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An inves t iga t ion  into the m e c h a n i s m s  of t empered  m a r t e n s i t e  e m b r i t t l e m e n t  (TME), 
a lso  know as "500~ ' '  or  "350~ ' '  or  one - s t ep  t emper  embr i t t l emen t ,  has been made 
in commerc i a l ,  u l t r a -h igh  s t rength  4340 and Si-modif ied  4340 (300-M) alloy s tee l s ,  
with p a r t i c u l a r  focus given to the ro le  of in te r l a th  f i lms  of r e t a ined  austeni te .  Studies 
were  pe r fo rmed  on the va r i a t ion  of i) s t reng th  and toughness ,  and ii) the morphology,  
volume f rac t ion  and t h e r m a l  and mechan ica l  s tab i l i ty  of re ta ined  aus teni te ,  as a function 
of t emper ing  t empe ra tu r e ,  following o i l -quenching,  i so the rma l  holding, and cont inuous 
a i r  cooling f rom the aus ten i t i z ing  t empe ra tu r e .  TME was observed  as a d e c r e a s e  in both 
Klc and Charpy V-notch impact  energy af ter  t emper ing  around 300~ in 4340 and 425~ 
in 300-M, where  the m e c h a n i s m s  of f r ac tu re  were  e i ther  in te r la fh  cleavage or  l a rge ly  
t r a n s g r a n u l a r  cleavage.  The e m b r i t t l e m e n t  was found to be concu r r en t  with the i n t e r -  
lath p rec ip i t a t ion  of cement i t e  dur ing  t emper ing  and the consequent  mechan ica l  i n s t a -  
bi l i ty  of in te r l a th  f i lms  of r e t a ined  aus ten i te  dur ing  subsequent  loading. The ro le  of 
s i l i con  in 300-M was seen  to r e t a r d  these p r o c e s s e s  and hence r e t a r d  TME to higher 
t emper ing  t e m p e r a t u r e s  than for 4340. The magni tude  of the e m b r i t t l e m e n t  was found 
to be s igni f icant ly  g rea t e r  in m i c r o s t r u c t u r e s  containing i n c r e a s i n g  volume f rac t ions  of 
re ta ined  aus teni te .  Specif ical ly,  in 300-M the d e c r e a s e  in KIc, due to TME, was a 5 
MPavCm in oil quenched s t r u c t u r e s  with l e s s  than 4 pct  aus teni te ,  compared  to a m a s -  
s ive d e c r e a s e  of 70 M P a v ~  in slowly (air)  cooled s t r u c t u r e s  containing 25 pct aus teni te .  
A complete  mechan i sm  of t empered  m a r t e n s i t e  e m b r i t t l e m e n t  is  proposed involving i) 
p rec ip i ta t ion  of in te r la th  cement i t e  due to pa r t i a l  t he r ma l  decomposi t ion  of in te r l a th  
f i lms  of re ta ined  aus teni te ,  and ii) subsequent  de fo rmat ion- induced  t r a n s f o r m a t i o n  on 
loading of r e m a i n i n g  in t e r l a th  aus teni te ,  des tab i l ized  by carbon deplet ion f rom carbide  
prec ip i ta t ion .  The de t e r io ra t ion  in toughness ,  a ssoc ia ted  with TME, is  therefore  
a sc r ibed  to the embr i t t l i ng  effect of i) in t e r l a th  cement i t e  p rec ip i t a t e s  and ii) an i n t e r -  
lath layer  of m e c h a n i c a l l y - t r a n s f o r m e d  aus teni te ,  i.e., un tempered  ma r t e ns i t e .  The 
p r e sence  of r e s idua l  impur i ty  e l ements  in p r i o r  aus ten i t e  g ra in  boundar ies ,  having 
segrega ted  there  dur ing  aus ten i t iza t ion ,  may accentuate  this p roces s  by providing an 
a l t e rna t ive  weak path for f r ac tu re .  The re la t ive  impor tance  of these effects is  d i s -  
cussed.  

I T  has been well  known for many yea r s  that high 
s t reng th  m a r t e n s i t i c  s tee l s ,  hea t - t r ea t ed  to achieve 
opt imum combina t ions  of s t rength,  duct i l i ty ,  and tough- 
ness ,  a re  suscept ib le  to e m b r i t t l e m e n t  dur ing  t e m -  
p e r i n g J  -4 This  loss  in toughness  can r e s u l t  p r i m a r i l y  
f rom two types of t he rma l  t r ea tmen t s :  i) holding or 
slow cooling alloy s tee l s ,  p rev ious ly  t empered  above 
600~ in the t e m p e r a t u r e  r ange  350 to 550~ ( temper  
embr i t t l emen t ) ,  and ii) t emper ing  as -quenched  alloy 
s tee ls  in the range  250 to 450~ ( tempered m a r t e n s i t e  
embr i t t l ement ) .  Whereas  there  is  now a la rge  body of 
evidence l inking the phenomenon of t emper  e m b r i t t l e -  
ment  to the gra in  boundary  weakening effect of s e g r e -  
gated impur i t i e s  or " t r a m p "  e lements  (e.g., S, P, Sb, 
Sn, and so forth1'2'4), the m e c h a n i s m  of t empered  m a r -  
tens i te  e m b r i t t l e m e n t  (TME), also known as , '500~ ' '  
or  "350~ ' '  or  " o n e - s t e p  t emper  e m b r i t t l e m e n t "  has 
r ema ined  somewhat  of a mys te ry .  The e m b r i t t l e m e n t  
has t rad i t iona l ly  been seen  as a sudden d e c r e a s e  in 
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ambien t  t e m p e r a t u r e  Charpy V-notch  impact  energy 
and an i n c r e a s e  in the Charpy t r ans i t i on  t e m p e r a t u r e  
dur ing  temper ing ,  and was h i s to r i ca l ly  assoc ia ted  with 
an i n c r e a s e  in i n t e r g r a n u l a r  f r a c t u r e  dur ing  failure.5-8 
F r a c t u r e  toughness  and t ens i l e  duct i l i ty  were  also seen  
to be degraded in ce r t a in  s tee l s ,  but such m e a s u r e m e n t s  
were  not always cons i s ten t  in r evea l ing  the e m b r i t t l e -  
ment.~,9, I~ 

Ea r l y  explanat ions  of TME were  l inked to the t r a n s -  
fo rmat ion  dur ing  t emper ing  of aus teni te ,  r e t a ined  af ter  
quenching. 11 However,  this was l a rge ly  discounted 
s ince  it was r ea l i zed  that i) r e f r i g e r a t i o n  of the s tee l  
af ter  quenching (which was p r e sumed  to r emove  mos t  
of the re ta ined  aus teni te)  did not e l imina te  the phenom-  
enon, v'12 and ii) t r a n s f o r m a t i o n  of r e t a ined  aus ten i te  
could not read i ly  account  for the inc idence  of i n t e r -  
g r anu l a r  f r ac tu re  which was observed.  5 However,  l a te r  
work on higher  al loy s t ee l s  r evea led  that f r a c t u r e s  in 
the e m b r i t t l e m e n t  range  were  not a lways i n t e r g r a n u l a r ;  
m e c h a n i s m s  such as cleavage,  ~3'15 quas ic leavage ,  9'~v 
f ibrous ,  ~6 mixed duc t i l e -b r i t t l e ,  ~4'4s m a r t e n s i t e  " t r a n s -  
l a th" ,  14 and m a r t e n s i t e  ' ' in ter la th / /packet  ' ' la  f a i lu re s  
have been repor ted .  G r o s s m a n n  5 was probably  the f i r s t  
author to suggest  a m o r e  defini te  l ink between the s e -  
quence of carb ide  p rec ip i t a t ion  and TME. This  was 
subs tan t ia ted  by Kl inger  and coworkers  s who found 
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that e m b r i t t l e m e n t  was concu r r en t  with the fo rma t ion  
of p la t e l e t  cement i t e ,  r ep lac ing  E-ca rb ide ,  and that 
TME was t ime -dependen t  at d i f fe r ing  t e m p e r i n g  t e m -  
p e r a t u r e s ,  i . e . ,  t e m p e r i n g  at longer  t imes  somewhat  
below the c h a r a c t e r i s t i c  embr i t t l i ng  t e m p e r a t u r e  a l so  
r e su l t ed  in e m b r i t t l e m e n t .  This  t ime -dependence  of 
TME was fu r the r  v e r i f i e d  by s tudies  which showed 
that rapid  induction heat ing and cooling would supp re s s  
the e m b r i t t l e m e n t .  19 S e v e r a l  o ther  w o r k e r s  r e l a t ed  the 
onset  of TME to the fo rma t ion  of coa r sen ing  of ce -  
ment i t e  f i lms ,  which w e r e  gene ra l ly  o b s e r v e d  to f o r m  
at grain and lath boundaries. 19-22 This important r o l e  
of carbide precipitation on TME was supported by 
work on high-strength steels modified with silicon and 
aluminum. 13'23-26 Both these elements are known to 
retard the replacement of e-carbide by cementite to 
higher tempering temperatures. 26'2v It was found that 
in such modified steels the embrittlement trough was 
correspondingly displaced to higher temperatures. 
Other authors suggested that a high dislocation density, 
in addition to coarse carbide precipitation, was essen- 
tial for  e m b r i t t l e m e n t .  9'28'29 King e t  a l .  ~7 furn ished  
evidence  for  this i n t e rac t ion  by finding that the TME 
trough was i n c r e a s e d  to h igher  t e m p e r i n g  t e m p e r a -  
t u r e s  in s t e e l s  f r a c t u r e d  below r o o m  t e m p e r a t u r e .  

