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T e m p e r i n g  of m a r t e n s i t i c  s t ee l s  involves  the segrega t ion  of carbon,  the p rec ip i ta t ion  of 
ca rb ides ,  the decompos i t ion  of re ta ined  aus ten i te ,  and the r ecove ry  and r e c r y s t a l l i z a t i o n  
of the m a r t e n s i t i c  s t r u c t u r e .  Because  these  s e ve r a l  r eac t ions  over lap  and occur  on such 
a f ine sca le ,  it i s  only r ecen t ly  that our  knowledge of the r e su l t ing  s t r u c t u r e s  has  become 
reasonab ly  complete .  Our  p r e sen t  unders tand ing  of the p r o c e s s e s  involved in the t e m p e r -  
ing of i r o n - c a r b o n  m a r t e n s i t e s  and how they a r e  affected by a l loying e l emen t s  is  reviewed.  

T E M P E R I N G  is the p r o c e s s  of heat ing m a r t e n s i t i c  
s tee l s  to e levated t e m p e r a t u r e s  so that they become 
m o r e  duct i le .  It  involves  the segrega t ion  of carbon  to 
la t t ice  defects  and the p rec ip i t a t ion  of ca rb ides ,  the 
decomposi t ion  of r e t a ined  aus ten i t e ,  and the r ecove ry  
and r e c r y s t a l l i z a t i o n  of the m a r t e n s i t i c  s t r u c t u r e .  
These  s eve ra l  r eac t ions  often over lap  and they occur  
on a ve ry  fine sca le ,  so it is  only s ince  the advent  of 
t r a n s m i s s i o n  e lec t ron  mic roscopy  in 1956 that  our  
knowledge of the s t r u c t u r e s  of t e m p e r e d  m a r t e n s i t e  
has become reasonab ly  complete .  

Each of the p r o c e s s e s  involved may be affected by 
a l loying  addi t ions  so that the t empe r ing  behav ior  of 
a l loy s tee l s  becomes  a fasc ina t ing  but complex sub-  
ject .  In addi t ion,  i n t e r ac t i on  of t r a c e  e l emen t s  with 
f o r m e r  aus t en i t e  g ra in  boundar ies  dur ing  t emper ing  
may promote  e m b r i t t l e m e n t .  Obviously ,  these  sub jec t s  
a r e  too l a rge  to t r e a t  in detai l  in this  shor t  rev iew.  
Ra ther ,  we t r e a t  the bas ic  t empe r ing  p r o c e s s e s  in 
i r o n - c a r b o n  m a r t e n s i t e s  and then i l l u s t r a t e  how these  
bas ic  p r o c e s s e s  can be a l t e r ed  by a l loying e l emen t s .  

N. C. Bain was c losely  i n t e r e s t ed  in the t empe r i ng  
t ee l s  dur ing  his  en t i r e  c a r e e r .  He coauthored a 

on h igh-speed  s tee l s  in 1931 with M. A. G r o s s -  
m~ much of which was concerned  with the secondary  
haru~ ring of h igh-a l loy  s t ee l s .  1 In his  famous  book on 
al loying e l emen t s  in s tee l s  ~ he devoted a l a rge  sec t ion  
to d i scuss ing  the effect of a l loying e l emen t s  on t e m -  
per ing .  In h is  Eighth Hatfield M e m o r i a l  Lec tu re  before  
the I ron  and Steel Ins t i tu te  3 he d i s cus sed  the s t r u c t u r e  
and t empe r ing  of m a r t e n s i t e  as  it was unders tood  in 
1955. It is  only fi t t ing that we review our p r e se n t  un-  
de r s t and ing  of the t e m p e r i n g  of m a r t e n s i t e  in c e l e b r a -  
t ion of his  80th b i r thday .  

STRUCTURE OF UNTEMPERED MARTENSITE 

A review of tempering should begin with our present 
understanding of the structure of untempered marten- 
site since this is the matrix in which the tempering 
processes occur. In steels the parent phase is nearly 
always austenite with a fcc structure, but the daughter 
phase may have a bcc, bct, or hcp* crystal structure. 

*fcc = face centered cubic, bcc = body centered cubic, bct= body centered 
tetragonal, hcp = hexagonal close packed crystal structure. 

L a t h  m a r t e n s i t e ~  is  the mos t  commonly  occu r r i ng  

tAlternative nomenclature is massive martensite, dislocated martensite, or low- 
carbon martensite. 
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m a r t e n s i t i c  s t r u c t u r e ;  i ts  appea rance  is  i l l u s t r a t ed  in 
Fig .  1. It is  typical  of a l l  low- and m e d i u m - c a r b o n  
m a r t e n s i t e s .  The c rys t a l  s t r u c t u r e  of lath m a r t e n s i t e  
is  usua l ly  bcc,  although in low-al loy s tee l s  with more  
than 0.2 pct C bct m a r t e n s i t e  is  fo rmed.  The m a r t e n -  
s i te  uni ts  form in the shape of la ths ,  grouped into 
l a r g e r  sheaves  or packets .  The s u b s t r u c t u r e  cons i s t s  
of a high densi ty  of d i s loca t ions  a r r a n g e d  in ce l l s ;  
each m a r t e n s i t e  lath is  composed of many dis locat ion  
ce l l s  with an ave rage  width of 2500A.4'5 Typical  d i s lo -  
cat ion dens i t i e s  a r e  e s t ima ted  to be 0.3 to 0.9 • 1012 
c m / c m  3. The s u b s t r u c t u r e  is super f ic ia l ly  s i m i l a r  to 
that developed in i ron  by heavy cold w o r k .  6 

A different  type of m a r t e n s i t e  p r e d o m i n a t e s  in high-  
carbon s tee l s  and in i r o n - b a s e  a l loys  with M s t e m p e r -  
a t u r e s  below ambien t .  4'~ Th i s  is p l a t e  r n a r t e n s i t e  and 
i ts  s t r uc t u r e  is i l l u s t r a t ed  in Fig .  2. I ts  c rys t a l  s t r u c -  
tu re  may be e i ther  bct  or  bcc .  The m a r t e n s i t e  un i t s  
form as  individual  l en t i cu l a r  p la tes .  The s u b s t r u c t u r e  
of plate  m a r t e n s i t e  cons i s t s  of ve ry  fine twins  with a 
spacing  of about 50A. These  twins  gene ra l ly  do not ex- 
tend to the s ides  of the p la tes ,  but degenera te  into a 
complex d is loca t ion  a r r a y  n e a r  the pe r iphery  of the 
plate  .4,5 

M e d i u m - c a r b o n  s tee l s  may contain a mix tu re  of lath 
and plate m a r t e n s i t e  so t he i r  s t r u c t u r e  is  unusua l ly  
complicated,  a s  i l l u s t r a t ed  in Fig .  3. The ra t io  of 
vo lume f rac t ion  of lath m a r t e n s i t e  to volume f rac t ion  
of plate  m a r t e n s i t e  in F e - C  a l loys  with va r i ous  carbon  
contents  is  g iven in Fig.  4. The amount  of re ta ined  
aus ten i t e  at room t e m p e r a t u r e  and the M s t e m p e r a t u r e  
of these  F e - C  a l loys  a re  a l so  given.  The re la t ive  
a moun t s  of plate  m a r t e n s i t e  a r e  i n c r e a s e d  when e le -  
me n t s  such as  nickel  a r e  added which lower  the M s 
t e m p e r a t u r e .  

