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It has been repor ted  for a s -quenched  AISI 4340 s tee l  that high t e m p e r a t u r e  aus ten i t iz ing  
t r e a t m e n t s  at 1200~ ins tead  of convent ional  h e a t - t r e a t m e n t  at 870~ r e su l t  in a two- 
fold increase in f r ac tu re  toughness,  Ktc , but a dec~'ease in Charpy impact  energy.  This  
paper  seeks  to find an explanat ion for this  d i sc repancy  in Charpy and f r ac tu re  toughness 
data in t e r m s  of the di f ference between Kic and impact  t es t s .  It is shown that the ob- 
se rved  behavior  is independent  of shear  lip energy and s t r a in  ra te  effects,  but can be r a -  
t ional ized in  t e r m s  of the di f fer ing response  of the s t r uc t u r e  produced by each aus ten i -  
t i z ing  t r e a tmen t  to the inf luence of notch root  rad ius  on toughness .  The m i c r o s t r u c t u r a l  
f ac to rs  which affect this behavior  are  d i scussed .  Based on these and other observa t ions ,  
it  is  cons idered  that the use of high t e m p e r a t u r e  aus ten i t i z ing  be quest ioned as a p rac t i -  
cal  h e a t - t r e a t m e n t  p rocedure  for u l t rahigh s t rength,  low alloy s tee l s .  F ina l ly ,  it i s  sug- 
gested that evaluat ion of m a t e r i a l  toughness  should not be based solely on Kic or Charpy 
impact  energy va lues  alone; both sharp  crack f r ac tu re  toughness  and rounded notch im-  
pact  energy t e s t s  a re  r equ i red .  

R E C E N T  r e s e a r c h  ~ into the inf luence of aus ten i t i z ing  
t r e a t m e n t  on the mechan ica l  p rope r t i e s  of a s -quenched  
(untempered)  AISI 4340 s tee l  has shown that compared  
to convent ional  aus ten i t i z ing  at 870~ i n c r e a s i n g  the 
aus ten i t i z ing  t e m p e r a t u r e  to 1200~ can r a i s e  the 
plane s t r a i n  f r a c t u r e  toughness  (Kic) by a factor  of 
two (without reduc t ion  in  yield s t rength) .  However,  
concu r r en t  with this improvement in Kic there  is an 
unexpla ined and perp lex ing  re&wtion in  the Charpy i m-  
pact  energy .  The same  effect has been  repor ted  for 
Br i t i sh  N i - C r - M o  and N i - C r - M o - V  s tee ls ,  2 43403, 4 and 
300M 3 s tee l s ,  in both as -quenched  and quenched and 
t empe red  (<350~ condi t ions.  Since Kic and the 
Charpy impact  energy a re  both m e a s u r e s  of m a t e r i a l  
toughness ,  it appears  paradoxica l  that high t e m p e r a -  
t u r e  aus ten i t i z ing  gives the g rea t e r  toughness  when 
ra ted  by Kic , while low t e m p e r a t u r e  aus ten i t i z ing  
gives the g rea t e r  toughness  when ra ted  by Charpy im-  
pact  energy .  In the face of this  confl ict ing evaluat ion  
of toughness,  it  is  t empt ing  for the sc ien t i s t  to s imply  
adopt the r e su l t s  of the Kic t es t  and d i s r e g a r d  the r e -  
su l t s  of the Charpy tes t  as " i n a d e q u a t e " ,  s ince  it is  no 
doubt t rue  that the Kic tes t  is  based on a theore t i ca l  
foundation of g r ea t e r  sol idi ty  than is  the Charpy i m -  
pact tes t .  In rea l i ty ,  however,  the con t rad ic to ry  r e -  
sul ts  of the two techniques  for m e a s u r i n g  toughness  
appear  to be a r ea l  phenomenon and a re  indeed an in -  
dicat ion of impor tan t  d i f fe rences  be tween f r ac tu r e  in -  
duced by sharp  (Kic) and blunt  (Charpy) notches.  
These  d i f fe rences  may be s u m m a r i z e d  as follows: 1) 
the Charpy tes t  m e a s u r e s  the energy  r equ i r ed  to cause 
complete  fa i lu re  of the spec imen  and there fore  wil l  
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include a cont r ibut ion  f rom plane s t r e s s ,  shear  lip 
fo rmat ion .  The f r ac tu r e  toughness  test ,  on the other  
hand, m e a s u r e s  a c r i t i ca l  value of the s t r e s s  in tens i ty  
(K) at the c rack  tip n e c e s s a r y  to cause plane s t r a i n  
uns tab le  f r a c t u r e .  In a t e s t -p i ece  of val id  th ickness ,  5 
this value wil l  be v i r tua l ly  independent  of shear  lip 
fo rmat ion .  2) The s t r a i n  ra te  in an impact  tes t  is 
s e v e r a l  o r d e r s  of magni tude  g rea te r  than in a Kic 
t e s t .  In fact, when expressed  in t e r m s  of ra te  of in-  
c r ea se  in s t r e s s  in tens i ty  at the notch tip (/~), /s for 
impac t  ( " d y n a m i c " )  t es t ing  is  of the o rde r  of 105- 106 
MPa~--mm~s compared  with <3 MPa~mm/s for ( " s t a t i c " )  
Kic t e s t s .  3) The re  is a marked  d i f ference  in the root 
rad ius  (p) of the s t r e s s  concen t ra to r  in  the two t e s t s .  
Charpy t e s t - p i e c e s  contain a V-notch (p ~- 0.25 mm),  
whereas  Kic t e s t - p i e c e s  contain a fatigue p r e c r a c k  
(P ~ 0 ) .  