Because  of the inc idence  of i n t e r g r a n u l a r  f r a c t u r e  
in many TME fa i l u r e s ,  o ther  t h e o r i e s  of the phenome-  
non have focussed  on the r o l e  of g ra in  boundary s e g -  
r ega t ion  of r e s i d u a l  impur i ty  e l ements .  3'3~ F o r  ex-  
ample ,  it was found that a l loying addit ions of c h r o m i u m  
and manganese  and the p r e s e n c e  of c e r t a i n  impur i ty  
e l emen t s ,  phosphorus  and ni t rogen,  i n c r e a s e d  the l eve l  
of e m b r i t t l e m e n t .  3~ Subsequently,  the p r e s e n c e  of s e g -  
r ega t ed  P and N on TME i n t e r g r a n u l a r  f r a c t u r e  s u r -  
faces  was d i r ec t l y  ident i f ied using Auger  s p e c t r o s -  
copy. a2 However ,  the r o l e  of i m p u r i t i e s  on TME was 
d e m o n s t r a t e d  mos t  convincingly  when t e s t s  w e r e  con-  
ducted on I a b o r a t o r y - m a d e  high pur i ty  s t e e l s  of the 
s a m e  nominal  compos i t ion  as suscep t ib l e  c o m m e r c i a l  
s t ee l s ,  and the e m b r i t t l e m e n t  phenomenon was not ob- 
s e r v e d  at r o o m  t e m p e r a t u r e * .  This  p rompted  Bane r j i  

* Later work showed that the TME embrittlement trough reappears for tests at 
-196~ 47 

e t  a l .  32 to p ropose  that the m e c h a n i s m  of TME was 
e s sen t i a l l y  s i m i l a r  to that of t e m p e r  e m b r i t t l e m e n t ,  
involving the segrega t ion*  of r e s i d u a l  impur. i t ies ,  in 

*Such segregation has recently been shown to occur during prior austenitiza- 
tion,32,47 rather than during tempering, as is generally the case for temper em- 
brittlement. 

this instance P and N, to prior austenite grain bound- 
aries promoted by the co-segregation of Mn and pos- 
sibly Si. Furthermore, attempts were made to ratio- 
nalize a combined role of impurities and carbide pre- 
cipitation by suggesting that during the growth of car- 
bides, impurity elements are rejected giving rise to 
a local increase in impurity concentration at carbide/ 
matrix interfaces. More recently, attention has once 
more focused on the role of retained austenite on TME 
based on new data concerning the distribution, mor- 
phology, and thermal and mechanical stability of re- 
tained austenite during tempering. '3'18,a3 The objective 
of the present investigation is to reassess this role 
of retained austenite in the light of this new informa- 
tion, and to attempt to elucidate specific mechanisms 

of TME* in c o m m o n l y - u t i l i z e d  c o m m e r c i a l  u l t r a -h igh  

*This term will be applied to the embrittlement phenomena observed realizing 
it is not unique to fully martensitic steels. 

s t reng th  s t ee l s .  While we acknowledge that the e m -  
b r i t t l e m e n t  of a given s tee l  cannot be a t t r ibu ted  to a 
s ingle  m echan i sm ,  such as in te r la th  ca rb ide  p r e c i p i -  
tation, decompos i t ion  of r e t a ined  aus teni te ,  or  impur i ty  
seg rega t ion ,  and is  a lmos t  ce r t a in ly  due to a combi -  
nation of s e v e r a l  f a c to r s ,  our a im is to c l ea r ly  demon-  
s t r a t e  the ro l e  of r e t a ined  aus ten i te  as a m a j o r  c o n t r i -  
buting fea tu re  in p romot ing  the onset  of t e m p e r e d  m a r -  
t ens i t e  e m b r i t t l e m e n t .  

EXPERIMENTAL PROCEDURES 

The materials investigated were two commercial 
ultra-high strength steels, AISI 4340 and 300-M, of 
composition in weight percentages shown below: 

C Mn Cr Ni Mo Si S P V Cu 

4340 0.41 0.80 0.79 1.75 0.23 0.26 0.004 0.006 - 0.06 
300-M 0.42 0.76 0.76 1.76 0.41 1.59 0.002 0.007 0.10 - 

The compos i t ion  of 300-M is e s sen t i a l ly  that  of 4340, 
modif ied with 1.3 wt pct  s i l icon.  Both heats  w e r e  of 
a i r c r a f t  qual i ty ( v a c u u m - a r c  r e m e l t e d )  and w e r e  r e -  
ce ived as h o t - r o l l e d  bar  in the fully annealed condition. 
Befo re  h e a t - t r e a t m e n t ,  a s - r e c e i v e d  m a t e r i a l  was hot 
forged  and hot ro l l ed  to d e s i r e d  th i cknesses  and sub-  
sequent ly  s l ow-coo led  and sphe ro id ized  at 650~ to 
ach ieve  good machinabi l i ty .  Tes t  s p e c i m e n s  w e r e  
aus ten i t i zed  at 870~ for 1 h and then given one of 
th ree  cooling t r e a t m e n t s  (Fig. 1), namely  i) d i r e c t  
quenched in agi ta ted  oil ,  ii) s low continuously cooled 
at a r a t e  equiva len t  to that expe r i enced  by 1 in. (25 
mm) or 2 in. (50 mm)  pla te  dur ing a i r - coo l i n g ,  or  i i i)  
i s o t h e r m a l l y  t r a n s f o r m e d  by holding at 250~ * for  1 h 

*Isothermal holding temperature (250~ represents a transformation tempera- 
ture of 50~ below M s for 4340 and 20~ below M s for 300-M 

befo re  oi l  quenching (equivalent  to m a r t e m p e r i n g ) .  
Table  I l i s t s  the cooling t r e a t m e n t s  of i n t e r e s t  for  

the r e s p e c t i v e  s t ee l s .  Tes t  s p e c i m e n s  w e r e  subse -  
quently t e m p e r e d  for  1 h in the t e m p e r a t u r e  range  200 
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Fig. 1-Schematic diagram displaying cooling treatments in- 
vestigated on transformation diagram for 300-M steel. 
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to 6 5 0 ~  The pr ior  austeni te  grain s i z e  of all  s t r u c -  
tures  was  approximate ly  20 ~tm. Ambient  t e m p e r a t u r e  
uniaxial  t ens i l e  p r o p e r t i e s  w e r e  de termined  using 25.4 
m m  gage length cy l indr ica l  and flat t ens i l e  bars ,  and 
plane s tra in  fracture  toughness  (KIc) values  w e r e  de-  
t ermined  using 25.4 m m  thick 1 - T  compact  tens ion 
s p e c i m e n s ,  in accordance  with appropriate  ASTM stan-  
dards.  Kic m e a s u r e m e n t s  w e r e  found to be valid,  with 
r e s p e c t  to such standards,  for all  t e s t s  except  for 

T a b l e  I .  H e a t - T r e a t m e n t s  I n v e s t i g a t e d  

Cooling Treatment 
Steel After Austenitization for 1 h at 870~ Designation 

300-M Oil quenched 300-M-QT 
300-M Isothermally held for 1 h at 250~ 300-M-ISO 
300-M Slow continuously cooled to simulate air-cooling of 50 300-M-AC 

turn thick plate 
4340 Oil quenched 4340-QT 
4340 Slow continuously cooled to simulate air cooling of 25 4340-AC 

mm thick plate 
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Fig.  2 - E f f e c t  o f  t e m p e r i n g  t e m p e r a t u r e  on the r o o m  t e m p e r -  
a tu re  un i&x ia l  tens i le  p r o p e r t i e s  f o r  heat  t r e a t m e n t s  i nves t i -  
gated (a) o i l  quenched 300-M s tee l ,  (b) a i r - c o o l e d ,  (50 m m  
th i c k  sect ion) ,  300-M steel ,  (c)  i s o t h e r m a l l y - h e l d  (at 250~ 
i h), 300-M steel ,  (d) o i l -quenched  4340 s tee l ,  and (e) a i r -  
cooled (25 m m  th i ck  sect ion) ,  4340 s tee l .  (A l l  s tee ls  aus ten i -  
t i zed  f o r  1 h at 870~ p r i o r  to cool ing. )  
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300-M (300-M-QT) is shown in Fig.  3. Although in 
the a s -quenched  (untempered)  condit ion,  the toughness 
is low (Kic = 35 M P a v ~ ) ,  the f r ac tu r e  toughness  in -  

RESULTS 

The heat treatments investigated, namely oil quench- 
ing, air cooling, and isothermal holding after austenit- 
ization, are illustrated schematically in Fig. 1, and 
are listed in Table I. Uniaxial tensile properties at 
ambient temperature for the five treatments are shown 
in Fig. 2 as a function of tempering temperature. Oil 
quenched 300-M (300-M-QT) develops peak strength 
after tempering at 300~ (Fig. 2(a)), and is significantly 
stronger than the air-cooled (300-M-AC) and isother- 
mally-held (300-M-ISO) structures. Peak strength for 
the latter treatments is also attained after tempering 
at 300~ (Fig. 2(b) and (c)). AISI 4340, of lower silicon 
content than 300-M, develops a peak strength condition 
after tempering at 200~ (Fig. 2(d) and (e)) with the oil 
quenched structures (4340-QT) being significantly 
stronger than air-cooled structures (4340-AC). It is 
apparent that the increased silicon content in 300-M 
leads to i) higher overall strength levels than in 4340, 
due to solid solution strengthening and ii) a change in 
the kinetics of tempering 27 which shifts the optimum 
tempering temperature for peak strength from 200~ 
in 4340 to 300~ in 300-M*. Although tensile proper- 

*These tempering temperatures correspond to the commercially-used treatments 
after oil quenching. 

t ies  vary  cons i s ten t ly  with t emper ing  t e m p e r a t u r e  for 
all  t r e a tmen t s ,  the na tu re  of the cooling t r e a t m e n t  has 
a s igni f icant  inf luence  on m i c r o s t r u c t u r e  and f r ac tu re  
p rope r t i e s .  These  effects a r e  s u m m a r i z e d  for the 
individual  t r ea tmen t s .  