CARBON SEGREGATION 

Most steels have M s temperatures above ambient. 
Therefore, when they are quenched, there is some 
brief period in which carbon atoms can redistribute 
themselves. This process is called quench-tempering 
or auto-tempering. Because of the stress fields 
around individual dislocations and cell walls in lath 
martensite, certain interstitial lattice sites near these 
defects provide lower-energy sites for carbon than the 
normal interstitial lattice positions. I~ Obviously, the 
same mechanism operates here as in the strain-aging 
of iron, a field extensively reviewed by Baird. 11 Also, 
when martensite is tempered at low temperatures, the 
first step in the tempering process is a redistribution 
of carbon to these lower energy sites. In many low- 
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carbon s tee l s ,  because  of the i r  high M s t empe ra tu r e s ,  
Fig .  4, this  carbon redis t r ibut ion  has a l ready  occur red  
during quenching through the mar tens i t e  t empera tu re  
range.  We cannot detect such segregat ion by meta l -  
lography, but we can detect it by the sma l l e r  contr ibu-  
tion of carbon to electrical resistivity or to internal 
friction when carbon is an interstitial site near a dis- 
location than when it is in a "normal" interstitial lat- 
tice site. 12 This effect is illustrated in Fig. 5. A 
series of eight Fe-C alloys, in the form of 0.010 in. 
thick sheet, were austenitized in vacuum and quenched 
into iced brine. The quenching rate was sufficiently 
high so that all the alloys transformed completely to 
martensite and no carbide precipitated during quench- 
ing. Specimens were then put into liquid nitrogen and 
the resistivity was measured. The resistivity can be 
separated into two distinct regions. In the first, ex- 

(a) 

tending from 0 to 0.20 pct C, the contribution of c a r -  
bon to e l ec t r i ca l  r e s i s t iv i ty  is  10 ~ cm/wt  pct C, 
whereas  in the second the contribution is th ree  t imes  
as  great ,  about 30 ~2 cm//wt pct C. The lower spe-  
cific e l ec t r i ca l  r es i s t iv i ty  in the low-carbon region 
resu l t s  from the segregat ion of carbon to dis locat ions  
during quenching. With carbon contents below 0.2 pct,  
Speich 12 has calculated that near ly  90 pct of the c a r -  
bon is segregated  to la t t ice defects  during quenching. 
Above 0.20 pct C, such s i t es  become near ly  sa tura ted  
and carbon a toms a re  held in the " d e f e c t - f r e e "  la t -  
t ice .  It is  in teres t ing to note that 0.20 pct C is a l so  
about the carbon content at which te t ragonal i ty  in mar .  
tensi te  is  f i r s t  detected; this  segregat ion of carbon to 
defects  can explain the lack of te t ragonal i ty  at  carbon 
contents below 0.2 pct.  Al ternat ive  p roposa l s  for this 
lack of te t ragonal i ty  involve a d i sorder ing  of the c a r -  
bon a toms below 0.2~pct.13 

Fig. 1--Structure of lath mar tens i te  in 
0.02 pct C, 2 pet Mn steel.  (a) Light 
micrograph,  (b) e lec t ron  t r ansmis s ion  
micrograph (L 1, L 2, L s r ep re sen t  sepa-  
rate  laths; the laths are  separa ted  by 
high-angle boundaries but each lath may 
contain many low-angle dislocation cells.  

(b) 

20 m 20/zm 0.2 m 
i i , , i i 

, . } , I I . , f  

(a) (b) (c) 
Fig. 2--Structure of plate mar tens i te :  (a) 1.2 pet C steel ,  light micrograph;  (b) Fe-30 pet Ni alloy, light mierograph;  (c) Fe-30 
pet Ni alloy, e lec t ron t r ansmiss ion  mierograph.  
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Fig. 3--Mixed lath and plate m a r t e n s i t e  
structure in 0.57 pct C steel: (a) light 
micrograph, (b) electron transmission 
micrograph (plate martensite labelled 
P; twinned substructure labelled T). 

(a) (b) 
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Fig. 4--Effect of carbon content on relative volume percent of 
lath and plate martensite, M s temperature, and volume per-  
cent of retained austentte in Fe-C alloys. 

Kurd jumov  and c o w o r k e r s  ~4'~s have s tud ied  the s e g -  
r ega t ion  of ca rbon  to de fec t s  in h igh -n i cke l ,  l o w - c a r -  
bon m a r t e n s i t e s  with low M s t e m p e r a t u r e s  by m e a s -  
u r ing  the amp l i t ude  dependence  of i n t e r n a l  f r i c t i on  at  
l iquid  n i t rogen  t e m p e r a t u r e s  a f t e r  annea l ing  such 
m a r t e n s i t e s  a t  r o o m  t e m p e r a t u r e .  The a m p l i t u d e  d e -  
pendence  of i n t e rna l  f r i c t i on  a f t e r  annea l ing  v a r i o u s  
p e r i o d s  a t  r oom t e m p e r a t u r e  i s  shown in F ig .  6. The 
s lope  of the  l i ne s  in F ig .  6 ( l abe l led  or) i s  a m e a s u r e  
of the  amp l i t ude  dependence  of the  i n t e r n a l  f r i c t i on .  
Since the  ma in  cont r ibu t ion  to i n t e rna l  f r i c t i on  a t  l i q -  
uid n i t rogen  t e m p e r a t u r e s  i s  d i s loca t ion  damping ,  a 
d e c r e a s e  in Q-~ ind ica t e s  ca rbon  pinning of d i s l o c a -  
t ions .  In addi t ion ,  the d e c r e a s e  in the ampl i tude  d e -  
pendence  of Q-Z(e) has  been a t t r i b u t e d  by Kurd jumov  ~a 
to s e g r e g a t i o n  of ca rbon  to d i s l o c a t i o n s ,  b e c a u s e  the  
s a m e  d e c r e a s e  in ot o c c u r s  dur ing  s t r a i n  aging of i r on  
d e f o r m e d  5 pct .  ~6 S i m i l a r l y ,  in l o w - c a r b o n ,  i r o n - c a r -  
bon m a r t e n s i t e s  with high M s t e m p e r a t u r e s  th i s  ca rbon  
s e g r e g a t i o n  i s  comple t ed  dur ing  quenching.  The Snoek 
peak  fo r  t h e s e  s t e e l s ,  F ig .  7, i nd i ca t e s  a v e r y  low va lue  
c o m p a r e d  to a l o w - c a r b o n  " d e f e c t - f r e e "  i ron  of the  
s a m e  ca rbon  content .  ~ Even when the  ca rbon  content  
i s  i n c r e a s e d  to 0.18 pct ,  the  va lue  of the  Shock peak  i s  
s t i l l  l o w e r  than in the  0.026 pc t  C " d e f e c t - f r e e "  i ron ,  