It is the purpose  of this paper  to offer an explana-  
t ion of the cont rad ic tory  toughness  r e su l t s  r epor ted  
for the 4340 alloy, in  the light of these bas ic  differ-  
ences ,  with the bel ief  that this  explanat ion may have 
cons iderab ly  b roade r  appl icat ion.  

EXPERIMENTAL PROCEDURE 

The material used in the investigation was aircraft 
quality (vacuum-arc remelted) AISI 4340 hot-rolled 
bar, received in the fully annealed condition, and hav- 
ing the following composition (wt pct): 

C Mn C r Ni Mo Si S P Cu 

0.40 0.80 0.72 1.65 0.24 0.24 0.010 0.004 0.19 

TWO heat-treatments were studied: i) the conventional 
austenitizing treatment of 1 h at 870~ followed by an 
oil quench and 2) the heat-treatment, recommended by 
Lai et al, I of 1 h at 1200~ followed by a salt quench 
to 870~ for 1/2 h, then oil quenching to room temper- 
ature. The structures obtained by these heat-treat- 
ments are hereafter referred to as the 870~ and the 
1200-870~ structures respectively. 

The ambient temperature (22~ uniaxial tensile 
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Table I. Ambient Temperature Longitudinal Tensile Properties for Alloy AISI 4340 in the Oil Quenched Condition (after Lai et al l) 

0,2 Pct Ultimate Tensile 
Proof Stress Strength Reductmn m Prior Austerute Gram 

Austemtmng Temperature, ~ ksl MPa ksl MPa Elongatmn. Pct Area. Pct True Fracture Strata Size. ,am 

1200-870 231 1593 318 2193 3 2 7 8 0 07 254 to 360 
870 231 1593 322 2217 O.O 30.8 0 18 24 to 32 