A) 300-M Stee l -Oi l  Quenching T r e a t m e n t  (300-M-QT) 

The va r i a t ion  of plane s t r a i n  f r a c t u r e  toughness  
(Klc) with t emper ing  t e m p e r a t u r e  for o i l -quenched  
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Fig. 3-Effect of tempering temperature on the room temper- 
ature plane strain fracture toughness (K[c) of 300-M steel, 
oil quenched. 
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specimens tempered at 650~ The toughness of the 
latter structures was estimated using i) equivalent 
energy procedures at maximum load, a4 and ii) mea- 
surement of JIc values, 3~ at initiation of fracture, de- 
tected using the electrical potential method. 3e ASTM 
standard Charpy V-notch impact tests were also con- 
ducted to compare with fracture toughness results. 
All test specimens were machined in the longitudinal 
L-T orientation from rolled bar. 

Microstructures were characterized using optical 
and transmission electron microscopy, and fracture 
surface morphology was assessed using scanning elec- 
tron microscopy. Levels of retained austenite in the 
structures investigated were measured using stan- 
dard X-ray techniques ~ and magnetic saturation in- 
duction measurements. 38 Volume fractions of austenite 
determined by these two methods agreed to within • 
pct. The mechanical stability of austenite, with re- 
spect to deformation, was assessed by continuously 
monitoring the magnetic saturation of the steel during 
uniaxial tensile tests. Calibration methods using aus- 
tenite-free standards were utilized to determine initial 
austenite levels. The distribution and morphology of 
the retained austenite was characterized by standard 
bright and dark field imaging with transmission elec- 
tron microscopy. Carbide type was identified from 
from analysis 39 of diffraction patterns of extraction 
replicas taken from polished and over-etched metal- 
lographic specimens. 
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Fig. 4-Effect of tempering temperature on the room temper- 
ature Charpy V-notch impact energy of 300-M steel, oil 
quenched. 
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Fig. 5-Mechanisms of failure in 300-M steel, oil-quenched in (a) untempered condition showing a mixture of ductile rupture, 
quasieteavage, and intergranular fracture, (b) tempered at 300~ displaying ductile rupture, (c) tempered at 400~ showing 
transgranular  cleavage with ductile rupture, and (d) tempered at 650~ displaying ductile rupture. 

c r e a s e s  r a p i d l y  to 65 MPa~/-~ a f t e r  t e m p e r i n g  at  300~ 
T e m p e r i n g  at  a h igher  t e m p e r a t u r e  of 400~ r e s u l t s  in 
a s l igh t  d e g r a d a t i o n  in KIc  , d e s p i t e  the fac t  that  the 
s t r eng th  is  a l so  d e c r e a s i n g  (Fig.  2(a)). Th is  " t o u g h n e s s  
t r o u g h , "  a l so  o b s e r v e d  in Charpy  V-no tch  impac t  
energy  da t a  (Fig .  4), i s  an example  of t e m p e r e d  m a r -  
t ens i t e  e m b r i t t l e m e n t  (TME). Note, however ,  that  the 
e m b r i t t l e m e n t  in the quenched and t e m p e r e d  s t e e l  r e -  
su l t s  in only a s m a l l  d rop  in toughness  (~5 M P a ~ ) .  
T e m p e r i n g  at  t e m p e r a t u r e s  above 400~ l e a d s  to a 
s ign i f i can t  i n e r e a s e  in toughness  a s  the s t r e n g t h  of 
the s t e e l  d r o p s .  The v a r i a t i o n  of f r a c t u r e  mode  with 
t e m p e r i n g  t e m p e r a t u r e  is  shown in Fig .  5. As -quenched  
s t r u c t u r e s  f a i l ed  by a m i x t u r e  of duc t i l e  r u p t u r e  (mi -  
c rovo id  c o a l e s c e n c e ) ,  i n t e r g r a n u l a r  and t r a n s g r a n u l a r  
c l eavage  (Fig.  5(a)). S t r u c t u r e s  t e m p e r e d  at  300~ 
(the ' t op '  of the TME trough) ,  and at 400~ (the ' b o t -  
t om '  of the TME trough) fa i l ed  by duc t i l e  r u p t u r e  
(Fig.  5(b) and (c)), with s o m e  ev idence  of t r a n s g r a n u l a r  
c l eavage  at  400~ F a i l u r e  in s t r u c t u r e s  t e m p e r e d  at  
650~ was by  100 pe t  duc t i l e  r u p t u r e  (Fig.  5(d)). 

The m i c r o s t r u e t u r e  of o i l -quenehed  300-M, shown 
in Fig .  6 for  the  a s - q u e n c h e d  condi t ion,  was a m a r -  
t ens i t i c  la th  s t r u c t u r e ,  with s o m e  twinning,  and con-  
ta ined  ev idence  of a l m o s t  cont inuous thin f i l m s  (100 
to 200.~ thick)  of r e t a i n e d  aus t en i t e  su r round ing  the 

la ths .  The ha rden ing  c a r b i d e  was ident i f ied  as  e - c a r -  
b ide  at  the 300~ condit ion,  and cemen t i t e  at  t e m p e r i n g  
condi t ions  above  400~ The s t ab i l i t y  of the r e t a i n e d  
aus t en i t e  was found to be a s t r o n g  function of t h e r m a l  
h i s t o r y  and loading condi t ions  (Fig.  7). Shown in th is  
f igure  i s  the v a r i a t i o n  with t e m p e r i n g  t e m p e r a t u r e  of 
the vo lume f r a c t i o n  of r e t a i n e d  aus ten i t e ,  m e a s u r e d  
using magne t i c  s a t u r a t i o n  techniques ,*  i) in the un-  

*Initial volume fractions of austenite were verified using X-ray techniques, a7 

s t r e s s e d  m i c r o s t r u c t u r e ,  i i )  a f t e r  0.2 pc t  ( s t r a i n  ( i . e . ,  
at y ie ld) ,  and i i i )  a f t e r  2 pc t  s t r a i n .  It is  i m p o r t a n t  at  
th is  s t age  to d i s t i ngu i sh  be tween  the v a r i a t i o n  of the 
p e r c e n t a g e  of a u s t e n i t e  in u n s t r e s s e d  (p r io r  to loading)  
s t r u c t u r e s ,  which r e p r e s e n t s  the " t h e r m a l  s t a b i l i t y "  
of r e t a i n e d  aus t en i t e  with r e s p e c t  to t e m p e r i n g  t e m -  
p e r a t u r e ,  and the v a r i a t i o n  of aus t en i t e  p e r c e n t a g e  
a f t e r  s t r a i n ,  which r e p r e s e n t s  the " m e c h a n i c a l  s t a -  
b i l i t y  "" of r e t a i n e d  aus ten i te*  with r e s p e c t  to t e m p e r i n g  

*Mechanical stability as used refers to austenite stability to post-transformation 
deformation as opposed to stabilization by transformation stresses. 

t e m p e r a t u r e .  C o n s i d e r i n g  f i r s t  t h e r m a l  s t ab i l i t y ,  i t  i s  
a p p a r e n t  that  a p p r o x i m a t e l y  6 pc t  is  r e t a i n e d  a f t e r  oi l  
quenching,  4 pc t  of which r e m a i n  s t ab l e  with t e m p e r i n g  
up to t e m p e r a t u r e s  of 400~ Above 470~ d e c o m p o s i -  
t ion of a u s t e n i t e  dur ing  t e m p e r i n g  is  e s s e n t i a l l y  corn-  
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cu r s  now at a round  470~ i s  s t r i k i n g l y  l a r g e r ,  i . e . ,  a 
toughness  d rop  of be tween 35 to 45 M P a 4 - ~  for  these  
condi t ions  c o m p a r e d  with the 5 MPa4-m toughness  
d rop  in the o i l -quenched  s t r u c t u r e s  (Fig.  3). Charpy  
V-notch  ene rgy  c u r v e s  r e v e a l e d  iden t i ca l  t r e a d s .  13 
F r a c t u r e  m e c h a n i s m s  were  s i m i l a r  for  the 300-M-AC 
and 300-M-ISO t r e a t m e n t s .  S t r u c t u r e s  t e m p e r e d  at  
300~ (the ' top '  of the TME trough)  fa i led  by duc t i l e  
r u p t u r e ,  w h e r e a s  at  470~ (the ' b o t t o m '  of the TME 
t rough)  f a i l u r e  o c c u r r e d  by a lath boundary  c l eavage  
s e p a r a t i o n  m e c h a n i s m  (Fig.  10). Note the absence  of 
i n t e r g r a n u l a r  f r a c t u r e  a s s o c i a t e d  with TME, as  was 
the ca se  for  o i l -quenched  s t r u c t u r e s .  

The m i c r o s t r u c t u r e s  of the 300-M-AC and 300-M-ISO 
s t r u c t u r e s  w e r e  a l so  ve ry  s i m i l a r ,  but  s ign i f i can t ly  
d i f f e ren t  f rom o i l -quenched  m a t e r i a l .  Shown in F ig .  11 
a r e  b r i gh t  and d a r k  f ie ld e l e c t r o n  m i c r o g r a p h s  of the 
300-M-AC condi t ion,  a f t e r  t e m p e r i n g  at  300~ which 
ind ica te  a p r i m a r i l y  ba in i t i c  s t r u c t u r e  conta ining a 
l a r g e  f r a c t i o n  of th ick  (~500/~) i n t e r t a th  f i l m s  of r e -  
ta ined  aus ten i t e .  The p r i n c i p a l  ha rden ing  c a r b i d e  for  
both t r e a t m e n t s  was iden t i f i ed  as  ~ - c a r b i d e  a f t e r  t e m -  
pe r ing  at  300~ and cemen t i t e  a t  470~ The t h e r m a l  
and m e c h a n i c a l  s t ab i l i t y  of the aus t en i t e  with r e s p e c t  
to t e m p e r i n g  t e m p e r a t u r e  i s  shown in F i g s .  12 and 13 
for  the 300-M-AC and 300-M-ISO t r e a t m e n t s ,  r e s p e c -  
t ive ly .  It i s  c l e a r  that  the vo lume f r ac t ion  of r e t a i n e d  
aus t en i t e  (before  de fo rma t ion )  in t hese  s t r u c t u r e s  i s  
s ign i f i can t ly  g r e a t e r  than in o i l  quenched s t r u c t u r e s  
( see  Fig .  7), 13 to 16 pc t  r e m a i n i n g  s t ab le  up to t e m -  
p e r i n g  t e m p e r a t u r e s  of 425~ Above this  t e m p e r a t u r e ,  
in i t i a l  aus t en i t e  l e v e l s  d e c r e a s e  qui te  r a p i d l y  as  d e -  
compos i t ion  o c c u r s  dur ing  t e m p e r i n g  at  the h igher  
t e m p e r a t u r e s .  The m e c h a n i c a l  s t ab i l i t y  of the a u s -  