,51 
I I I l 

10 

| ,,/ ~ /  . COMPLETE SEGREGATION 
~- / ~ ~ ~ "  (lOre 150"C) 

0 0.1 0.2 03 0.4 0.5 0.6 
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Fig .  5 - -Ca rbon  s e g r e g a t i o n  d u r i n g  q u e n c h i n g  of i r o n - c a r b o n  
m a r t e n s i t e s  a s  d e t e c t e d  by e l e c t r i c a l  r e s i s t i v i t y  m e a s u r e -  
m e n t s .  12 

ind ica t ing  that  mos t  of the  ca rbon  is  s e g r e g a t e d  dur ing  
quenching,  a s  i nd i ca t ed  by e l e c t r i c a l  r e s i s t i v i t y .  T h e s e  
m e a s u r e m e n t s ,  a s  those  of Kurdjumov,  ind ica te  tha t  
ca rbon  is  pinned to d i s l o c a t i o n s  and Shock j u m p s  a r e  
p r even ted ;  thus ,  the  height  of the Snoek peak i s  de -  
c r e a s e d .  Since ca rbon  can diffuse  dur ing  the m e a s u r e -  
m e n t s ,  the  Shock peak  i s  l o w e r e d  when the s p e c i m e n s  
a r e  cooled  ( see  0.18 pct  C data) .  The va lue  of ~ d e -  
c r e a s e s  with i n c r e a s i n g  ca rbon  content  up to 0.2 pct  C, 
above  which it r e m a i n s  cons tan t ,  a s  shown in F ig .  8. 
Th i s  i s  i n t e r p r e t e d  a s  ind ica t ing  aga in  that  d i s l o c a t i o n s  
in m a r t e n s i t e  a r e  s a t u r a t e d  a t  0.2 pct  C, cu rve  1, F ig .  
8. In annea l ed  i ron ,  cu rve  2, F i g .  8, s a t u r a t i o n  of d i s -  
l oca t ions  o c c u r s  a t  much l o w e r  ca rbon  l e v e l s  b e c a u s e  
of the lower  d i s loca t ion  dens i ty .  

In h i g h - c a r b o n  s t e e l s ,  o r  in h igh -a l l oy ,  l o w - c a r b o n  
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Fig. 6--Amplitude dependence of in terna l  f r ic t ion  in Fe-29 pet 
Ni-0.16 pet C m a r t e n s i t e  aged va r ious  per iods  at  25~ 
(77OF).15 (Q-1 is the in terna l  fr ict ion,  c is the s t r a i n  ampl i -  
tude, and a is the ra te  of change of Q -1 with c.) 
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Fig. 7--Internal friction of low-carbon, iron-carbon marten- 
sites and "defect-free" c~ iron. 12 

s tee l s  containing plate  m a r t e n s i t e  with i n t e rna l ly  
twinned s u b s t r u c t u r e ,  fewer  of these  low-ene rgy  d i s -  
locat ion s i t e s  a r e  ava i lab le .  In these  c i r c u m s t a n c e s ,  
carbon segrega t ion  to d i s loca t ions  is  not the only seg-  
rega t ion  reac t ion .  M6ssbaue r  s tudies  z7 indicate  that  
p rep rec ip i t a t ion  c lu s t e r ing  of carbon a lso  occurs .  In 
th is  case ,  the e l ec t r i ca l  r e s i s t i v i t y  cont r ibut ion  of 
carbon  is  i n c r e a s e d  because  of the s t r e s s  f ields 
c rea ted  by the c l u s t e r s .  Is It is  usua l ly  n e c e s s a r y  to 
study such reac t ions  below room t e m p e r a t u r e  in s t ee l s  
with low M s t e m p e r a t u r e s  s ince  mos t  of the c lus t e r ing  
is  completed by the t ime  spec imens  a r e  heated to room 
t e m p e r a t u r e ,  as  indica ted  by the work of Winchel l  and 
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Fig. 8--Variation of ampli tude dependence of internal  f r ic t ion 
with carbon content  in Fe-29 pct Ni mar t ens i t e .  15 (Curve 1 
ma r t e ns i t e ;  Curve 2 " d e f e c t - f r e e "  c~ iron; ~ is the ra te  of 
change of Q-1 with s t r a i n  ampli tude.)  
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Fig. 9--Precipi ta t ion of c - c a r b i d e  in Fe-24 pct Ni-0.5 pct C 
m a r t e n s i t e  t empered  30 rain at  205~ (401~ 24 

Cohen. TM Although the use  of low-M s s tee l s  is  helpfut 
in such s tudies  because  it avoids  quench- t emper ing ,  
the s t r u c t u r e  is  changed f rom lath m a r t e n s i t e  to plate  
m a r t e n s i t e .  It is  not yet c l ea r  whether  p rep rec ip i t a t ion  
c l u s t e r s  a r e  ever  p r e se n t  in c o m m e r c i a l  l ow-ca rbon  
or  m e d i u m - c a r b o n  s tee l s ,  which a r e  p r inc ipa l ly  lath 
m a r t e n s i t e  with a high densi ty  of d i s loca t ions .  Unfor -  
tunate ly ,  no inves t iga to r  has  been  able  to produce the 
lath m a r t e n s i t e  s t r uc t u r e  in an al loy with an M s t e m -  
p e r a t u r e  below room t e m p e r a t u r e .  

Izotov and Utevski i  19 have detected ear ly  s tages  of 
decomposi t ion  of t e t ragona l  h igh-ca rbon  m a r t e n s i t e  
by the fo rmat ion  of nodes in e l ec t ron  di f f ract ion pat -  
t e r n s .  They have i n t e rp re t ed  such nodes as  r e su l t ing  
f rom a c lus te r ing  of carbon a toms  along {001} p lanes  
and d i s t r ibu ted  on one of the th ree  sets  of i n t e r s t i t i a l  
sub la t t i ces  which lead to t e t ragona l i ty .  Subsequent 
heat ing to 100~ (212~ or higher  leads  to the growth 
of the c l u s t e r s  and the eventual  fo rmat ion  of C-carbide.  
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This  p rep rec ip i t a t ion  c lu s t e r ing  p r o c e s s  has been  d i s -  
cussed  theore t i ca l ly  by Khachaturyan  2~ and by John-  
son.  2~'22 The dr iv ing  force  is  a lower ing  of the total  
e las t ic  energy of the la t t ice ,  as  d i scussed  recent ly  by 
Hoffman.2~ 

CARBIDE PRECIPITATION 

When s t ee l s  conta in ing m o r e  than about 0.2 pct C 
a r e  t e m p e r e d  at t e m p e r a t u r e s  between 100~ (212~ 
and 200~ (392~ E-carbide  (Fe2.3C, hcp) is the f i r s t  
ca rb ide  p rec ip i ta ted ,  as  shown in Fig.  9. This  p r o c e s s  
is  often r e f e r r e d  to as  the f i r s t  s tage of t e m p e r i n g ,  but 
this  is  a m i s n o m e r ,  s ince  carbon  segrega t ion  or p r e -  
p rec ip i t a t ion  c lus t e r ing  p recedes  it .  