p r o p e r t i e s  and p r i o r  aus ten i te  gra in  s i z e s  for  these  
s t r u c t u r e s  a r e  shown in Tab le  I.  Toughness  p r o p e r t i e s  
w e r e  m e a s u r e d  using Charpy V-notch impac t  t e s t s ,  
p lane  s t r a i n  ( " s t a t i c " )  f r a c t u r e  toughness  (KIc) t e s t s ,  
and dynamic  f r a c t u r e  toughness  (Kid) t e s t s .  Charpy 
impac t  e n e r g i e s  w e r e  d e t e r m i n e d  using s tandard  s ized  
(10 mm sq) ASTM Charpy V-notch spec imens ,  6 broken 
in a pendulum type impac t  machine  of h a m m e r  ve loc i ty  
3.3 m / s .  Kic va lues  w e r e  d e t e r m i n e d  in a cco rd ance  
with ASTM spec i f i ca t ions ,  5 us ing 15.4 mm thick CTS 
t e s t - p i e c e s .  Al l  Klc va lues  w e r e  found to be " v a l i d "  
a c c o r d i n g  to this spec i f i ca t ion .  Kid data  w e r e  d e t e r -  
mined  us ing fat igue p r e c r a c k e d  s tandard  Charpy 
s p e c i m e n s  7 broken  using an in s t rumen ted  (Dynatup) 
Charpy impac t  machine  at a h a m m e r  ve loc i ty  of 1.36 
m / s .  The  comple te  e x p e r i m e n t a l  p r o c e d u r e  for  dy- 
namic  Kid t e s t ing  has been  d e s c r i b e d  e lsewhere .~  
T e s t - p i e c e s  fo r  a l l  e x p e r i m e n t s  w e r e  machined  in the 
longitudinal  (L-T)  or ien ta t ion .  

RESULTS 

The ambient  t e m p e r a t u r e  (22~ toughness  p r o p e r -  
t i e s  for  both s t r u c t u r e s  a r e  shown in Table  II. Two 
impor t an t  f e a t u r e s  a r e  shown by these  data:  1) As 
o r ig ina l ly  r e p o r t e d  by Lai  et  al, ~ the 1200-870~ s t r u c -  
t u r e  has superior KIc but inferior Charpy va lues ,  with 
r e s p e c t  to the 870~ s t r u c t u r e .  The d i f f e rence  in 
Charpy va lues  is ,  however ,  s m a l l .  2) Both Kic and Kid 
r e s u l t s  show the 1200-870~ s t r u c t u r e  to be the 
tougher ,  al though t he r e  is  some  reduc t ion  in the dy- 
namic  va lues  due to the h igher  s t r a in  r a t e .  

In the fol lowing pa r ag raphs  we now cons ide r  these  
r e s u l t s  in t e r m s  of the bas ic  d i f f e r ences  between the 
Charpy and f r a c t u r e  toughness  t es t s ,  as  s u m m a r i z e d  
above.  

1) Shear  Lip Ef fec t s  

It  is wel l  known that the shea r  lip por t ion  of the 
f r a c t u r e d  su r f ace  of a Charpy t e s t - p i e c e  r e q u i r e s  
m o r e  ene rgy  p e r  unit a r e a  to f r a c t u r e  than does  the 
f la t  por t ion .  T h e r e f o r e ,  a s ignif icant  i n c r e a s e  in the 
p ropor t ion  of plane s t r e s s  s h e a r  l ips in the 870~ 
s t r uc tu r e ,  o v e r  that of the 1200-870~ s t r uc tu r e ,  could 
poss ib ly  account  for  the s m a l l  i m p r o v e m e n t  in Charpy 
ene rgy  of the 870~ s t ruc tu r e .*  Examina t ion  of the 

*In view of the fact that the yxeld strengths of the two structures were identi- 
cal, and that the Kic for the 870~ structure was less than for the 1200-870~ 
structure, one would not expect such an increase. 

b roken  Charpy t e s t - p i e c e s ,  however ,  conf i rmed  that 
t h e r e  was no m e a s u r a b l e  d i f fe rence  in the shea r  lip 
a r e a  for  the two s t r u c t u r e s .  In fact ,  the p ropor t ion  of 
s h e a r  lip a r e a  fo r  both s t r u c t u r e s  was a lways l e s s  

Table II. Ambient Temperature Longitudinal Toughness Properties for Alloy 
AISI 4340 in the Oil Quenched Condition 

Dynamic 
Austenltmng Charpy V-Notch Plane Strata Fracture Fracture 
Temperature, hnpact Energy Toughness, Kit Toughness, Kld 

~ ft lb J ksl-fn- MPax/'m ksix/~-n. MPa, fm 

1200-870 5A* 7 32 63.8* 70 I 54.2 59 6 
6 0* 8 13 66.6* 73 2 48.8 53 7 
5 0 6 78 61 2* 67 2 
20 271 
60 8i3 