Fig. 6-Transmission electron microscopy of 300-M, direct 
oil-quenched from 870~ showing retained austenite films 
surrounding martensite laths: (a) bright field image and; (b) 
dark field image of austenite reflection, showing contrast 
reversal .  

p le te .  The  m e c h a n i c a l  s t ab i l i t y  of the aus ten i t e ,  s een  
by compar ing  u n s t r e s s e d  l eve l s  with those  a f t e r  0.2 
and 2.0 pc t  s t r a i n ,  i s  somewha t  d i f fe ren t .  It is  c l e a r  
that  aus t en i t e  p r e s e n t  in the u n t e m p e r e d  s t r u c t u r e  i s  
e x t r e m e l y  uns tab le ,  s i n c e  a l l  but 1 pc t  of the o r i g i n a l  
r e t a i n e d  aus t en i t e  has  t r a n s f o r m e d  by y ie ld  (0.2 pc t  
s t r a in ) .  Mechan ica l  s t ab i l i t y  is  l a r g e s t  for  t e m p e r i n g  
t e m p e r a t u r e s  a round  300 to 350~ but  the r e t a i n e d  
aus t en i t e  b e c o m e s  m e c h a n i c a l l y  d e s t a b i l i z e d  aga in  at  
400~ which c o r r e s p o n d s  to the t e m p e r i n g  t e m p e r a -  
t u r e  w h e r e  TME o c c u r s .  

B) 300-M S t e e l - A i r  Cool ing (300-M-AC)  and 
I s o t h e r m a l  (300-M-ISO) T r e a t m e n t s  

The v a r i a t i o n s  in f r a c t u r e  toughness  with t e m p e r i n g  
t e m p e r a t u r e  for  the 300 -M-AC and 300-M-ISO t r e a t -  
men t s  a r e  shown in F i g s .  8 and 9, ind ica t ing  s i m i l a r  
t r ends  to that  exhib i ted  for  the o i l -quenched  t r e a t m e n t  
(300-M-QT)  as  shown in Fig .  3. The peak  toughness  
va lues  a r e  again  ach ieved  a f t e r  t e m p e r i n g  at  300~ 
but a r e  s ign i f i can t ly  h igher  ( K l c  ~ 90 MPaV-m) con-  
s i s t e n t  with the fact  that  the a i r - c o o l e d  and i s o t h e r -  
m a l l y - t r a n s f o r m e d  s t r u c t u r e s  a r e  of lower  s t r eng th .  
However ,  the  m o s t  s ign i f i can t  d i f f e r ence  i s  that  the 
t e m p e r e d  m a r t e n s i t e  e m b r i t t l e m e n t  t rough,  which oc -  

Fig. 7-Variation of percentage of retained austenite, measured 
by magnetic saturation, with tempering temperatures for oiL- 
quenched, 300-M steel. Plotted are  initial (unstressed) level 
and amounts untransformed at 0.2 pct strain ( i . e . ,  at yield) 
and at 2.0 pct strain. 
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teni te  with r e spec t  to t emper ing  t e m p e r a t u r e  is s i m i -  
lar  for both 300-M-AC and 300-M-ISO t r ea tm e n t s ,  and 
follows the s a m e  t rend  shown by o i l -quenched  s t r u c -  
tu res  (Fig. 7). In the un tempered  s ta te ,  r e ta ined  aus -  

teni te  is  again uns table  mechan ica l ly  (all  15 pct is  
t r a n s f o r me d  by 2 pct s t r a i n  in the 300-M-ISO condi-  
tion), whereas  after  t emper ing  at 300~ it becomes  
very  s table.  Marked mechan ica l  des tab i l i za t ion  can 
be seen to occur  at t emper ing  t e m p e r a t u r e s  above 
425~ t e m p e r a t u r e s  which a r e  assoc ia ted  with the 
onset  of t empered  m a r t e n s i t e  e m b r i t t l e m e n t  (Figs.  8 
and 9). Thus,  it is  apparen t  for 300-M s tee l  that the 
seve r i ty  of TME is d i rec t ly  re la ted  to the volume f r a c -  
tion of re ta ined  ans teni te ,  and that onse t  of the e m b r i t -  
t l ement  coincides  with the t emper ing  t e m p e r a t u r e  at 
which aus ten i te  becomes  mechan ica l ly  uns tab le  with 
r e spec t  to deformat ion .  

C) AISI 4340 S tee l -Oi l -Quenched  (4340-QT) and 
Ai r -Cool ing  (4340-AC) T r e a t m e n t s  

As a consequence  of lower s i l i con  content ,  the c h a r -  
a c t e r i s t i c s  of h e a t - t r e a t e d  4340 s tee l  a r e  somewhat  
di f ferent  f rom 300-M. In addit ion to exhibit ing lower 
s t rength  levels ,  the va r i a t ion  of toughness  in 4340 with 
t emper ing  t e m p e r a t u r e ,  shown in Fig.  14 for the o i l -  
quenched (4340-QT) condit ion and in Fig.  15 for the 
a i r - coo led  (4340-AC) condit ion,  has the s ame  gene ra l  
t rend as that shown by 300-M. The t e m p e r a t u r e  depen-  
dence of the behavior ,  however,  has shifted. This  is  a 
consequence  of the ro le  of s i l i con  27 in 300-M, which 

Fig. 8-Effect of tempering temperature on the room temper- 
ature plane strain fracture toughness of 300-M steel, a i r -  
cooled (50 mm thick plate). 

Fig. 9-Effect of tempering temperature on the room temper- 
ature plane strain fracture toughness of 300-M steel, iso- 
thermally held at 250~ 1 h. 

Fig. 10-Mechanisms of failure in 300-M, isothermally-held 
and (a) tempered at 300~ showing ductile rupture and (b) 
tempered at 470~ displaying interlath cleavage. 

METALLURGICAL TRANSACTIONS A VOLUME 9A, AUGUST 1978-1045 



aus ten i te  a r e  s ign i f ican t ly  l e s s  than in 300-M (maxi -  
mum volume f rac t ion  of 6 pct), and slow cooling a f te r  
aus ten i t iz ing  (i.e., with the 4340-AC t r e a t m e n t ) d o e s  
not y ie ld  i n c r e a s e d  vo lume f rac t ions  as was the case  
for 300-M. The aus ten i te  is  r easonab ly  s tab le  to t h e r -  
maI  decompos i t ion  up to t e m p e r i n g  t e m p e r a t u r e s  of 
200~ whereupon i ts  t h e r m a l  and m echan i ca l  s tabi l i ty  
d e c r e a s e s  rapidly .  Desp i t e  the shift  to lower  t emper ing  
t e m p e r a t u r e s  caused by the lower  s i l i con  content c o m -  
pa red  to 300-M, the s m a l l  magni tude of the TME 
trough is  cons i s t en t  with the s m a l l e r  o v e r a l l  l eve l s  of 
r e t a ined  aus ten i te ,  and the t e m p e r i n g  t e m p e r a t u r e  for  
the onset  of TME again coinc ides  with des tab i l i za t ion  
of the aus teni te .  

Fig. l l -Transmiss ion  electron microscopy of 300-M, air-  
cooled and tempered at 300*C, showing retained austenite 
films on bainitic-martensitic matrix: (a) bright field image; 
and (b) dark field image of austenite reflection reversing 
contrast. 

r e t a r d s  the fo rma t ion  of cemen t i t e  and extends the 
t e m p e r a t u r e  at which z - c a r b i d e  ex i s t s .  Accord ing ly ,  
peak s t r eng th  and toughness  in 4340 a r e  ach ieved  a f te r  
t e m p e r i n g  at 200~ ins tead  of at 300~ in 300-M, and 
the TME trough,  which can be seen  to be p a r t i c u l a r l y  
sma l l ,  i s  s i m i l a r l y  d i sp laced  to lower  t e m p e r i n g  t e m -  
p e r a t u r e s  around 275~ Charpy V-notch  energy  m e a -  
s u r e m e n t s  r e v e a l e d  iden t ica l  t rends .  *a 

The f r a c t u r e  m e c h a n i s m s  of s t r u c t u r e s  t e m p e r e d  at 
200~ and 275~ (the ' top '  and ' bo t tom '  of the TME 
trough, r e s p e c t i v e l y ) ,  a r e  shown in Fig.  16 for  the 
4340-AC s t r u c t u r e .  At 200~ f a i l u r e  o c c u r s  by duct i le  
rup tu re  with i so la t ed  c l eavage  face t s  (Fig.  16(a)), w h e r e -  
as  at 275~ the e m b r i t t l e d  s t r u c t u r e  fa i l s  by a fully 
t r a n s g r a n u l a r  c l eavage  m e c h a n i s m  (Fig. 16(b)); no 
ev idence  of i n t e r g r a n u l a r  c rack ing  was again detec ted .  

