Alloy Phase C Cr Fe 

CI Austenite 071 -+005 1 21 -+0.04 95 53-+0.76 
MaC 6.46 -+ 0.05 7.53 -+ 0.26 81.15 -+ 3.68 

C2 Austemte 0.53 -+ 0.02 2.02 -+ 0.02 97.42 -+ 0.97 
MaC 688-+0.05 16.71-+0.38 7634-+0.90 

C3 Austemte 0.53 -+ 0.04 2.61 -+ 0.06 95 01 -+ 0.89 
M~C3 8.54+-0.07 32.41+2.74 58.94-+5.17 

C4 Auslemte 0.52 -+ 0.06 2.40 -+ 0,26 94.34 -+ 0.60 
M~C3 8.43 + 0 .13  33.02-+093 56,10-+0.66 

C5 Austenite 0 43 -+ 0.02 2.50 -+ 0.09 96 34 -+ 0.35 
M423 8 59 +- 0,36 34.33 -+ 2.40 58 33 -+ 0 42 

C6 Austenite 0.49 -+ 0 05 2.82 -+ 0.09 92.74 -+ 0,74 
M~C3 8.82 +- 0 .13  35.78-+ 1.00 55,87-+0.70 

C7 Austemte 0.25 -+ 0.03 4.33 -+ 0.32 85,67 -+ 0 72 
M~C3 8.82-+0.07 43.16-+0.58 45.86-+3.56 

C8 Austemte 0,39 -+ 0.10 8.17 -+ 0.41 88 98 -+ 1.67 
M~,3 8,78 -+ 0 12 63.89 -+ 1.92 28.40 -+ 0.77 

C9 Austemte 0.33 -+ 0,03 12.02 -+ 0.19 82 02 -+ 2.08 
M2~C~ 5.60-+0,20 54.14-+ 1,87 3698-+079 

C10 Austemte 0 . 1 8 + - 0 , 1 1  11.70-+072 83.67-+4.82 
M~C~ 5.56 -+ 0,07 58.39 -+ 0.25 36 95 -+ 0 41 

C 11 Austemte 0,18 -+ 0,02 14.77 -+ 1 14 79.43 -+ 0.57 
Femte 0.05 -+ 0.02 17,79 -+ 0 71 82,39 -+ 2.94 
M~ac~ 5.54 +- 0.11 61.22 -+ 1.52 30 89 -+ 2 17 

C12 Austenite 0 26 -+ 0 02 14.49 -+ 0.21 86.22 -+ 1.08 
Fernte 0.09-+001 18.16-+0.50 83.49-+0.54 
M~ac~ 5 53 +- 0.16 63.87 -+ 0.42 29 34 -+ 0.73 

C12L* Austemte 0.2t -+ 0 02 15 39 -+ 0.33 85.12 -+ 3.48 
Ferrite 0.07 +- 0.02 17.41 -+ 0.60 80 23 -+ 2,25 
M~ac6 5.49-+009 62.10-+200 3121-+553 

C13 Femte 0.06 -+- 0.01 19.30 +- 0 14 77.66 -+ 0 74 
Mz~C~ 5.58 -+ 0.09 67 08 -+ 0.45 26 33 -+ 2 12 

C13L* Ferrite 007-+001 19.74-+0.16 7852-+0,66 
M~ac~ 5.45+-009 68.58+-2.51 26.51-+179 

*These data were determined with Lelugh's m~croprobe All other data were 
determined wath Bethlehem Steel's mmroprobe. 
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Fig. 8--Schematic  drawing of the 870~ (1600~ ~sothermal  
sect ion of the F e - C r - C  sys tem.  

c o m p o s i t i o n  i n  t h e  F e - C  s y s t e m ,  w a s  p l o t t e d  a t  6 .67 
p c t  C .  S i m i l a r l y ,  P o i n t s  E a n d  H r e p r e s e n t i n g  Cr7C3 
a n d  Cr23C~ i n  t h e  C r - C  s y s t e m  w a s  p l o t t e d  a t  9 .0  a n d  
5 .68 p c t  r e s p e c t i v e l y .  P o i n t  I ,  r e p r e s e n t i n g  t h e  c a r b o n  
s o l u b i l i t y  l i m i t  i n  ~ i r o n ,  w a s  p l o t t e d  a t  1 .13  p c t  C .  
F i n a l l y ,  P o i n t  N f o r  t h e  ~ : 7 + ~ p h a s e  b o u n d a r y  a n d  
P o i n t  O f o r  t h e  V + ~ : c~ p h a s e  b o u n d a r y  i n  t h e  F e - C r  
s y s t e m  w e r e  p l o t t e d  a t  9 .0  a n d  10.0 p c t  C r  r e s p e c -  
t i v e l y .  