The habi t  p lane of E-carb ide  has been  shown by 
Wel l s  24 to be {100}M although the ca rb ides  appear  to 
form p re f e r en t i a l l y  on one set  of the th ree  poss ib le  
{100}M p lanes .  The o r ien ta t ion  re la t ion  between a - i r o n  
and e - ca rb ide  i s  r epor ted  by Wel l s  as  (011)MII(0001)e 
and (101)M~I(1011)e. The me ta s t ab l e  carb ide  p r e c i p i -  
ta ted  in a - i r o n  at 100 ~ to 150~ (212 ~. to 302~ a l so  
p rec ip i t a t e s  on {100}a although t he r e  has been d i s -  
a g r e e m e n t  whether  th is  carb ide  is- E-carbide ,  because  
in the F e - N  sys t em a n i t r i de  s i m i l a r  in morphology 
aad habit  plane has  been  shown to be Fe~6N2 (bct). Re-  
cent work by Lange r  25 does,  however ,  identify th is  c a r -  
bide as  E o The morphology of th is  carb ide  is  shown in 
Fig .  10 and the th ree  se ts  of {100~c~ p lanes  a r e  c l e a r l y  
de l inea ted  e6 

In low-a l loy  s t ee l s  containing l e s s  than 0.2 pct C the 
p rec ip i t a t ion  of E-carb ide  is  inhibi ted dur ing  t e m p e r -  
ing at 100 ~ to 200~ (212 ~ to 392~ As ment ioned  be -  
fore ,  mos t  of the carbon  in these  s tee l s  is  at d i s loca -  
t ion s i t e s .  Most  of these  s i t e s  have a lower  energy 
than those ava i l ab le  in E-carb ide ,  so the re  is  l i t t le  
dr iv ing  force  for  p rec ip i t a t ion .  ~~ Before  p rec ip i t a t ion  
can occur  some d i s loca t ions  mus t  be r emoved  by r e -  
covery ,  but the p r e s e n c e  of carbon  s t rongly  inhib i t s  
r ecove ry ,  so we have a de l i ca t e ly  ba lanced  s i tua t ion .  

Fig.  11 shows the p r o g r e s s  of t e m p e r i n g  of low-C,  
F e - C  a l loys  at 150~ (302~ as  m e a s u r e d  by e l ec -  

0.5Fm 
t" t 

Fig. 10--Metastable carbide precipitation on {100}a planes in 
an Fe-0.013 pct C alloy quenched from 700~ (1292OF) and 
aged 6 hr at 200~ (392~ 2~ 

t r i c a l  r e s i s t i v i t y ,  le The region marked  A is  a s soc i a t ed  
with the continued segrega t ion  of carbon  to defects  in 
the m a r t e n s i t e  that began dur ing  quenching.  Region C 
is  a s soc i a t ed  with E-carbide  p rec ip i t a t ion ,  and B is  a 
t r a n s i t i o n  region .  Below 0.18 pct C, carb ide  p r e c i p i t a -  
t ion is  ve ry  s luggish at 150~ (302~ in con t r a s t  to 
t e m p e r i n g  of " d e f e c t - f r e e "  a - i r o n  in which ca rb ide  
p rec ip i t a t ion  is  detected at 60~ (140~ a f t e r  1 hr ,  as  
shown in Fig .  12. 27 When the carbon content of m a r -  
t e n s i t e  i s  i n c r e a s e d  to 0.4 pct,  the e l ec t r i ca l  r e s i s t -  
ivi ty cont inuously  d e c r e a s e s  with t ime  at all  t e m p e r a -  
t u r e s ,  with no indica t ion  of th ree  d is t inc t  r eg ions .  At 
these  h igher  carbon  contents  not all  the carbon  can be 
a s soc i a t ed  with d i s loca t ions  and carb ide  p rec ip i t a t ion  
occu r s  rapidly  even at  150~ (302~ 12 

Hggg carb ide  (Fe5C2, monocl in ic)  is  apparen t ly  
fo rmed  in some h igh -ca rbon  s t ee l s  t e m p e r e d  at 200 ~ 

3.00 

A 

o 

t-- ,.E" 2.00 

C:l 

A 

B 

I_ 
0026%Cc%~0_ 

I.O0~ J , , , 

0 I I0 I00 I000 I0000 
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Fig. l l--Tempering of low-carbon, iron-carbon martensites 
at 150~ (302~ as indicated by changes in electrical re- 
s is tivity. 12 
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AGING T~ME AT 60~ HOURS 

Fig. 12--Change of hardness, interpartiele spacing, and par- 
tiele size during aging of 0.03 pet C rimmed steel at 60~ 
(140 ~ F).27 
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e r a t e  t e m p e r i n g ,  a s  shown in F ig .  13, o r  when f o r m e d  
dur ing  the quenching of l a r g e  s ec t i ons ,  a s  shown in 
F ig .  14. The nuc lea t ion  s i t e s  a r e  f r equen t ly  m a r t e n -  
s i t e  la th  b o u n d a r i e s  a t  low t e m p e r a t u r e s  and f e r r i t e  
g r a i n  b o u n d a r i e s  a t  h ighe r  t e m p e r a t u r e s .  W e l l s  24 has  
shown that  in a 24 pct  Ni,  0.5 pct  C s t ee l  the  o r i en t a t i on  
r e l a t i o n  of FeaC with q - i r o n  i s  (ll2)MII(001)Fe3C ; 
[ l l l ]MI l [010]Fe  C; [l l0]Mrl[100]Fe3C- The habi t  p lane  in 
the  m a r t e n s i t e  zs {l12~M, the twinning p lane .  A fine 
s t r u c t u r e  i s  f r equen t ly  o b s e r v e d  in the  cemen t i t e  and 
c o n s i s t s  of n e e d l e s  p a r a l l e l  to the  [010]Fe3 c d i r ec t i on  
and the [ l l l ] M  d i r e c t i o n .  S i m i l a r  r e s u l t s  have  been  
r e p o r t e d  by L e s l i e  e t  a l .  3~ for  p r e c i p i t a t i o n  of Fe3C in 
" d e f e c t - f r e e "  i ron ;  the  fine s t r u c t u r e  of the  Fe3C is  
shown in F i g .  15 and the o r i en ta t ion  r e l a t i on  i s  shown 
in F ig .  16. As  the t e m p e r i n g  t e m p e r a t u r e  i s  i n c r e a s e d  
th i s  p l a t e - s h a p e d  Fe3C g radua l l y  s p h e r o i d i z e s  to r e -  
duce s u r f a c e  ene rgy .  At 700~ (1292~ the f inal  s t r u c -  
t u r e  c o n s i s t s  of Fe3C s p h e r o i d s  in a " d e f e c t - f r e e "  a -  
i ron  m a t r i x .  