Analys i s  of the m i c r o s t r u c t r e s  in 4340-QT showed 
that, as  with 300-M s tee l ,  the hardening  ca rb ide  at 
peak s t r eng th  and toughness  (i.e., af te r  200~ t em pe r )  
was c - c a r b i d e ,  w h e r e a s  in the TME t rough (i.e., af te r  
t e m p e r i n g  at 275~ c e m e n t i t e  was detected.  Thin 
in t e r l a th  f i lms  of r e t a ined  aus ten i te  w e r e  p r e s e n t  
within a la th m a r t e n s i t i c  s t r uc tu r e .  49 

The t h e r m a l  and mechan i ca l  s tab i l i ty  of r e t a ined  
aus ten i te  with r e s p e c t  to t e m p e r i n g  t e m p e r a t u r e  is 
shown in F igs .  17 and 18 for  the 4340-QT and 4340-AC 
t r e a t m e n t s ,  r e s p e c t i v e l y .  C l e a r l y  o v e r a l l  l eve l s  of 

Fig. 12-Variation of percentage of retained austenite, mea- 
sured by magnetic saturation, with tempering temperature 
for 300-M, air-cooled. (Unstressed. 0.2 pct strain, 2 pct 
strain levels shown.) 

Table II. Summary of Tempered Mertensite Embrittlement Phenomena 

Tempering 
Tempering Maximum Regime for 

Steel and Regime for Toughness Austenite Austenite 
Treatment Embrittlement Drop, MPa-v/-m Destabilization Level, Pet 

300-M ~400oc 5 >~400~ 5 
Oil quenched 

300-M 
Isothermally ~425~ 30 ~>400~ 12 
held at 250~ 

300-M 
50 mm, air ~450~ 40 ~>425~ 14 

cooled 
300-M 

100 mm, air ~450~ 70 ~>425~ 25 
cooled 
4340 ..~275OC 5 ~>250~ 5 

Oil quenched 
4340 

25 ram, air ~275~ 5 ~>275~ 4 
cooled 
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DISCUSSION 

A s  d e s c r i b e d  in  the  I n t r o d u c t i o n  to t h i s  p a p e r ,  t he  
c u r r e n t l y  h e l d  v i e w s  o n  t e m p e r e d  m a r t e n s i t e  e m b r i t -  
t l e m e n t  a r e  t h a t  t he  e m b r i t t l e m e n t  i s  a s s o c i a t e d  w i t h  
the  p r e c i p i t a t i o n  of c e m e n t i t e  ~'s'ls-== a n d / o r  t h e  s e g r e -  
g a t i o n  of r e s i d u a l  i m p u r i t y  e l e m e n t s ,  ~,~~ and  t h a t  t h e  
o r i g i n a l  e x p l a n a t i o n s  b a s e d  on  t he  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  h a v e  b e e n  l a r g e l y  d i s c o u n t e d  ~'~='~~ 
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Fig. 13-Var ia t ion  of percen tage  of r e t a ined  austeni te ,  with 
t emper ing  t e m p e r a t u r e  for 300-M, i so the rma l ly -he ld  at  
250~ 1 h. (Uns t ressed ,  0.2 pct s t ra in ,  2.0 pct s t r a i n  levels  
shown. ) 
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a tu re  plane s t r a i n  f r ac tu re  toughness  of 4340 steel ,  oil 
quenched. 
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Fig. 15-Effect  of t emper ing  t e m p e r a t u r e  on the room t e m p e r -  
a tu re  plane s t r a i n  f r ac tu r e  toughness  of 4340 steel ,  a i r  cooled 
(25 mm thick section).  

or  forgot ten .  However ,  it  i s  qui te  c l e a r  f r o m  the p r e s -  
ent s tudy that,  depending on the t h e r m a l  and m e c h a n i -  
cal  s t ab i l i t y  of the aus t en i t e  with r e s p e c t  to t e m p e r i n g  
t e m p e r a t u r e  in 4340- type  s t e e l s ,  the p r e s e n c e  of r e -  
ta ined  aus t en i t e  can p lay  a m a j o r  r o l e  in the onse t  and 
s e v e r i t y  of the e m b r i t t l e m e n t  (Table  1]). F o r  each 
h e a t - t r e a t m e n t  schedule  i nves t i ga t ed  in both s t e e l s ,  
the onse t  of TME co inc ides  d i r e c t l y  with the r a n g e  of 
t e m p e r i n g  t e m p e r a t u r e  at which r e t a i n e d  aus t en i t e  b e -  
c o m e s  m e c h a n i c a l l y  uns tab le  with r e s p e c t  to d e f o r m a -  
tion. Changing the s i l i con  content  of the s t ee l ,  which 
changes  the k ine t i c s  of c a r b i d e  p r e c i p i t a t i o n ,  has  no 
effect  on th is  c o r r e l a t i o n ;  the TME t rough s t i l l  o c c u r s  
over  the t e m p e r i n g  t e m p e r a t u r e  r a n g e  w h e r e  aus t en i t e  
b e c o m e s  uns tab le .  F u r t h e r m o r e ,  the magni tude  of the 
e m b r i t t l e m e n t ,  in t e r m s  of the~ s i z e  of the d e c r e a s e  in 
Kic, is  d i r e c t l y  p r o p o r t i o n a l  to the amount  of r e t a i n e d  
aus t en i t e  p r e s e n t .  Thus,  a i r - c o o l e d  and i s o t h e r m a l l y -  
t r a n s f o r m e d  s t r u c t u r e s ,  with t he i r  h igher  vo lume 
f r a c t i o n s  of r e t a i n e d  aus ten i t e ,  show s ign i f i can t ly  
l a r g e r  TME t roughs  than o i l -quenched  s t r u c t u r e s ,  
despite the fact  that  such  s t r u c t u r e s  a r e  of lower  
s t r e n g t h  (Fig .  2). To t e s t  th is  f u r t h e r ,  s p e c i m e n s  of 
300-M were  v e r y  s lowly  cont inuous ly  cooled  to s i m u -  
la te  the a i r  cool ing of a 100 m m  thick p l a t e ,  whe re  ex-  
t r e m e l y  high l eve l s  of aus t en i t e  (~25 pct)  a r e  r e t a ined .  13 
The r e s u l t i n g  v a r i a t i o n  in Kic with t e m p e r i n g  t e m p e r a -  
tu re  (Fig .  19) i nd i ca t e s  a m a s s i v e  TME trough,  whe re  
Kic d e c r e a s e s  f rom 110 MPa./-m at the ' t op '  of the 
t rough (300~ t e m p e r )  to a m e r e  40 MPa~r-m at the 
' b o t t o m '  (450~ t e m p e r ) .  The onse t  of this  70 MPa~rm 
d e c r e a s e  in toughness  once aga in  was found to co in -  
c ide  with the t e m p e r i n g  t e m p e r a t u r e  r ange  w h e r e  r e -  
ta ined aus t en i t e  b e c o m e s  m e c h a n i c a l l y  uns tab le ,  and 
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aga in  no e v i d e n c e  of i n t e r g r a n u l a r  f a i l u r e  would  be  
d e t e c t e d  in e m b r i t t l e d  s a m p l e s .  13 C l e a r l y ,  m e c h a n i c a l l y  
d e s t a b i l i z e d  r e t a i n e d  a u s t e n i t e  cannot  be  d i s m i s s e d  as  
one  of the  r o o t  c a u s e s  of  T M E ,  and fo r  4 3 4 0 - t y p e  s t e e l s ,  
the  e x p l a n a t i o n  b a s e d  on r e t a i n e d  a u s t e n i t e  m u s t  be  
r e e v a l u a t e d .  

E a r l y  i n v e s t i g a t i o n s  7'x2 d i s c o u n t e d  the r o l e  of r e -  
t a ined  a u s t e n i t e  on T M E  b e c a u s e  i) r e f r i g e r a t i o n  
t r e a t m e n t s  a f t e r  a u s t e n i t i z i n g  did not  r e m o v e  the  
e m b r i t t l e m e n t ,  and if) the  i n t e r g r a n u l a r  c h a r a c t e r  of 
e m b r i t t l e d  f r a c t u r e  s u r f a c e s  s e e n  in low a l loy  c a r b o n  

Fig. 16-Mechanism of fai lure in 4340, air  cooled (a) tempered 
at 200~ displaying ductile rupture, and (b) tempered at 275~ 
displaying t ransgranular  cleavage. 

Fig. 18-Variation of percentage of retained austenite with 
tempering tempera ture  for 4340 steel,  a i r  cooled (unstressed, 
0.2 pct strain, 2.0 pet s t ra in  levels  shown). 

Fig. 17-Variation of percentage of retained austenite with 
temper ing tempera ture  for oil-quenched 4340 s tee l  (unstressed, 
0.2 pet strain,  2.0 pet s t rain levels shown). 

Fig. 19-Effect of tempering tempera ture  on the plane s t ra in  
f racture  toughness for 300-M steel,  a i r -cooled  to represen t  
100 mm thick plate. (Note the 70 MPa~m drop in toughness 
after  tempering at 450~ 
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Fig. 2 0 - T r a n s m i s s i o n  e l ec t ron  mic roscopy  of 300-M s tee l  oil quenched and t empered  at 400~ (a) Br ight  field image revea l ing  
m a r t e n s i t i c  lath s t ruc tu re ,  (b) da rk  field image of (200).~ r e v e r s e s  c o n t r a s t  of aus teni te ,  (c) da rk  field image of (102) cement i t e  
ref lec t ion  r e v e r s e s  contr_as_t of discont inuous ca rb ide  fiIrn at  lath boundary,  (d) d i f f ract ion pa t te rn  of [11t~11[010] Fe3C I1[011]~ 
zones.  A is (200if, B is (102)Fe3C. 
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s tee l s  could not be d i rec t ly  l inked to the p r e sence  of 
aus ten i te .  However,  r e f r i g e r a t i o n  p rocedu re s  xz (and, 
inc identa l ly ,  the c o m m e r c i a l l y - u s e d  p rocedure  of 
double t empe r ing  .3) a re  only pa r t i a l ly  success fu l  in 
r emov ing  aus ten i te  in low alloyed s tee ls .*  F u r t h e r -  

*These added procedures reduce the austenite level approximately 2 to 4 pet. 

more ,  it has been c lea r ly  demons t r a t ed  in the p r e s e n t  
inves t iga t ion  and o thers  T M  that i n t e r g r a n u l a r  f r a c t u r e  
is not n e c e s s a r i l y  a c h a r a c t e r i s t i c  of TME, p a r t i c u -  
l a r ly  in these c o m m e r c i a l l y  impor tan t  s tee l s .  In the 
p r e s e n t  study, the l a rge s t  e m b r i t t l e m e n t  t roughs in 
s t r u c t u r e s  containing s ign i f ican t  p ropor t ions  of i n t e r -  
l a th  aus ten i te  (300-M-AC and 300-M-ISO), were  a s -  
socia ted with an in te r l a th  c leavage m e c h a n i s m  of 
fa i lu re  (Fig. 10(b)), whereas  the s m a l l e r  TME troughs,  
in s t r u c t u r e s  with low aus ten i te  content  (300-M-QT, 
4340-QT and 4340-AC) were  assoc ia ted  with t r a n s -  
g r anu l a r  c leavage (Fig. 16(b))or mixed c l e a v a g e / m i -  
crovoid coa lescence  (Fig. 5(c)) fa i lu res .  The fact that 
no i n t e r g r a n u l a r  f r ac tu r e  was evident  in embr i t t l ed  
s amples  in the p r e sen t  s t ee l s  is not to d iscount  the 
ro le  of i m p u r i t i e s  on TME, s ince  c o a r s e r  g ra ined  
s t r u c t u r e s  may well  give r i s e  to some i n t e r g r a n u l a r  
fa i lure ,  32 but m e r e l y  s e r v e s  to emphas ize  that impur i ty  
effects a re  not n e c e s s a r i l y  a dominant  cause of TME. 