T h e  l i m i t  of  i r o n  s u b s t i t u t i o n  i n  t h e  M7C3 c a r b i d e  
( P o i n t  C),  w h i c h  i s  a l s o  t h e  M7C3 c o r n e r  of t h e  ~, 
+ M7C3 + M3C t i e  t r i a n g l e ,  w a s  d e t e r m i n e d  by  m i c r o -  
p r o b e  a n a l y s i s  of  t h e  M7C3 c a r b i d e s  i n  a l l o y s  C3 a n d  
C4 .  T h e s e  a l l o y s  h a v e  c o m p o s i t i o n s  t h a t  f a l l  w i t h i n  
t h e  V + M7C3 + M3C t i e  t r i a n g l e .  A s  s h o w n  i n  T a b l e  VI ,  
t h e  M7C3 c o m p o s i t i o n s  i n  t h e  two a l l o y s  w e r e  a l m o s t  
i d e n t i c a l - 3 2 . 4 1  p c t  C r  a n d  8 .54  p c t  C a s  c o m p a r e d  
w i t h  33 .02  p c t  C r  a n d  8 .43 p c t .  F u r t h e r m o r e ,  t h e  a v e r -  
a g e  c h r o m i u m  c o n t e n t ,  32 .7  p c t  i s  in  c l o s e  a g r e e m e n t  
w i t h  t h e  33 p c t  r e p o r t e d  b y  B e n z  8 T h e  b e s t  e s t i m a t e  
of t h e  M7C3 c o m p o s i t i o n s  w a s  o b t a i n e d  by  c a l c u l a t i n g  
t h e  c o m p o s i t i o n  a t  t h e  i n t e r s e c t i o n  of  t h e  l i n e s  d e -  
s c r i b i n g :  1) t h e  M7C3 c o m p o s i t i o n ,  a n d  2) t h e  ~ - M7C3 
s i d e  of t h e  ~ + M3C + MTC~ t i e  t r i a n g l e .  T h e  r e s u l t i n g  
c o m p o s i t i o n ,  8 .61 p c t  C a n d  33 .20  p c t  C r ,  w a s  p l o t t e d  
o n  t h e  d i a g r a m  a s  P o i n t  C. T h i s  c o m p o s i t i o n  i s  e q u i v -  
a l e n t  to  29 .92  a t .  p c t  c a r b o n ,  w h i c h  i s  q u i t e  c l o s e  to  
t h e  30 .0  a t .  p c t  r e q u i r e d  f o r  c a r b i d e  s t o i c h i o m e t r y  a n d  
c o n f i r m s  B e n z ' s  s u g g e s t i o n  t h a t  the  c a r b i d e s  a r e  s t o i -  
c h i o m e t r i c  w i t h  r e s p e c t  t o  c a r b o n .  