Al loy  c a r b i d e s  that  fo rm at  500~ (932~ and 600~ 

Fig. 13--Precipi ta t ion of FeaC in Fe-0.39 pct C m a r t e n s i t e  
t em p e red  1 h r  at 300~ (572~ 12 

Fig. 14--Precipi ta t ion of Fe3C dur ing  quenching in AISI 4315 
steel .  7 

to 300~ (392 ~ to  572~ a c c o r d i n g  to ev idence  f rom 
r ecen t  M S s s b a u e r  s tud ie s .  28 It i s  a m e t a s t a b l e  c a r b i d e  
i n t e r m e d i a t e  be tween  e and cemen t i t e .  In l o w - c a r b o n  
s t e e l s  we a r e  u n c e r t a i n  whe the r  H~gg c a r b i d e  a p p e a r s  
in the  t e m p e r i n g  sequence  b e c a u s e  the  d i f f r ac t ion  pa t -  
t e r n s  f rom cemen t i t e  and H~gg c a r b i d e  a r e  s i m i l a r ,  29 
and no M ~ s s b a u e r  da ta  a r e  a v a i l a b l e .  

Cemen t i t e  (FeaC, o r t ho rhombic )  f o r m s  when mos t  
s t e e l s  a r e  t e m p e r e d  to 250 ~ to 700~ (482 ~ to 1292~ 
Th i s  i s  s o m e t i m e s  ca l l ed  the  t h i r d  s t age  of t e m p e r i n g ,  
the  second  s t age  be ing  the decompos i t i on  of r e t a i n e d  
aus t en i t e .  The in i t i a l  morpho logy  of c emen t i t e  in m a r -  
t en s i t e  i s  n e e d l e - l i k e  when f o r m e d  e i t h e r  dur ing  d e l i b -  

| 

/ 

9 
, ~  C I?0 ~ II10r I0 Mill. 

Fig. 15--Precipi ta t ion of Fe3C in Fe-0.014 pct C alloy 
quenched f rom 740~ (1364 ~ F) and aged as  shown. 3~ 

OLO] cem 

~o, ]  o.m 
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Fig. 16--Orientation of growth of dendri t ic  cement i te  in f e r -  
r i te .  30 

1048-VOLUME 3, MAY 1972 METALLURGICAL TRANSACTIONS 



Fig. 17--Recovered s t r u c t u r e  of Fe-0.18 pct C mar t ens i t e  
t empered  10 min at  600~ ( l l12~ (light micrograph) ,  n 
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Fig. 19- -Par t ia l  r ec rys t a l l i z a t i on  in Fe-0.18 pct C m a r t e n -  
si te  t empered  96 h r  at  600oC (1112~ (light micrograph) .  12 

Fig. 18--Recovered s t r u c t u r e  of Fe-0 .18 pct C mar t ens i t e  
tempered i0 rain at 600~ (III2~ (electron transmission 
micrograph). 12 

( l l 1 2 ~  a n d  w h i c h  r e p l a c e  c e m e n t i t e  b e c a u s e  of  t h e i r  
g r e a t e r  s t a b i l i t y  a r e  d i s c u s s e d  i n  a l a t e r  s e c t i o n .  

D E C O M P O S I T I O N  O F  R E T A I N E D  A U S T E N I T E  

T h e  d e c o m p o s i t i o n  of r e t a i n e d  a u s t e n i t e ,  i f  a n y ,  o c -  
c u r s  a t  t e m p e r i n g  t e m p e r a t u r e s  of 200 ~ to  300~ (392 ~ 
t o  572~  T h e  d e c o m p o s i t i o n  r e a c t i o n  i s  t h e  f o r m a -  
t i o n  of b a i n i t e .  It i s  s o m e t i m e s  r e f e r r e d  to  a s  t h e  s e c -  
ond  s t a g e  of t e m p e r i n g .  R e t a i n e d  a u s t e n i t e  i s  p r e s e n t  
in  a p p r e c i a b l e  q u a n t i t i e s  in  l o w - a l l o y  s t e e l s  on ly  w h e n  
t h e  c a r b o n  c o n t e n t  e x c e e d s  0 .4  p c t ,  s e e  F i g .  4.  T h e r e -  
f o r e ,  t h i s  r e a c t i o n  i s  i m p o r t a n t  on ly  in  m e d i u m -  o r  

METALLURGICAL TRANSACTIONS 

Fig. 20--Pinning of g ra in  boundar ies  by Fe3C in Fe-0 .18  pet 
C mar t ens i t e  t empered  96 h r  at  600~ (1112~ (electron 
t r a n s m i s s i o n  micrograph) ,  n 

h i g h - c a r b o n  s t e e l s  a n d  i s  n o t  d i s c u s s e d  f u r t h e r  h e r e .  
L u t t s  31 h a s  r e v i e w e d  t h e  d a t a  on  t h e  s e c o n d  s t a g e  of 
t e m p e r i n g  a s  w e l l  a s  t h e  d a t a  on t h e  f i r s t  a n d  t h i r d  
s t a g e s  of t e m p e r i n g  fo r  w o r k  p r i o r  to  1963 .  

RECOVERY AND RECRYSTALLIZATION 

It is difficult to tell when recovery of the defect 
structure begins during the tempering of martensite, 
but certainly it becomes an important feature of the 
tempering process above 400~ (750~ Recrystalliza- 
tion can occur at 600 ~ to 700~ (1112 ~ to 1292~ The 
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Fig. 21--Completely recrysta l l ized  structure in Fe-0.18 pot 
C martensite tempered 8 hr at 700~ (1292~ 12 

as -quenched  s t r u c t u r e  of lath m a r t e n s i t e  contains  low- 
angle  d is loca t ion  ce l l s  and h igh-angle  lath bounda r i e s ,  
F ig .  1. Dur ing  r ecove ry ,  the cel l  boundar ies  and the 
random dis loca t ions  contained between them a re  a n -  
nihi la ted,  and a f i ne -g ra ined ,  a c i c u l a r  s t ruc tu re  is 
developed, as  shown in F igs .  17 and 18. R e c r y s t a l l i z a -  
t ion occurs  more  readi ly  in low- than in h igh -ca rbon  
s tee l s  b e c a u s e  the r e c r y s t a l l i z a t i o n  p roces s  is  in -  
hibi ted by the pinning act ion of ca rb ides  on the bound-  
a r i e s ,  as shown in Figs .  19 and 20. The s t r uc t u r e  ob- 
ta ined  af ter  long t empe r ing  at 700~ (1292~ shown 
in Fig .  21, cons i s t s  of f e r r i t e  g r a in s  with ca rb ides  
sca t t e red  throughout.  Af ter  r e c r y s t a l l i z a t i o n  is  com- 
plete,  growth of carb ide  pa r t i c l e s  and of f e r r i t e  g r a in s  
a r e  the only k ine t ic  p r o c e s s e s  that cont inue.  The r e -  
covery and r e c r y s t a l l i z a t i o n  p r o c e s s e s  in low-carbon  
m a r t e n s i t e  have been studied recen t ly  by Speich 1~ and 
by Gal ibois  and Dube'. 3e'33 Les l i e  e t  a l .  3a have studied 
the r e c r y s t a l l i z a t i o n  of shock-hardened  i ron  which has 
a defect s t r uc tu r e  s i m i l a r  to m a r t e n s i t e .  These  r e -  
su l t s  a r e  compared  with the r e c r y s t a l l i z a t i o n  of cold- 
worked i ron  in Fig.  22. The shock-hardened  i ron  r e -  
c r y s t a l l i z e s  at sho r t e r  t i m e s  than the cold-worked 
i ron ,  indicat ing it has more  s tored  energy than i ron  
cold-worked 90 pct.  