Fig. 21-Transmission electron microscopy of 300-M steel, 
air cooled and tempered at 470~ (a) Bright field image of 
bainitic-martensite matrix containing retained austenite and 
cementite. (b) Dark field image of (200)/ reflection reversing 
contrast of austenite. 

The other  impor t an t  fea ture  of TME apparent  f rom 
the p r e s e n t  work was that, for a l l  t r e a t m e n t s  studied,  
E-carb ide ,  identif ied as the hardening  carb ide  at peak 
s t reng th  (and c o n c u r r e n t  peak toughness) ,  was rep laced  
by cement i t e  in the e m b r i t t l e m e n t  range.  F u r t h e r m o r e ,  
t r a n s m i s s i o n  e lec t ron  mic roscopy  of embr i t t l ed  s t r u c -  
tu res  (Fig. 20) revea led  that the cement i te  had p r e c i p -  
i tated as d iscont inuous  in te r l a th  f i lms  (Fig. 20(c)). 
Other authors  have a t t r ibuted  the TME trough d i rec t ly  
to in te r la th  cement i te  prec ip i ta t ion .  Thus,  it  is  appa r -  
ent that the onset  of TME coincides  both with mechani- 
cal des tab i l i za t ion  of in te r l a th  f i lms  of aus teni te ,  and 
the r e p l a c e me n t  of c - c a r b i d e  by p rec ip i t a t ion  of i n t e r -  
lath cement i te .  These  two phenomena a r e  c lea r ly  
linked, s ince  the carb ide  is  p rec ip i t a t ing  in the s ame  
locat ion as  f i lms  of high carbon  aus teni te .  This  is 
shown in Fig. 20 where  dark  field imaging of the lath 
s t r u c t u r e  in embr i t t l ed  300-M-QT (i.e., t empered  at 
400~ ve r i f i e s  the simultaneous pre sence  of aus ten i te  
and cement i t e  on in te r l a th  boundar ies .  It is ,  therefore ,  
cons idered  that the sequence  of TME is as follows. 
Austeni te  is r e ta ined  as in te r l a th  f i lms  in a s -coo led  
s t r u c t u r e s  (e.g., Figu re  7) due to mechan ica l  s t ab i l i -  
zat ion and t he r ma l  s t ab i l i za t ion  f rom sl ight  pa r t i t i on -  
ing of carbon  dur ing  aus ten i t i z ing  in o i l -quenched  
s t r u c t u r e s ,  or  is r e t a ined  in l a r g e r  p ropor t ions  due 
to s igni f icant  carbon  par t i t ion ing  dur ing  a i r - coo l i ng  
or  i s o t h e r m a l  holding in s low-cooled  s t r u c t u r e s .  This 
high carbon aus ten i te  on lath boundar ies  can then act 
as a p r i m a r y  source  for the p rec ip i t a t ion  and growth 
of e mbr i t t l i ng  ca rb ide  f i lms  at a u s t e n i t e - m a r t e n s i t e  
lath in te r faces .*  Once the carb ide  fo rms ,  the aus -  

*It has been recently shown s~ that cementite is precipitated directly from 
austenite in silicon-containing bainitic steels. 

teni te  becomes  depleted in carbon,  and accordingly  
becomes  mechan ica l ly  uns table .  Table  HI l i s t s  the 
aus ten i te  la t t ice  p a r a m e t e r  (a o) for 300-M-AC in dif-  
fe ren t  t emper  condit ions.  After  t emper ing  at 470~ 
the aus ten i te  has exper ienced  a d e c r e a s e  in a 0 con- 
s i s t en t  with carbon deplet ion.  On deformat ion ,  the 
uns tab le  aus ten i te  t r a n s f o r m s  to leave an embr i t t l i ng  
f i lm of un tempered  m a r t e n s i t e  on lath boundar ies ,  in 
the s ame  locat ion as the embr i t t l i ng  cement i t e  p r e c i p i -  
tates.  It is not poss ib le  f rom the p r e se n t  study to d i s -  
cuss  the r e l a t ive  cont r ibu t ions  to the s eve r i t y  of TME 
f rom these  two embr i t t l i ng  effects. However,  we would 
postula te  that in  s t r u c t u r e s  containing sma l l  volume 
f rac t ions  of r e t a ined  aus teni te ,  such as 300-M-QT,  
4340-QT, and 4340-AC, the embr i t t l i ng  effect of the 
in te r l a th  ca rb ides  is  dominant .  This  is  cons i s ten t  
with the f r ac tu r e  mode obse rved  in embr i t t l ed  s amples  
of these s t r u c t u r e s  which is  p r i m a r i l y  t r a n s g r a n u l a r  
cleavage (Fig. 16), p r e s u m a b l y  in i t ia ted by the t ens i l e  
c rack ing  of g ra in  boundary  or in te r l a th  carb ides .  In 
s t r u c t u r e s  containing la rge  volume f rac t ions  of r e -  

Table III. Austenite Lattice Parameter for 300-M-AC After Tempering 

Tempering 
Treatment Austenite, Pet ao (311)3' ao (220) 3' 

300~ 13.2 3.627A 3.628A 
400~ 14.6 3.611A 3.616A 
470~ 3.2 3.598A 3.598A 
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ra ined aus ten i t e ,  however ,  such as  300-M-AC and 
300-M-ISO,  the f r a c t u r e  mode  in e m b r i t t l e d  s a m p l e s  
is  i n t e r l a t h  c leavage ,  which s u g g e s t s  that  the e m b r i t -  
f l ing ef fect  of the l a y e r  of m e c h a n i c a l l y - t r a n s f o r m e d  
aus t en i t e  ( i .e . ,  u n t e m p e r e d  m a r t e n s i t e )  i s  dominant ,  
cons i s t en t  with the m a r k e d l y  i n c r e a s e d  s e v e r i t y  of 
TME in t hese  s t r u c t u r e s .  Thus,  a m e c h a n i s m  is  p r o -  
posed  for  t e m p e r e d  m a r t e n s i t e  e m b r i t t l e m e n t  in u l t r a -  
high s t r e n g t h  s t e e l s  which r e l i e s  on i) the p r e c i p i t a t i o n  
and growth of e m b r i t t l i n g  cemen t i t e  f i l m s  on g r a i n  and 
i n t e r l a th  b o u n d a r i e s  and i i)  the c o n c u r r e n t  t h e r m a l  and 

a) TRANSGRANULAR CLEAVAGE 

c sltiiltl Oundary 

grain boundary 

b) INTERLATH CLEAVAGE 

mechanically unstable 
rlath austenite 

c) INTERGRANULAR CRACKING 

residual impurity elements 
from segregation to prior 
austenite grain boundaries 

. ing austenitization 

Fig. 22-Schematic diagrams of mechanisms of tempered 
martensite embrittlement showing resultant fracture modes 
due to: (a) eementite precipitation at lath and grain boundaries, 
(b) cementite precipitation and films of mechanically unstable 
retained austenite at lath boundaries, and (c) cementite pre- 
cipitation and residual impurity elements at prior austenite 
grain boundaries. Cases (a), (b) or (c) tested at a tempera-  
ture above the ductile to bri t t le  transition temperature may 
exhibit ductile rupture or mixed mode. 

m e c h a n i c a l  d e s t a b i l i z a t i o n  of ad j acen t  f i l m s  of r e t a i n e d  
aus t en i t e  (due to ca rbon  dep le t ion)  as  a consequence  of 
this  c a r b i d e  p r e c i p i t a t i o n ,  and i i i )  the e m b r i t t l i n g  ef fect  
of a consequent  l a y e r  of m e c h a n i c a l l y - t r a n s f o r m e d  
aus t en i t e  ( i n t e r l a th  u n t e m p e r e d  m a r t e n s i t e ) .  The r o l e  
of i m p u r i t e i s  is  not r u l e d  out as  a m e c h a n i s m  for TME, 
s ince  if the l eve l  of r e s i d u a l  ' t r a m p '  e l e m e n t s  i s  su f -  
f i c ien t ly  high, such  e l e m e n t s  may  be a l r e a d y  p r e s e n t  
in 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  due to s e g r e g a t i o n  
dur ing  aus t en i t i z a t i on  3e'47 p rov id ing  a l t e r n a t i v e  ' e a s y  
p a t h s '  for  f a i l u r e .  Sepa ra t i on  would p r e s u m a b l y  i n i t i -  
a te  at weakened  g r a i n  boundary  c a r b i d e / m a t r i x  i n t e r -  
f aces  leading  to i n t e r g r a n u t a r  f r a c t u r e s .  However ,  i t  
a p p e a r s  for  the p r e s e n t  s t r u c t u r e s  that  i m p u r i t y  e f -  
fec t s  a r e  of s e c o n d a r y  i m p o r t a n c e .  