P o i n t  B ,  t h e  l i m i t  of c h r o m i u m  s u b s t i t u t i o n  i n  t h e  
MaC p h a s e  i s  a n o t h e r  c o r n e r  of t h e  7 + M3C + MTCa 
t i e  t r i a n g l e  a n d  c o u l d  no t  b e  d e t e r m i n e d  b y  m i c r o -  
p r o b e  a n a l y s i s .  T h e  M3C c a r b i d e s  w e r e  t oo  s m a l l  f o r  
q u a n t i t a t i v e  m i c r o p r o b e  a n a l y s i s .  H o w e v e r ,  t h e  c o m -  
p o s i t i o n  of  t h e  M3C c a r b i d e s  w a s  o b t a i n e d  f r o m  a m a -  
t e r i a l s  b a l a n c e ,  a n d  t h e  C r / ( C r  + F e )  r a t i o  f o r  t h e  M3C 
c a r b i d e s  i n  a l l o y  C4 w a s  c a l c u l a t e d  to  b e  0 . 1 8 4 .  A s -  
s u m i n g  c a r b o n  s t o i c h i o m e t r y ,  t h i s  r a t i o  i s  e q u i v a l e n t  
to  17 .15  p c t  C r .  S i n c e  t h i s  i s  c l o s e  to  t h e  18 p c t  of 
J a c k s o n  a n d  B e n z ,  P o i n t  B w a s  p l o t t e d  a t  18 p c t  C r  to  
b e  c o n s i s t e n t  w i t h  t h e  p u b l i s h e d  d i a g r a m s  a n d  a t  6 .81  
p c t  C,  w h i c h  i s  t h e  v a l u e  f o r  18 p c t  C r  o n  t h e  l e a s t -  
s q u a r e s  l i n e  d e s c r i b i n g  t h e  M3C c o m p o s i t i o n s .  T h i s  
c o m p o s i t i o n  i s  e q u i v a l e n t  to  25 .11  a t .  p c t  C, w h i c h  i s  
a l m o s t  e x a c t l y  t h e  25.0  p c t  r e q u i r e d  f o r  a s t o i c h i o -  
m e t r i c  MaC c a r b i d e .  T h u s ,  t he  M3C c o m p o s i t i o n  a l s o  
i n d i c a t e s  t h a t  t h e  M3C a n d  MTCa c a r b i d e s  do  no t  f o r m  a 
p s e u d o b i n a r y  s y s t e m .  

P o i n t  D, t h e  M7C3 c o r n e r  of  t h e  7' + M7C3 + M2aC6 t i e  
t r i a n g l e ,  c o u l d  n o t  b e  d e t e r m i n e d  f r o m  o u r  d a t a  b e -  
c a u s e  n o n e  of t h e  a l l o y s  h a d  c o m p o s i t i o n s  t h a t  f e l l  
w i t h i n  t h a t  t i e  t r i a n g l e .  H o w e v e r ,  we k n o w  t h a t  t h e  
c h r o m i u m  c o n t e n t  a t  t h a t  p o i n t  m u s t  b e  a b o v e  63 .9  p c t ,  
b e c a u s e  t h a t  c o n c e n t r a t i o n  w a s  o b s e r v e d  i n  t h e  M7C3 
c a r b i d e s  of  a l l o y  C8,  w h i c h  l i e s  in  t h e  ~ + M7C3 p h a s e  
f i e l d .  P o i n t  D w a s  t h e r e f o r e  p l o t t e d  a t  65 .7  p c t  C r  to  
b e  c o n s i s t e n t  w i t h  t h e  d i a g r a m  of B e n z  et al a n d  a t  
8 .84  pc t  C, w h i c h  i s  t h e  65.7  p c t  C r  p o i n t  on  t h e  l e a s t -  
s q u a r e s  l i n e  d e s c r i b i n g  t h e  M7C3 c o m p o s i t i o n s .  

F o r  t h e  s a m e  r e a s o n s ,  P o i n t  F, i s  t h e  m a x i m u m  
i r o n  c o n t e n t  p e r m i t t e d  i n  t h e  M2~CG c a r b i d e  a n d  i s  
a n o t h e r  c o r n e r  of t h e  s a m e  t i e  t r i a n g l e  t h a t  c o n t a i n s  
P o i n t  D.  P o i n t  F a l s o  c o u l d  no t  b e  d e t e r m i n e d  f r o m  
o u r  d a t a .  F r o m  m i c r o p r o b e  a n a l y s e s  of M23C6 c a r -  
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bides  in  al loy C9, which is  the n e a r e s t  al loy in the 
+ M23Co phase field, we know that the ch romium con- 
tent  of Poin t  F mus t  be l e s s  than 54.1 pct .  In the ab-  
sence  of other  evidence,  Poin t  F was plotted at 51.7 
pct Cr  and 5.51 pct C to have a ch romium content  con- 
s i s t en t  with that e s t ima ted  by Benz and at the ca rbon  
content  de sc r ibed  by the l e a s t - s q u a r e s  l ine through the 
MzsCo  compos i t ions .  This  composi t ion,  ~;hich is  
equivalent  to 20.69 at .  pct  C and is  s to i ch iome t r i c  with 
r e spec t  to carbon,  d i f fers  g rea t ly  f rom the 70 pct Cr  
proposed by Forgeng .  s 