870 7.5* 1020 3I l* 34 2 366 40.3 
6.1" 8.27 39 0* 42.9 30.0 33 0 
7 5 10.20 32 3* 35 5 33.3 36 6 

*After Lal et aL 

than 4 pct .  It i s  concluded that f r a c t u r e s  in both 
Charpy  and Kic t e s t s  o c c u r r e d  under  ful ly plane s t r a i n  
condit ions,  and t h e r e f o r e  the contr ibut ion f r o m  s h e a r  
lip fo rma t ion  can be e l imina ted  as an explanat ion for  
the d i f fe rence  in Charpy and Kic t es t  r e s u l t s .  

2) St ra in  Rate  Ef fec t s  

T h e r e  is a lways a poss ib i l i ty  when compar ing  
Charpy impac t  and KIc va lues  that the h igher  s t r a i n  
r a t e  of the impac t  t e s t  (~101-  102 s -1 c o m p a r e d  to 
~10 -4 s "1 in s ta t i c  tes t s )  may induce a change in f r a c -  
tu re  m e c h a n i s m  through an i n c r e a s e  in the d u c t i l e /  
b r i t t l e  t r ans i t ion  t e m p e r a t u r e .  

In the p r e s e n t  r e s u l t s ,  it might  be expec ted  that  the 
t r ans i t i on  t e m p e r a t u r e  would be h igher  for  the 1200- 
870~ s t r u c t u r e  because  of the l a r g e r  g ra in  s i ze .  
Thus,  i n c r e a s e d  s t r a in  ra te  may  shif t  the t r ans i t i on  
t e m p e r a t u r e  of the 1200-870~ s t r u c t u r e  above room 
t e m p e r a t u r e  in the Charpy tes t ,  whi ls t  l eav ing  the 
t r ans i t i on  t e m p e r a t u r e  of the 870~ s t r u c t u r e  below 
r o o m  t e m p e r a t u r e .  This  would r e s u l t  in a low Charpy 
impac t  energy  for  the 1200-870~ s t r u c t u r e .  

Scanning e l e c t r o n  m i c r o s c o p y  of f r a c t u r e  s u r f a c e s  
of both Charpy and Kic t e s t - p i e c e s ,  however ,  showed 
that  the f r a c t u r e  m e c h a n i s m s  w e r e  iden t ica l  in both 
t es t s  for  a given s t r u c t u r e .  F a i l u r e  in both Charpy 
and KIc t e s t - p i e c e s  o c c u r r e d  by q u a s i c l e a v a g e  and 
f ib rous  rup tu re  in the 870~ s t r u c t u r e ,  and by i n t e r -  
g ranu la r  and f ibrous  f r a c t u r e  in the 1200-870~ s t r u c -  
t u re  (Fig.  1). Since for  a given h e a t - t r e a t m e n t  the 
f r a c t u r e  m e c h a n i s m s ,  at both high and low s t r a i n  
r a t e s ,  a r e  the same ,  change of m e c h a n i s m  can be 
e l imina ted  as an explanat ion for  the con t r ad ic to ry  
toughness  r e s u l t s .  

T h e r e  is  an addi t ional  poss ib i l i t y  that a s t r a i n  r a t e  
ef fec t  could occur  without change in f r a c t u r e  m e c h a -  
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Fig. 1 - -Frac tographs  of as-quenched 4340; showing (a/ in  
s t ruc ture  austenit ized at 870~ quasicleavage (~ 65 pct) 
linked by areas  of fibrous rupture; and (b) and (c) in s t ruc -  
ture austenitized at 1200-870~ ln tergranular  cracking (~ 55 
pet/ and t ransgranu la r  fibrous rupture. Several  in tergranular  
facets show evidence of microvoid coalescence on grain 
boundary sur faces  (c). Note:1200-870~ s t ruc ture  fails 
par t ly  by in tergranular  f racture ,  and not, as er roneously  r e -  
ported in Ref. 1, by 100 pct fibrous rupture. 