SECONDARY HARDENING 

In p l a i n - c a r b o n  s t ee l s ,  as  in F e - C  a l loys ,  t he re  i s  
a p r o g r e s s i v e  softening accompanied  by an i n c r e a s e  
in duct i l i ty  as  quenched m a r t e n s i t e  is  t empe red  in the 
range  100 ~ to 700~ (212 ~ to 1292~ The ha rdnes s  
changes l i t t le  at 100~ (212~ because  most  of the 
carbon segrega t ion  p r o c e s s e s  a r e  completed dur ing 
quenching,  although some t imes  a smal l  ha rdnes s  i n -  
c r ea se  is  observed  in s t ee l s  of h igher  carbon content .  
This  usua l ly  is  a t t r ibu ted  to i n c r e a s e d  carbon s e g r e -  
gation to d i s loca t ions ,  as  d i scussed  by Ansel l  and co- 
worke r s .  35-37 In h i g h e r - c a r b o n  s t ee l s  the format ion  
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Fig. 22--Recrystal lEzation of shock-hardened iron at 500~ 
(932~ 34 
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of E-carbide  at 150 ~ to 250~ (302 ~ to 482~ r e su l t s  
in a h a r d n e s s  dec rease .  This  step is  absen t  in low- 
carbon  s tee l s  because  of the r e a sons  p rev ious ly  d i s -  
cussed .  The fo rmat ion  of a Widmanst~t ten  a r r a y  of 
Fe3C rods at 300 ~ to 400~ (572 ~ to 752~ in both low- 
and h igh -ca rbon  s t ee l s  a l so  r e s u l t s  in l a rge  h a r d n e s s  
d e c r e a s e s .  Subsequent  sphero id iza t ion  of these  c a r -  
b ides  and r ecove ry  and r e c r y s t a l l i z a t i o n  at h igher  
t e m p e r a t u r e s  lead to s t i l l  fu r the r  d e c r e a s e s  in h a r d -  
n e s s .  The complete  p r oc e s s  of t e mpe r i ng  in i r on -  
carbon  m a r t e n s i t e s  is  s u m m a r i z e d  in F ig .  23. 

If, however ,  c a r b i d e - f o r m i n g  al loying e l emen t s  such 
as  Ti ,  Mo, V, or  W a r e  added to the s tee l ,  a fu r the r  
and impor tan t  s t reng then ing  reac t ion  occurs  in the 
t e m p e r a t u r e  range  f rom 500 ~ to 600~ (932 ~ to l l 1 2 ~  
This  is  ca l led secondary  harden ing  or  s o m e t i m e s  the 
fourth stage of t empe r ing .  As a resu l t  of th is  r eac t ion ,  
h a r d n e s s  approaching that of the a s -quenched  al loy can 
be achieved.  An example f rom the work of Kuo 3s is 
shown in Fig.  24. This  s t reng then ing  is  a r e su l t  of the 
r ep lacemen t  of coa r se  p a r t i c l e s  of Fe3C, which d is -  
solve,  by a fine d i spe r s ion  of al loy ca rb ides  such as  
TiC,  V4C3, Mo2C, and W2C. Chromium addi t ions r e su l t  
in a r e t a rda t ion  in softening,  but l i t t le  or  no secondary  
ha rden ing  because  Cr7C3 c o a r s e n s  ve ry  rapid ly  at 
550~ in cont ras t  to the more  s table  ca rb ides  such as  
Mo2C. 38 A l a rge  n u m b e r  of different  al loy ca rb ides  
a r e  poss ib le .  These  form in i t i a l ly  as  ve ry  fine co- 
he ren t  p rec ip i t a t e s ,  p r i m a r i l y  on the d i s loca t ions  
inher i t ed  f rom the a s -quenched  m a r t e n s i t e .  The i r  
smal l  s ize  and fine d i spe r s ion  compared  to the Fe3C 
pa r t i c l e s  a re  a r e su l t  of the s m a l l e r  d i s t ances  over  
which subs t i tu t ional  a l loying e l emen t s  may diffuse 
compared  to carbon.  The r ep l acemen t  of a coa r se  
Fe~C d i spe r s ion  by a fine d i spe r s ion  of (Mo, Cr)2C 
at h igher  t e m p e r a t u r e s  is  i l l u s t r a t ed  in F igs .  25 and 
26 for a 10 pct Ni-8  pct Co-2 pct Cr-1  pct Mo-0.12 pct 
C s tee l .  39 The (Mo, Cr)2C p rec ip i t a t e s  a r e  a lmos t  en-  
t i r e ly  nuclea ted  at  d is locat ion  s i tes .  At peak h a r d n e s s  
Mo~C needles  a r e  typical ly  only 100A long and about 
15A in d iam.  Vanadium carb ide  fo rms  as thin p la tes  
on {100} p l a n e s  in the m a r t e n s i t e .  These  p la tes  a r e  
only about 100A in diam and about 10A thick.  Such s e c -  
ondary hardening  reac t ions  have been  extens ively  s tud-  
ied by Honeycombe and others.4~ 

The secondary  hardening  reac t ion  can be made even 
more  effective by fu r the r  al loying addi t ions .  In p a r t i c -  
u l a r ,  smal l  concen t ra t ions  ( less  than 0.1 pct) of s t rong 
carb ide  f o r m e r s  such as  n iob ium i n c r e a s e  the peak 
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Fig .  2 4 - - S e c o n d a r y  h a r d e n i n g  of  0.1 to 0.4 pct  C s t e e l s  wi th  
addi t ions  of Mo, T i ,  V, a n d  C r .  38 

hardness  substant ia l ly  and tend to delay overaging .  
Th i s  effect  i s  due p r i m a r i l y  to the formation of a fine 
d i spers ion  of a second carbide phase ,  NbC. T h e s e  par-  
t i c l e s  s e e m  to form without regard to the preex i s t ing  
d i s locat ions  .41 