The Me3C6 c o r n e r  of the c~ + 7 + M23C6 tie t r i ang l e  
(Point  G) was set  at a composi t ion  of 62.78 pct Cr  and 
5.55 pct C by ave rag ing  the composi t ions  at the i n t e r -  
sec t ions  of the l e a s t - s q u a r e s  l ines  that  d e s c r i b e  1) the 
Me3C6 composi t ion,  2) the V -  M23C6 side of the tie t r i -  
angle,  and 3) the e - M~3C6 side of the t ie t r i ang le .  
This  composi t ion  is  ve ry  close to the 62.0 pct Cr  e s -  
t imated  f rom Benz ' s  data but, again,  is s igni f icant ly  
lower  than the 70 pct Cr shown by Forgeng .  

The composi t ion  of Po in t  J ,  the aus ten i te  c o r n e r  of 
the ~' + M3C + M7C3 tie t r i ang le ,  was d e t e r m i n e d  to be 
2.50 pct Cr and 0.53 pct C by averag ing  the m i c r o -  
probe  ana lyses  of the aus ten i t e  of a l loys  C3 and C4. 
These  a l loys  were  shown by X - r a y  d i f f rac t ion  study of 
ex t rac ted  ca rb ides  to l ie within the ~ + M3C + M7C3 t ie  
t r i ang l e .  Given the t e m p e r a t u r e  d i f fe rences ,  this  com- 
pos i t ion  is  in good a g r e e m e n t  with those shown by 
Forgeng  and Benz.  

Point  K, the aus ten i te  c o r n e r  of the 7 + M7C3 + M23C6 
field,  could not  be d e t e r m i n e d  f rom our  a l loys ,  be-  
cause  none had composi t ions  within that t h r e e - p h a s e  
f ield.  As shown in F ig .  4, Po in t  K was ass igned  a 
compos i t ion  of 10.0 pct Cr  and 0.3 pct C to be cons i s t -  
ent :  a) with the composi t ion  of the aus ten i te  in  al loy 
C8 where  the aus ten i te  coexisted with M7C3 carb ides  
and with that of al loy C9 which contained M23C6 c a r -  
b ides ,  and b) with the publ ished d i ag ram sec t ions  at 
t e m p e r a t u r e s  b racke t ing  our  870~ sec t ion .  

The compos i t ions  of Po in t s  L and M, which a r e  the 
aus ten i te  and f e r r i t e  c o r n e r s  of the ~ + ~ + M23C6 t ie  
t r i ang le ,  were  de t e rmined  to be 14.78 pct Cr,  0.22 pct 
C and 17.75 pct  Cr,  0.07 pct C r e spec t ive ly .  The aus -  
teni te  compos i t ion  was d e t e r m i n e d  by ave rag ing  the 
aus ten i t e  composi t ions  of a l loys  C l l  and C12. The f e r -  
r i t e  composi t ion  was d e t e r m i n e d  by ca lcula t ing  the 
composi t ion  at  the i n t e r s e c t i o n  of the l e a s t - s q u a r e s  
l ines  de sc r ib ing  a) the f e r r i t e  composi t ion  and b) the 
ferrite-M23C6 side of the tie t r i ang le .  

SUMMARY AND CONCLUSIONS 

The 870~ (1600~ isothermal section of the ternary 
iron-chromium-carbon system was developed with 
metallographic, carbide extraction, X-ray and quanti- 
tative electron microprobe techniques. Tie lines are 
presented for 9 two-phase alloys in the system. Also, 
the compositions at the corners of the o~ - T- M2aC6 

and T - M a C  - M 7 C 3  t ie t r i ang l e s  were  de t e r mined .  
Signif icant  new in fo rmat ion  about this  sy s t em in -  
c ludes:  

1) The M3C and M7C3 carb ides  a r e  s to ich iomet r i c  
with r e spe c t  to carbon .  Most  publ ished d i a g r a m s  for  
i s o t h e r m a l  sec t ions  at comparab le  t e m p e r a t u r e s  show 
these  ca rb ides  fo rming  a pseudob ina ry  sys t em.  