n i s m,  through, for example ,  an effect  on deformat ion 
flow proper t i e s .  To test  this  poss ib i l i ty  dynamic  frac-  
ture toughness  (Kid) tes t s  were  conducted on pre-  
cracked t e s t - p i e c e s .  The resu l t s  are  l i s ted  in Table  II, 
where  it can be s een  that, although there  was s o m e  re -  
duction in toughness  for the higher aus ten i t i z ing  treat -  
ment,  the 1200-870~ s tructure  s t i l l  shows super ior  

fracture  toughness  compared to the 870~ s tructure .  
S ince  this  resu l t  occurs  at the s a m e  s tra in  rate as  in 
standard Charpy tes t s ,  which show the opposite  resu l t  
in t erms  of which s tructure  is  tougher,  it i s  c lear  that 
s tra in  rate sens i t iv i ty  does  not provide an explanation 
for the contradictory toughness  r e s u l t s .  
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Fig. 2--The relationship between toughness, 
measured by the apparent dynamic fracture 
toughness (KA) from instrumented Charpy 
tests, and notch root radius (p) in oil 
quenched AISI 4340, for the 1200-870~ and 
870~ structures. P0 is the "limiting" root 
radius, Kid the dynamic fracture toughness. 

3) Notch Root Radius Effects  

A s igni f icant  d i f ference  between Charpy and f r a c -  
t u r e  toughness  t e s t ing  is  the rad ius  of the s t r e s s  con- 
c en t r a to r  in t roduced into the t e s t - p i e c e s .  Charpy 
t e s t - p i e c e s  contain a V-notch (p = 0.25 mm) whereas  
Klc t e s t - p i ece s  contain a fatigue p r e c r a c k  (p - -  0). To 
d e t e r m i n e  how m e a s u r e d  toughness  v a r i e s  with notch 
root  rad ius  for  each aus ten i t i z ing  t r ea tmen t ,  a s e r i e s  
of Charpy t e s t - p i e c e s  was p repared  with notch root  
r ad i i  r ang ing  f rom a fatigue p r e c r a c k  to a 0.58 mm 
rad ius  V-notch.  The spec imens  were  b roken  at room 
t e m p e r a t u r e  (22~ in an i n s t r u m e n t e d  Charpy machine ,  
and impact  energy  and " a p p a r e n t "  dynamic  f r ac tu re  
toughness ,  KA,* m e a s u r e d  in  each case (Table III). In 

*"Apparent" fracture toughness refers to tile value of Klc (or Kid ) measured 
ahead of a rounded notch of radms p, and is generally used as a means of esnmat- 
lng the fracture toughness without recourse to fatigue precrackmg, 9<1 

Fig .  2 the apparen t  f r a c t u r e  toughness ,  KA, i s  shown 
as  a funct ion of the square  root  of the notch rad ius ,  
pl/2, for both m i c r o s t r u c t u r e s .  The impor tan t  fea ture  
of this  f igure  is that for s m a l l  root  r ad i i  (p < 0.05 mm) 
the toughness  of the 1200-870~ s t r u c t u r e  exceeds that 
of the 870~ s t ruc tu r e ,  whereas  at l a r g e r  r ad i i  (p 

> 0.05 mm) the r e v e r s e  is  the case .  A s i m i l a r  effect 
has been observed  for fine and coarse  gra ined  4340 
tes ted  at l iquid n i t rogen  temperatures .12 Thus,  it can 
be seen  that in f r a c t u r e  toughness  t e s t s ,  where  p ~ 0, 
the 1200-870~ s t r uc t u r e  wil l  have the higher  Kic 
value: but for Charpy tes t s ,  where  p = 0.25 mm,  the 
870~ s t r u c t u r e  wil l  f r ac tu re  at the l a r g e r  K A value,  
and thus show the l a r g e r  impac t  energy .  This  is  p r e -  
c i se ly  the behavior  r epor ted  p rev ious ly .  ~-4 