T h o m a s  is has  r e c e n t l y  p r o p o s e d  that  the spec i f i c  
r o l e  of r e t a i n e d  aus t en i t e  on TME is  the thermal d e -  
s t a b i l i z a t i on  of aus t en i t e  at  the e m b r i t t l i n g  t e m p e r i n g  
t e m p e r a t u r e  r e s u l t i n g  in t h e r m a l  t r a n s f o r m a t i o n  to 
i n t e r l a t h  c a r b i d e .  Th i s ,  however ,  i s  only p a r t i a l l y  
c o r r e c t  s ince  u n t r a n s f o r m e d  aus t en i t e  i s  s t i l l  p r e s e n t  
in uns tressed  e m b r i t t l e d  s t r u c t u r e s  ( see  F i g s .  7, 12, 
13, 17 and 18). This  is  c l e a r l y  v e r i f i e d  in F ig .  21, 
which shows the p r e s e n c e  of r e t a i n e d  aus t en i t e  f i l m s  
in 300-M-AC t e m p e r e d  at 470~ (i.e., at  the ' bo t tom '  
of the TME t rough in Fig .  8). The i m p o r t a n t  fact  is  
that ,  al though a c e r t a i n  f r ac t i on  of the aus t en i t e  does  
t r a n s f o r m  t h e r m a l l y  dur ing  t e m p e r i n g  to fo rm i n t e r -  
la th ca rb ide ,  the l a r g e r  p r o p o r t i o n  r e m a i n s  t h e r m a l l y  
s t ab le ,  but m e c h a n i c a l l y  uns tab le ,  due to ca rbon  d e p l e -  
tion, and then t r a n s f o r m s  on subsequent  loading.  

In the context  of the p r e s e n t  work  and p r e v i o u s  r e -  
s e a r c h  on a wide r a n g e  of s t e e l s  1'a3'47'48 we a r e  now 
ab le  to p r o p o s e  m e c h a n i s m s  for  TME which account  
for  the o b s e r v e d  e m b r i t t l e m e n t  f r a c t u r e  m e c h a n i s m s ;  
namely ,  t r a n s g r a n u l a r  c l eavage ,  i n t e r l a t h  c leavage ,  
i n t e r g r a n u l a r  c rack ing ,  duc t i l e  rup tu re ,  o r  mixed  mode.  
These  a r e  s c h e m a t i c a l l y  i l l u s t r a t e d  in F ig .  22. It i s  
c l e a r  that  the e s s e n t i a l  f e a t u r e  of TME is  e m b r i t t l e -  
ment  f rom cemen t i t e  p r e c i p i t a t i o n  dur ing  t e mpe r ing .  
In high s t r eng th  s t e e l s ,  such as  4340, th is  o c c u r s  on 
g ra in  and lath b o u n d a r i e s ,  a ided by t h e r m a l  d e c o m p o -  
s i t ion  of i n t e r l a t h  f i l m s  of aus ten i t e .  In s t e e l s  whe re  
the l eve l  of i m p u r i t i e s  and r e t a i n e d  aus t en i t e  i s  s m a l l ,  
the dominan t  e m b r i t t l e m e n t  m e c h a n i s m  is  the t en s i l e  
f r a c t u r e  of such  c a r b i d e s  and the r e s u l t i n g  f r a c t u r e  
mode wil l  be t r a n s g r a n u l a r  c l eavage  (i.e., 4340-QT 
and 4340-AC).  However ,  the consequence  of i n t e r l a t h  
c a r b i d e  p r e c i p i t a t i o n  i s  m e c h a n i c a l  d e s t a b i l i z a t i o n  of 
the r e m a i n i n g  i n t e r l a t h  aus t en i t e ,  r e s u l t i n g  in l a r g e l y  
s t r e s s - a s s i s t e d  t r a n s f o r m a t i o n  to an i n t e r l a t h  l a y e r  of 
u n t e m p e r e d  m a r t e n s i t e .  Th is  p r o v i d e s  an i n c r e a s i n g l y  
m a j o r  con t r ibu t ion  to e m b r i t t l e m e n t  in m i c r o s t r u c t u r e s  
conta in ing l a r g e r  vo lume f r a c t i o n s  of aus ten i t e ,  r e s u l t -  
ing in an i n t e r l a t h  c l eavage  f r a c t u r e  mode (i.e., 
300-M-ISO and 300-M-AC) .  In s t e e l s  conta in ing suf -  
f ic ien t  r e s i d u a l  i m p u r i t y  content  (i.e., i m p u r i t y - d o p e d  
s t ee l s ) ,  o r  m i c r o s t r u c t u r e s  p a r t i c u l a r l y  s u s c e p t i b l e  to 
g r a i n  boundary  e m b r i t t l e m e n t  ( i .e . ,  c o a r s e - g r a i n e d  
s t r u c t u r e s ) ,  such i m p u r i t i e s ,  p a r t i c u l a r l y  P,  wi l l  tend 
to s e g r e g a t e  to 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  dur ing  
aus t en i t i za t ion .  32'47 In the e m b r i t t l e m e n t  r ange ,  the 
combina t ion  of c e m e n t i t e  p r e c i p i t a t e s  and i m p u r i t i e s  
in 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  wi l l  l ead  to the 
lowest  cohes ion  at  g r a i n  boundary  c a r b i d e / m a t r i x  
i n t e r f a c e s ,  r e s u l t i n g  in i n t e r g r a n u l a r  f r a c t u r e .  Should 
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the t e m p e r a t u r e  of t e s t ing  be above the d u c t i l e / b r i t t l e  
t r a n s i t i o n  t e m p e r a t u r e ,  mixed  mode o r  f i b rous  f r a c -  
t u r e s  m a y  r e s u l t  in the TME range .  Th i s  is  cons i s t en t  
with r e s u l t s  that  show, for  c e r t a i n  s t e e l s ,  no TME at 
ambien t  t e m p e r a t u r e ,  ye t  m a r k e d  e m b r i t t l e m e n t  at  
-196~ 47 and f r a c t o g r a p h i c  o b s e r v a t i o n s  in the e m -  
b r i t t l e m e n t  r a n g e  of mixed  f i b r o u s / i n t e r g r a n u l a r  f r a c -  
tu re  at  ambien t  t e m p e r a t u r e  and 100 pc t  i n t e r g r a n u l a r  
f r a c t u r e  at  -196~ 48 

It is  concluded that  TME in a given s t e e l  cannot  be 
g e n e r a l l y  a t t r i bu t ed  to a s ing le  m e c h a n i s m ,  and in 
many c a s e s  a l l  t h r e e  m e c h a n i s m s ;  namely  those  in-  
volving c a r b i d e  p r e c i p i t a t i o n ,  uns tab le  aus t en i t e  and 
i m p u r i t y  s e g r e g a t i o n ,  may  act  in concer t ,  the r e s u l t -  
ant  f r a c t u r e  mode m e r e l y  ind ica t ing  the weake s t  path.  
I t  i s  fel t ,  however ,  that  the p r e s e n t  work,  while  con-  
f i r m i n g  that  the e s s e n t i a l  f e a t u r e  of TME is  cemen t i t e  
p r e c i p i t a t i o n ,  c l e a r l y  documen t s  the fact  that  the p r e s -  
ence of i n t e r l a t h  f i lms  of r e t a i n e d  aus t en i t e  can m a r k -  
edly  af fec t  the s e v e r i t y  of th is  e m b r i t t l e m e n t .  

CONCLUDING REMARKS 

T h e r e  has  been  much d i s c u s s i o n  r e c e n t l y  on the 
bene f i c i a l  r o l e  of r e t a i n e d  aus t en i t e  on the toughness  
of a l loy  s t e e l s ,  such as  434018'4~ It is  a p p a r e n t  f rom 
the p r e s e n t  pape r ,  however ,  that  be fo re  such c l a i m s  
can be made ,  i t  is  e s s e n t i a l  to def ine  the s t ab i l i t y  of 
the aus t en i t e  both thermally and mechanically. With 
r e s p e c t  to TME,  t h e r m a l l y  uns tab le  i n t e r l a l h  aus ten i t e ,  
with r e s p e c t  to t e m p e r i n g  t e m p e r a t u r e ,  is  c l e a r l y  not 
benef i c i a l ,  s i nce  the t r a n s f o r m a t i o n  p roduc t  is  i n t e r -  
lath cemen t i t e ,  a s  s i m i l a r l y  p r o p o s e d  by Thomas .  ~8 
More  impor t an t l y ,  m e c h a n i c a l l y  uns tab le  aus ten i t e ,  in 
the p r e s e n t  s t e e l s , *  i s  a l so  c l e a r l y  not benef ic i a l ,  s i nce  

*Large increases in toughness in higher alloyed steels (i.e., 10 pct Cr-9 pct Ni-5 
pct Mo) of lower carbon content (0,2 pct) have been ascribed to the strain-induced 
transformation of mechanically unstable austenite, (the basis of "TRIP" Steels4S). 
The reasons for this marked difference in behavior compared to the present 4340- 
type steels are most likely related to i) the transformation product in the higher 
carbon 4340 steel will be a more brittle (higher carbon) martensite, and ii) the 
embrittling effect of mechanically unstable austenite in 4340 steels occurs after 
a principally stress-assisted transformation (i.e., a large proportion of the austenite 
has transformed before yield); and iii) the transformation in the 4340-type steels 
occurs in hardened, low-ductility matrix. 

the t r a n s f o r m a t i o n  p r o d u c t  i s  u n t e m p e r e d  m a r t e n s i t e  
which r e s u l t s  in m a s s i v e  e m b r i t t l e m e n t  t roughs  (Figs~ 
9, 10, and 19). Since r e t a i n e d  aus t en i t e  i s  s i m i l a r l y  
m e c h a n i c a l l y  uns t ab l e  in u n t e m p e r e d  s t r u c t u r e s ,  we 
would strongly question any claims 1s'41'42 of an increase 
in toughness due to the presence of retained austenite 
in as-quenched steels, without evidence of its mechan- 
ical stability. 