Some e l e m e n t s  do not d irect ly  form carbides  but 
affect  the secondary  hardening react ion  indirec t ly .  
For ins tance ,  cobalt addit ions to s t e e l s  are  known to 
produce a h igher  secondary  hardening peak and to r e -  
tard softening.  44 The exact  m e c h a n i s m  for th is  cobalt 
effect is  s t i l l  in doubt but in secondary  hardening 
s t e e l s  where  the a l loy  carbide  i s  d i s locat ion  nucleated 
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Fig. 25--Coarse  dispers ion  of Fe3C in 10 pct Ni-8 pet Co-2 
pct Cr-1 pet Mo-0.12 pct C s tee l  t e mpe re d  1 h r  at 426~ 
(800 ~ F).39 

a major  effect  of cobalt may  be in prevent ing  r e c o v e r y  
of the d i s locat ion  substructure  during t emper ing .  39'45 
This  prov ides  m o r e  nucleat ion s i t e s  and a f iner  d i s -  
pers ion  of prec ip i tate .  Cobalt a l s o  i n c r e a s e s  the a c -  
t iv i ty  of  carbon in f err i t e  46 which favors  format ion of 
a f ine prec ip i tate  d i spers ion  because  of the resultant  
h igher  supersaturat ion .  A l s o ,  cobalt produces  a s m a l l  
so l id  so lut ion s trengthening  effect .  45 

Some of the effects  of Cr, Mo, and Co on the t e m p e r -  
ing behavior  of a 10 pct N i -0 .12  pct C s tee l  are  i l l u s -  
trated in Fig .  27.  As in the work of Kuo, 38 chromium 
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retards softening but does not give a secondary hard- 
ening peak, which is only present when molybdenum is 
added to the steel. Cobalt increases the yield strength 
even when no secondary hardening occurs but has a 
much more pronounced effect when a secondary hard- 
ening precipitate is formed because of the reasons 
previously discussed. 

Secondary hardening is of considerable interest not 
only because it retards softening but also because the 
fine dispersion of alloy carbide promotes toughness. 
The effect of tempering I0 pct Ni-8 pct Co-2 pct Cr- 
1 pct Mo steels for different times and at different 
temperatures is illustrated in Fig. 28. The toughness 
of these steels increases as the tempering time in- 
creases because of the dissolution of a coarse disper- 

Fig. 2(;---Fine dislocation-nucleated dispersion of (Mo, Cr)2C 
in 10 pct Ni-8 pet Co-2 pet Cr-1 pet Mo-0.12 pet C steel tern- 
pered 12 hr at 510~ (950~ 39 

TEMPERATURE, % 
..... ~ 3oo ~ ~oo 600 7oo 

200 ~ I i ~ I 1.4 

I.~, 
180 Fe- IONi-BCo-2Cr- I  Mo- 0.15C . ~ , = ~  

+-",.-- t60 L1 g 
+ ,o+,++ + 
o " - ' "  1.0 
N 14C 

-~ 0.9 o 
i20  ~ Fe- lONi -BCo- 

. . . . . . . . . .  X \" o.,~c o.~ ~: 
~'"ONi-O '~C---'" N o" N I 

IDO ; 0.7 

0.12 C 0.6 
80 Fe - I0 Ni ~ L X ~ h O ~  

o 0.5 

6C- 
1 , I , I 

RT 400 800 1200 
TEMPERATURE, OF 

Fig. 27--Effect of C, Co, Cr, and Mo on tempering of 10 pet 
Nt steels, a9 

s ion of cemen t i t e  s i m i l a r  to that  shown in F ig .  25 and 
i ts  r e p l a c e m e n t  by the fine a l loy ca rb ide  d i spe r s i on  
shown in F ig .  26. Smal l  a l loy c a r b i d e s  do not nuc lea te  
voids  as  eas i ly  as  the l a r g e r  cemen t i t e  p a r t i c l e s  and 
the toughness  i n c r e a s e s .  It is  i n t e r e s t i ng  to note that 
for  shor t  t e m p e r i n g  t i m e s  the toughness  cont inues to 
i n c r e a s e  even though the y ie ld  s t rength  a l so  i n c r e a s e s .  
Dur ing th is  pe r iod  c o a r s e  FeaC p r e c i p i t a t e s  a r e  d i s -  
so lved  and fine (Mo, Cr)2C ca rb ides  a r e  f o r m e d .  F o r  
longer  t e m p e r i n g  t i m e s  the m o r e  n o r m a l  behav io r  oc-  
c u r s  by which the y ie ld  s t rength  d e c r e a s e s  because  of 
overag ing  and the toughness  i n c r e a s e s .  During this  
pe r iod ,  only the coa r sen ing  of (Mo, Cr)2C carb ide  oc -  
cu r s .  An opt imum t e m p e r i n g  t i m e  is  thus r e q u i r e d  to 
ach ieve  the m a x i m u m  toughness  fo r  a g iven y ie ld  
s t r eng th .  

E M B R I T T L E M E N T  DURING TEMPERING 

M a r t e n s i t e  i s  t e m p e r e d  to i m p r o v e  i ts  duct i l i ty ,  but 
t e m p e r i n g  mus t  be  done with c a r e ,  o r  duct i l i ty  wi l l  not 
be i m p r o v e d .  As shown in F ig .  29, if t e m p e r i n g  is  
done be tween 230 ~ and 370~ (450 ~ and 700~ e m b r i t -  
t l emen t  can occur  in a number  of d i f ferent  AISI 
s t e e l s .  47 Th i s  phenomenon is  t e r m e d  "500~ e m b r i t -  
t l e m e n t " .  It is  be l i eved  to be a s s o c i a t e d  with a c r i t i -  
cal ca rb ide  morphology p r e sen t  when FeaC f i r s t  f o r m s .  
It may be caused by f i l m - l i k e  ca rb ides  p rec ip i t a t ed  on 
g ra in  boundar ies  and subboundar ies .  48 This  phenom-  
enon is  a s e r i ous  handicap to the deve lopment  of op- 
t imum s t rength  and toughness .  If one u s e s  a low-a l loy  
s tee l  containing s i l icon ,  th is  p rob l em  of 500~ e m b r i t -  
t l emen t  can be avoided.  Si l icon inhibi ts  the t e m p e r i n g  
of m a r t e n s i t e ~  When 1.5 pet o r  m o r e  s i l i con  is  p r e s -  
ent, the ra te  of softening b e c o m e s  z e r o  at about 250~ 
(500~ Sil icon inhibi ts  the t e m p e r i n g  of m a r t e n s i t e  
by two p r o c e s s e s :  1) it inhibi ts  the growth of ca rb ide  
particles, and 2) it expands the range of temperature 
in which E-carbide is stable. 