An explanat ion for this  effect can be deduced by ex- 
amin ing  the s imple  theory,  developed by T e t e l m a n  and 
coworkers ,  94~ to account  for the inf luence  of notch 
root  r ad ius  (p) on f r ac tu re  toughness .  For  constant  
s t r e s s - c o n t r o l l e d  f r ac tu r e  under  e l a s t i c - pe r f ec t l y  
p las t ic  condit ions,  it was proposed that f a i lu re  occurs  
when the ma x i mum tens i le  s t r e s s ,  O~ya~ ~, located at the 
p l a s t i c - e l a s t i c  in te r face  exceeds a c r i t i c a l  f r ac tu r e  
s t r e s s ,  crF, for  fa i lu re .  Thus  if 

cr~vmx = Cry [1 + 111(1 + ~'/p)] [1] 

f rom s l i p - l i ne  field theory,  where  cry is  the un iax ia l  
y ie ld  s t r e s s  in t ens ion  and r is  the d i s tance  f rom the 
notch tip: and 

~'c = 0.12 (KA/cry) 2 [2] 

f rom l i nea r  e las t i c  theory,  where  r c is  the rad ius  of 
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Table III. Amb,ent Temperature Instrumented Charpy Results for Alloy 
AISI 4340 m the Oil Quenched Condition. Showing the Variation of Charpy 

Impact Energy and Apparent Fracture Toughness (KA) with 
Notch Root Radius (p). 

Apparent Dynamm 
Notch Root Charpy Impact Fracture Toughness, Austemtizing 

Temperature, Radius, p Energy K A 

~ m. /am ft lb J kslx/ln MPax/m 

1200-870 0 0 1.5 2.03 48.8 53 7 
0 0 2.4 3 25 54.2 59 6 
0.0011 27.9 2 3 3.12 46 4 51.0 
0.0038 96 5 2 3 3.12 45.3 49 8 
0.0094 238.8 2.0 2.71 48 7 53 5 
0.0094 238 8 6.0 8 13 54.8 60 2 
0.0115 292.1 5.0 6.78 52 9 58 1 
0 017t 434.3 3.0 4.07 62 0 68.l 
0 0230 584.2 3.0 4 07 69.2 76 I 

870 0 0 1 0 1 36 30.0 33.0 
0 0 1 0 1.36 33 3 36 6 
0 0 1.0 1.36 36.6 40 3 
0.0012 30.5 2.3 3.12 48.7 53 5 
0 0027 68.6 3.0 4 07 63.4 69 7 
0.0033 83 8 4.5 6.10 78,2 85 9 
0.0084 213 4 5.7 7.73 95.5 105 0 
0.0100 254.0 7,5 10.2 105.7 116.2 
0.0133 337.8 9.5 12.9 126.4 138.9 
0.0175 444.5 12.3 16.7 132.5 145.6 
0.0220 558.8 13.5 18.3 137.1 150.7 

the cr i t i ca l  p last ic  zone s i z e ,  then at fa i lure ,  when 
@nyax: crF, a n d  r = r c ,  

K A ~ 2.9 cry [exp(crF/cry - 1 ) -  111/2p 1/2. [3] 

Eq. [3] shows that the apparent fracture  toughness  
(KA) v a r i e s  with p~/2, as  found exper imenta l ly  and 
shown in Fig .  2. However,  for some  radius  (p < po), 
K A i s  independent of p and has the same  value as Kic  , 
m e a s u r e d  in standard ASTM s p e c i m e n s  5 which have 
been fatigue precracked  before tes t ing .  Consequently,  
Te te lman  and coworkers  9,~~ proposed that 

Klc  (or Kid  ) ~ 2.9Cry [exp((yF/ay - 1 ) -  1]~/Zpo~/2. [4] 