2) The so lubi l i ty  l imi t s  for  i r on  in the ca rb ides  a re :  

Carbide Iron Solubility Limits, Pct 

M3C 75.2 to 93.3 
MTC 3 0.0 to 58.2 
M2~C ~ 0.0 to 42.8 

In  addit ion,  th is  work conf i rms  the f indings  of p r e -  
vious  i nves t iga to r s  that:  1) the only ca rb ides  p r e s e n t  
in the sys t em a r e  MaC, M7C3 and M23C6, and 2) M23CG 
ca rb ides  a r e  in  equ i l i b r ium with both c~ and ~ whereas  
M3C and M7C3 a r e  in equ i l ib r ium with V only.  

ACKNOWLEDGMENTS 

The authors  a r e  gra teful  to the Bethlehem Steel 
Corpora t ion  for  the use of the fac i l i t i es  of the Homer  
R e s e a r c h  L a b o r a t o r i e s  and the sponsorsh ip  of Wood- 
ya t t ' s  PhD p r o g r a m  at Lehigh Un ive r s i t y  and to Le-  
high Un ive r s i t y  for  the use  of the i r  f ac i l i t i e s .  Acknow- 
ledgments  a re  a lso  due to many of Woodyat t ' s  co- 
worke r s ,  inc lud ing  W. C. Bleam,  A. B. Gackenbach,  
J .  T.  Gal lagher ,  J .  R. Ki lpa t r ick ,  M. H. Longenbach 
and L. R. Salvage for  the i r  a s s i s t a n c e  in  ga ther ing  
the data.  P a r t i c u l a r  thanks  mus t  go to T .  R. Knauss  
for  his va luable  a s s i s t a n c e  throughout  this  effort .  

REFERENCES 

I .  W Tofaute, A Sponheuer, and H. Bennek. Arch. Etsenhuttenw, 1935, vol 
8, pp. 499-506. 

2. W. Tofaute, G. Kuttner, and A. Buttmghaus Arch. Eisenhuttenw., 1936, vol. 
9, pp. 607-16. 

3. K. Bungardt. E Kunze, and E. Horn" Arch. Eisenhuttenw, 1958, vol, 29, 
pp 193-203. 

4. R. S. Jackson J, lron SteelInst, 1970, vol. 208, pp. t63-67. 
5. W D. Forgeng and W. D. Forgeng, Jr Metals Handbook, vol. 8, pp. 402-04, 

ASM, Metals Park, Ohio 
6. R. Benz, J F Elhot|, and J. Clupman Met Trans, 1974, vol. 5, pp. 2235-40. 
7. O H. Krlege Metallograph.v-A Practwal Tool for Correlating the Structure 

andPropernes of  Materials, STP 557, pp 220-32, American Society for Testing 
and Materials, Ptuladelphla, Peon, 1973. 

8. , ASTM Powder Diffraction File, Joint 
Committee on Powder Diffraction Standards, Swathmore, Penn., 1973. 

9. C S Barrett. Structure of  Metals, pp. 149-50, McGraw-Hill Book Co., New 
York, N.Y, 1952. 

10. J I. Goldstem and P. A. Cometla A Computer Program for Electron Probe 
Mtcroanalysis m the Fields of  Metalhtrgy and Geology, Report X-642-69, 115, 
Goddard Space Flight Center, 1969 

I 1 B. L. Henke and E. S Ebisu. Advances m X-Ray Analysis, vol. 17, pp. t50-213, 
Plenum Press, New York, N Y., 1974. 

12 R. W. Gur U, J Chnstakos. and L. S Darken Trans ASM, 1961, vol. 53, pp 
187-98 

13 D B. Clayton, T. B. Smith, and J. R Brown: ,L h~st Metals, t961-62, voL 90, 
pp 224-33. 

METALLURGICAL TRANSACTIONS A VOLUME 7A, JULY 1976-989 