The question also arises whether stable retained 
austenite can be beneficial to toughness.* Several 

* Related work on the influence of  mechanically stable retained austenite on 
other properties suggest that the presence of a continuous interlath network of 
this phase in bainitic/martensitic structures in 300-M can significantly improve 
resistance to stress-corrosion cracking when compared to quenched and tempered 
structures, containing no austenite, at equivalent strength, 39 and marginally im- 
prove resistance to very low growth rate, near-threshold, fatigue crack propagation 
when compared at equivalent cyclic strength. 46 

au thors  ~s'41-44 have c l a i m e d  this  to be so,  but c o m -  
p a r i s o n s  w e r e  made  at d i f f e r en t  s t r e n g t h  l eve l s ,  ~s''~ 
be tween  two d i f fe ren t  s t e e l s ,  '8 in u n t e m p e r e d  s t e e l s ,  ~8'42 
and in s t r u c t u r e s  where  o the r  m i c r o s t r u c t u r a l  changes  
w e r e  not def ined.  44 F u r t h e r m o r e ,  in no c a s e s  we re  the 
t h e r m a l  and m e c h a n i c a l  s t a b i l i t i e s  of the aus t en i t e  un-  
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ambiguous ly  documented .  In the p r e s e n t  inves t iga t ion ,  
a i r - c o o l e d  o r  i s o t h e r m a l l y - t r a n s f o r m e d  300-M, a f t e r  
t e m p e r i n g  a t  300~ i s  subs t a n t i a l l y  tougher  than the 
c o r r e s p o n d i n g  o i l -quenched  s t r u c t u r e .  Be c a u se  these  
t r e a t m e n t s  lead  to l a r g e  vo lume f r ac t i ons  of r e t a i n e d  
aus t en i t e  and lower  s t r eng th ,  however ,  i t  can only be 
concluded that  the p r e s e n c e  of m e c h a n i c a l l y  s t ab le  
ans t en i t e  does  not appea r  to i m p a i r  p r o p e r t i e s .  The 
ev idence  to f u r t he r  sugges t  that  the p r e s e n c e  of r e -  
ta ined  aus t en i t e  l eads  d i r e c t l y  to toughness  i n c r e a s e s  
(without s t r e n g t h  loss )  i s  inconc lus ive .  

CONCLUSIONS 

B a s e d  on a s tudy of the phenomenon of t e m p e r e d  
m a r t e n s i t e  e m b r i t t l e m e n t  (TME) in c o m m e r c i a l  u l t r a -  
high s t r e n g t h  4340 and S i -mod i f i ed  4340 (300-M) a l loy  
s t e e l s  sub jec t  to quench and t e m p e r i n g ,  i s o t h e r m a l  
t r a n s f o r m a t i o n  and a i r - c o o l i n g  h e a t - t r e a t m e n t s ,  the 
fol lowing spec i f i c  conc lus ions  can be made :  

1) TME is  m a n i f e s t  as  a d e c r e a s e  in toughness ,  
m e a s u r e d  both in Kic and Charpy  V-no tch  impac t  
energy  data ,  a f t e r  t e m p e r i n g  at  a round  275~ in 4340 
and a round  400 to 4~0~ in 300-M. 

2) The e m b r i t t l e m e n t  is  c onc u r r e n t  with the r e p l a c e -  
ment  of c - c a r b i d e  by i n t e r l a l h  cemen t i t e  dur ing  t e m -  
pe r ing ,  and the m e c h a n i c a l  i n s t ab i l i t y  of i n t e r l a t h  f i l m s  
of aus t en i t e  (as a consequence  of th is  c a r b i d e  p r e c i p i -  
tat ion) dur ing  subsequent  loading.  

3) The d i s p l a c e m e n t  of TME to h igher  t e m p e r i n g  
t e m p e r a t u r e s  in 300-M, due to the i n c r e a s e d  s i l i con  
content ,  r e s u l t s  f r om the effect  of th is  e l e men t  enhanc-  
ing the s t ab i l i t y  of E -c a rb ide ,  r e t a r d i n g  the f o r m a t i o n  
and growth of c emen t i t e  and consequent ly  i n c r e a s i n g  
the t h e r m a l  and m e c h a n i c a l  s t ab i l i t y  of r e t a i n e d  a u s -  
t en i te  at h igher  t e m p e r i n g  t e m p e r a t u r e s .  

4) The s e v e r i t y  of TME is  d i r e c t l y  r e l a t e d  to the 
vo lume  f r ac t ion  of i n t e r l a th ,  r e t a i n e d  aus t en i t e  p r e s e n t .  
I s o t h e r m a l l y - t r a n s f o r m e d  and a i r - c o o l e d  300-M, con-  
ta ining g r e a t e r  than 12 pe t  r e t a i n e d  aus ten i t e ,  a r e  
t h e r e f o r e  s ign i f i can t ly  m o r e  s u s c e p t i b l e  to TME than 
s t r u c t u r e s  conta ining low volume f r a c t i o n s  of aus ten i t e .  

5) The m e c h a n i s m s  of f r a c t u r e  in e m b r i t t l e d  s t r u c -  
t u r e s  was found to be i n t e r l a th  c l eavage  in m i c r o s t r u c -  
t a r e s  conta ining l a r g e  p e r c e n t a g e s  of i n t e r l a t h  a u s -  
ten i te  (i.e~ which show s e v e r e  e m b r i t t l e m e n t ) ,  and 
t r a n s g r a n u l a r  c l eavage  or  mixed  c l e a v a g e / m i c r o v o i d  
c o a l e s c e n c e  in m i c r o s t r u c t u r e s  conta ining low p e r -  
cen tages  of ans ten i t e .  No ev idence  of i n t e r g r a n u l a r  
c r a c k i n g  was de tec t ed .  

6) A new m e c h a n i s m  of t e m p e r e d  m a r t e n s i t e  e m b r i t -  
t l emen t  i s  p r o p o s e d  involving i) p r e c i p i t a t i o n  of i n t e r -  
lath c e m e n t i t e  a ided  by p a r t i a l  t h e r m a l  de c ompos i t i on  
of i n t e r l a t h  f i l m s  of r e t a i n e d  aus ten i te ,  and i i )  s u b s e -  
quent d e f o r m a t i o n - i n d u c e d  t r a n s f o r m a t i o n  on loading 
of r e m a i n i n g  i n t e r l a t h  aus ten i t e ,  which has  become  
m e c h a n i c a l l y  uns t ab le  due to ca rbon  dep le t ion  a s  a 
consequence  of th is  c a r b i d e  p r e c i p i t a t i o n .  

In addi t ion,  the fol lowing g e n e r a l  conc lus ions  on the 
na tu re  of TME can be made:  

1) The e s s e n t i a l  f e a t u r e  of TME is  the p r e c i p i t a t i o n  
dur ing  t e m p e r i n g  of b r i t t l e  c emen t i t e  on g r a i n  and la th  
bounda r i e s .  Lath  bounda r i e s  may  a l so  contain  l a y e r s  
of m e c h a n i c a l l y - u n s t a b l e  aus ten i t e ,  as  a consequence  
of th is  c a r b i d e  p r e c i p i t a t i o n ,  w h e r e a s  g r a i n  b o u n d a r i e s  
may also contain residual impurity elements, as a con- 
sequence of segregation during austenitization. 
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2)  I n  s t e e l s  c o n t a i n i n g  l a r g e  v o l u m e  f r a c t i o n s  o f  
a u s t e n i t e ,  t h e  c o m b i n a t i o n  o f  c e m e n t i t e  p r e c i p i t a t e s  

a n d  m e c h a n i c a l l y  u n s t a b l e  a u s t e n i t e  o n  la th  b o u n d a r i e s  

l e a d s  to  f r a c t u r e  b y  i n t e r l a t h  c l e a v a g e  i n  t h e  e m b r i t -  
t l e m e n t  r a n g e ,  a n d  to  t h e  m o s t  s e v e r e  f o r m  o f  T M E .  

3) I n  s t e e l s  w h i c h  c o n t a i n  s i g n i f i c a n t  i m p u r i t y  l e v e l s  

o r  a r e  p a r t i c u l a r l y  s u s c e p t i b l e  to  i m p u r i t y - i n d u c e d  
e m b r i t t l e m e n t ,  t h e  c o m b i n a t i o n  o f  c e m e n t i t e  p r e c i p i -  

t a t e s  a n d  r e s i d u a l  i m p u r i t y  e l e m e n t s  o n  p r i o r  a n s -  

t e n i t e  g r a i n  b o u n d a r i e s  l e a d s  to f r a c t u r e  b y  i n t e r g r a n -  
u l a r  c r a c k i n g  i n  t h e  e m b r i t t l e m e n t  r a n g e .  

4 )  I n  s t e e l s  c o n t a i n i n g  s m a l l  l e v e l s  o f  a u s t e n i t e  a n d  
i m p u r i t i e s ,  t h e  t e n s i l e  c r a c k i n g  o f  b r i t t l e  c e m e n t i t e  

p r e c i p i t a t e s  o n  g r a i n  a n d  l a t h  b o u n d a r i e s  l e a d s  to  
f r a c t u r e  by  t r a n s g r a n u l a r  c l e a v a g e  i n  t h e  e m b r i t t l e -  
m e n t  r a n g e .  

5)  I n  s t e e l s  t e s t e d  a t  t e m p e r a t u r e s  g r e a t e r  t h a n  t h e  
d u c t i l e / b r i t t l e  t r a n s i t i o n  t e m p e r a t u r e ,  f r a c t u r e  i n  t h e  
e m b r i t t l e m e n t  r a n g e  m a y  a d d i t i o n a l l y  i n v o l v e  d u c t i l e  
r u p t u r e .  
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