~f an alloying elernent is more soluble in cementite 
that. ir ferrite, as are Mn, Mo, Cr, and W, it is not 
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l i ke ly  to have a p ronounced  effect  on the  r a t e  of growth  
of c a r b i d e s  p r e c i p i t a t e d  f r o m  m a r t e n s i t e ,  a l though it  
may  a f fec t  the  s t r u c t u r e ,  nuc lea t ion  s i t e s  and r a t e  of 
nuc lea t ion  of the  c a r b i d e .  Al loy ing  e l e m e n t s  inso lub le  
in the  c a r b i d e ,  such  a s  s i l i con ,  m a y  have a v e r y  l a r g e  
effect  upon r a t e  of growth  of c a r b i d e s .  Owen 4~ p r o -  
posed  that  the  t e chno log i ca l l y  i m p o r t a n t  inhibi t ion  of 
the  t e m p e r i n g  of m a r t e n s i t e  by s i l i con  was  due to the  
r e j e c t i o n  of s i l i con  by the  growing c a r b i d e  p a r t i c l e s .  
The  bui ldup of s i l i con  a round  the growing p a r t i c l e  
c a u s e s  an i n c r e a s e  in the  ac t i v i t y  of ca rbon  in th i s  
r eg ion ,  t h e r e b y  d e c r e a s i n g  the f lux of ca rbon  to the 
p a r t i c l e  and d e c r e a s i n g  the r a t e  of growth.  Keh and 
L e s l i e  5~ d e t e r m i n e d  the  effect  of s i l i c o n  on the  r a t e  of 
growth  of c a r b i d e s ,  with the  r e s u l t s  shown in F ig .  30. 
The r a t e  of growth  i s  c o m p a r e d  with the  growth  of c a r -  
b i d e s  in an  F e - M n - C  a l l oy .  The  ef fec ts  w e r e  m e a s -  
u r e d  in f e r r i t e ,  not in m a r t e n s i t e ,  but  that  i s  u n i m -  
po r t an t .  The effect  of s i l i con  i s  qui te  s t r i k i n g .  Dur ing  
aging  at  200~ (392~ the  c a r b i d e s  in the F e - M n - C  
a l loy  (Fe3C) grew to a m a x i m u m  d imens ion  of 14,500A 
in 20 min .  In  the  F e - S i - C  a l l oy ,  the  c a r b i d e s ,  which 
a r e  not Fe3C, g rew in i t i a l l y  at  200~ (392~ at  about  
the  s a m e  r a t e  a s  in the  F e - M n - C  a l loy ,  but soon 
r e a c h e d  a m a x i m u m  s i ze  c h a r a c t e r i s t i c  of the  aging  
t e m p e r a t u r e ,  a f t e r  which growth  c e a s e d .  The m a x i -  
mum s i ze  was  about 2000A at 100~ (212~ 3000A 
a t  200~ (392~ and 8000.~ at  300~ (572~ T h e s e  
t e m p e r a t u r e s  c o v e r  the  r ange  in which s i l i con  inh ib i t s  
the  t e m p e r i n g  of m a r t e n s i t e .  It s e e m s  p robab le  tha t  
the  ef fec t ive  m e c h a n i s m  i s  that  p r o p o s e d  by Owen, 
w h e r e i n  each  growing c a r b i d e ,  whe the r  p r e c i p i t a t e d  
in f e r r i t e  o r  m a r t e n s i t e ,  i s  e n c a p s u l a t e d  by a high con-  
c en t r a t i on  of s i l i con ,  which eventua l ly  n e a r l y  ha l t s  the 
m i g r a t i o n  of ca rbon  to o r  f rom the  p a r t i c l e .  If t h i s  i s  
c o r r e c t ,  the  movemen t  of s i l i con  a t o m s  away f rom the 
growing  c a r b i d e  p a r t i c l e  mus t  be a ided  by some  m e a n s  
that  have ye t  to be e luc ida ted .  

R e c e n t l y  i t  was  r e p o r t e d  tha t  dur ing  the t e m p e r i n g  
of a 0.5 pc t  C, 0.8 pc t  Mn, 2.0 pct  Si s t e e l ,  ~ - c a r b i d e  
p r e c i p i t a t e d  at  150~ (302~ Fe3C a t  500~ (932~ 
but that  a t  300~ (572~ a new hexagona l ,  h i g h - s i l i c o n  
(9 pct)  c a r b i d e ,  ca l l ed  v,  was  p r e c i p i t a t e d ,  sl G a m m a  
is  supposed ly  an i n t e r m e d i a t e  c a r b i d e  be tween E - c a r -  
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F i g .  3 0 - - E f f e c t  of s i l i c o n  on  r a t e  of g r o w t h  of c a r b i d e  p a r -  
t i c l e s  d u r i n g  t he  q u e n c h - a g i n g  of f e r r i t e .  5~ 

bide  and Fe3C. Conf i rma t ion  by o t h e r s  of t h i s  i n t e r -  
e s t ing  c l a i m  is  d e s i r a b l e .  

The l a s t  topic  we wil l  d i s c u s s  i s  t e m p e r  e m b r i t t l e -  
men t .  Th is  o c c u r s  in quenched and t e m p e r e d  s t e e l s  
when they  a r e  he ld  in o r  s lowly cooled  th rough  the 
t e m p e r a t u r e  r ange  370 ~ to 565~ (700 ~ to  1050~ The 
e m b r i t t l e m e n t - a  l o s s  of cohes ion  at  p r i o r  aus t en i t e  
g r a i n  b o u n d a r i e s - - i s  b e l i e v e d  to be  caused  by s e g r e g a -  
t ion  of an t imony  and phosphorus  and,  to a l e s s e r  ex -  
ten t ,  of a r s e n i c  and t in  to  p r i o r  a u s t e n i t e  g r a i n  bound-  
a r i e s  dur ing  a us t e n i t i z i ng  of the  s t e e l ,  s2-s4 

The  s u s c e p t i b i l i t y  of a s t e e l  to t e m p e r  e m b r i t t l e -  
men t  i s  a l so  enhanced by s e g r e g a t i o n  of a l loy ing  e l e -  
m e n t s ,  p a r t i c u l a r l y  m a n g a n e s e  and c h r o m i u m ,  to 
p r i o r  aus t en i t e  b o u n d a r i e s .  A p p a r e n t l y  the  e m b r i t t l i n g  
e l e m e n t s  a r e  a r r a n g e d  n e a r  the  g r a i n  b o u n d a r i e s  and 
move  to the e m b r i t t l i n g  conf igura t ion  only in the t e m -  
p e r a t u r e  range  370 ~ to 565~ (700 ~ to 1050~ Below 
about 370~ (700~ the mob i l i t y  of the  e m b r i t t l i n g  
e l e m e n t s  i s  r e s t r i c t e d  and above  about 565~ (1050~ 
they  r e t u r n  to the  une mbr i t t l i ng  conf igura t ion .  As  a 
r e s u l t  the  e m b r i t t l e m e n t  i s  c h a r a c t e r i z e d  by a " C "  
cu rve ,  with a nose  be tween 500 ~ and 550~ (932 ~ and 
1022~ E m b r i t t l e d  s t e e l s  can have t h e i r  duc t i l i ty  
r e s t o r e d  by hea t ing  at  t e m p e r a t u r e s  above  565~ 
(1050~ for  a few minu t e s  at  593~ ( l l 0 0 ~  for  ex-  
a m p l e .  T h e r e  i s  an e n o r m o u s  amount  of i n fo rma t ion  
available on the subject of temper embrittlement, but 
the phenomenon is so complex that no simple model 
has been proposed that satisfactorily explains all its 
features. 
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