The parameter  po, the "e f f ec t i ve"  or l imi t ing  root 
radius ,  i s  a m e a s u r e  of the extent of the p r o c e s s  zone  
ahead of the crack (the " c h a r a c t e r i s t i c  d i s tance")  
over  which the cr i t i ca l  s t r e s s  aF must  ex i s t  to cause  
fa i lure ,  and is  re lated to the m i c r o s t r u c t u r a l  feature 
which controls  fracture  (such as s l ip  or twin band 
spac ings ,  grain s i z e  or inc lus ion  spacing) .  ~3-~5 The 
charac ter i s t i c  d is tance  (1) r e p r e s e n t s  the m i n i m u m  
distance  from the notch where  the cr i t i ca l  fracture  
event  can occur  ( i .e . ,  where  cryy > aF), and i s  only i m -  
portant where  the m a x i m u m  tens i l e  s t r e s s  (cr~ax) is  
very  c lose  to the notch tip. ~4'~s This  is  the case  ahead 
of s h a r p  c r a c k s ,  ~ where  (yyymax at fracture  is  located at 
a dis tance  ahead of the crack tip which i s  genera l ly  
s m a l l e r  than the charac ter i s t i c  d i s tance .  Ahead of 
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F i g .  3 - - S c h e m a t i c  r e p r e s e n t a t i o n  of t he  d i s t r i b u t i o n  of t e n s i l e  s t r e s s  (a  w) a t  d i s t a n c e  ( r )  a h e a d  of s t r e s s  c o n c e n t r a t o r  a t  f a i l u r e  
f o r  (a)  870~ s t r u c t u r e  with sharp  c r a c k  (p < P0), (b) 1 2 0 0 - 8 7 0 ~  w i t h  s~-~rp c r a c k ,  (c)  870~ s t r u c t u r e  w i t h  r o u n d e d  notch 
(P > P0), (d) 1 2 0 0 - 8 7 0 ~  s t r u c t u r e  w i t h  r o u n d e d  n o t c h .  C r i t i c a l  f r a c t u r e  e v e n t  o c c u r s  w h e n  Cry v > cr F o v e r  c h a r a c t e r i s t i c  d i s -  

m a x  tance  (I) ahead of sharp c r a c k ,  o r  w h e n  ~rvv >_ cr F a t  the p l a s t i c - e l a s t i c  i n t e r f a c e  ( r  c >> l) a h e a d  of r o u n d e d  n o t c h .  Toughness  
of  1 2 0 0 - 8 7 0 ~  s t r u c t u r e  i s  g r e a t e r  ahead~df  s h a r p  c r a c k  b e c a u s e  c h a r a c t e r i s t i c  d i s t a n c e  (1) i s  l a r g e r ,  t o u g h n e s s  of 870~ s t r u c -  
t u r e  i s  g r e a t e r  a h e a d  of r o u n d e d  n o t c h  b e c a u s e  f r a c t u r e  s t r e s s  (crF) i s  l a r g e r .  
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rounded  notches  (p > po), however ,  a ~  ax is  l oca t ed  a t ,  
o r  j u s t  behind,  ~ the p l a s t i c - e l a s t i c  i n t e r f a c e ,  and thus 
at  f a i l u r e  the  c r i t i c a l  f r a c t u r e  event  i s  o c c u r r i n g  at  a 
d i s t ance  f rom the c r a c k  t ip  which i s  large c o m p a r e d  
with  the  c h a r a c t e r i s t i c  d i s t ance .*  A s c h e m a t i c  r e p r e -  

*A fuller explanahon of how the stress distribution ahead of sharp and rounded 
notches can influence fracture behavior can be found m Ref. 14 and 15. 

sen ta t ion  of t h e s e  f r a c t u r e  events  i s  shown in F ig .  3. 
The app l i ca t ion  of th is  mode l  to the p r e s e n t  r e s u l t s  

i s  c o m p l i c a t e d  by the  fac t  that  i t  i s  only s t r i c t l y  va l id  
fo r  s t r e s s - c o n t r o l l e d  f r a c t u r e ,  and was  d e r i v e d  f rom 
da ta  on c leavage  in mi ld  s t e e l .  9 The f a i l u r e  m e c h a -  
n i s m s  in 4340 s t e e l  a r e  f a r  m o r e  complex  ( see  F ig .  1), 
but  a t  l e a s t  the  dominant  f r a c t u r e  m e c h a n i s m  for  both 
s t r u c t u r e s  can be  c o n s i d e r e d  to be l a r g e l y  s t r e s s - c o n -  
t r o l l e d  (i.e. q u a s i c l e a v a g e  and i n t e r g r a n u l a r  c r ack ing ) .  
In addi t ion ,  the g e n e r a l  fo rm of the r e l a t i o n s h i p  b e -  
tween toughness  and roo t  r a d i u s  shown in F ig .  2, and 
the e x i s t e n c e  of a l imi t ing  roo t  r a d i u s  would a p p e a r  to 
be  unchanged even fo r  s t r a i n - c o n t r o l l e d  duc t i l e  f r a c -  
ture.~8 

E x a m i n a t i o n  of F ig .  2 in the l ight  of the above t heo ry  
r e v e a l s  i) the  c r i t i c a l  f r a c t u r e  s t r e s s ,  crF, i s  smal ler  
in the 1200-870~ s t r u c t u r e  c o m p a r e d  to the 870~ 
s t r u c t u r e ,  as  ind ica ted  by the d i f fe r ing  s l opes  of the 
c u r v e s  ( see  Eq.  [3]). if) The  l imi t ing  roo t  r ad iu s ,  po, 
i s  larger fo r  the 1200-870~ s t r u c t u r e  c o m p a r e d  to the 
870~ s t r u c t u r e ,  i i i)  F o r  both s t r u c t u r e s ,  the va lue  of 
Po i s  of the s a m e  o r d e r  a s  the p r i o r  aus t en i t e  g r a i n  
s i z e .  T h e s e  o b s e r v a t i o n s  ind ica te  that  the h ighe r  a u s -  
t en i t i z ing  t r e a t m e n t  has  caused  a r educ t i on  in c r i t i c a l  
f r a c t u r e  s t r e s s ,  but  i n c r e a s e d  the c r i t i c a l  d i s t a n c e  
ove r  which i t  m u s t  be exceeded  for  f a i l u r e .  The  in-  
c r e a s e  in c h a r a c t e r i s t i c  d i s t a n c e  a p p e a r s  to be a s -  
s o c i a t e d  with the l a r g e r  g r a i n  s i z e .  The d e c r e a s e  in 
cr F i s  p r o b a b l y  the r e s u l t  of g r a i n  boundary  e m b r i t t l e -  
men t  due to s e g r e g a t i o n  of i m p u r i t y  e l e m e n t s  to the  
s m a l l e r  g r a i n  boundary  s u r f a c e  a r e a  of the l a r g e r  
g r a i n - s i z e d  m a t e r i a l - t y p i c a l l y ,  s e g r e g a t i o n  of phos -  
phorous  l ead ing  to i n t e r g r a n u l a r  c r ack ing ,  ~9,2~ and 
s e g r e g a t i o n  and p r e c i p i t a t i o n  of su l fur  l ead ing  to in-  
t e r g r a n u l a r  f i b rous  r u p t u r e .  ~1,22 

Th i s  i s  cons i s t en t  with the f r a c t o g r a p h i c  ev idence  
in F ig .  1 which ind i ca t e s  that  some  fo rm of g ra in  
boundary  e m b r i t t l e m e n t ,  du r ing  the h igher  t e m p e r a t u r e  
a u s t en i t i z i ng  t r e a t m e n t ,  has  lead  to a change f rom 
p r e d o m i n a t e l y  q u a s i c l e a v a g e  f a i lu re ,  s een  in the 870~ 
s t r u c t u r e ,  to i n t e r g r a n u l a r  f a i l u r e  in the 1200-870~ 
s t r u c t u r e .  The  s e g r e g a t i o n  of phosphorous  to aus t en i t e  
g r a i n  b o u n d a r i e s  would be m o r e  ef fec t ive  in caus ing  
e m b r i t t l e m e n t  in the 1200-870~ s t r u c t u r e  b e c a u s e  of 
the  c o n s i d e r a b l y  l a r g e r  g r a i n  s i ze ,  r e s u l t i n g  in i n t e r -  
g r a n u l a r  c r a c k i n g  (F ig .  l (b)) .  The  i n t e r g r a n u l a r  
f ib rous  r u p t u r e ,  a l so  o b s e r v e d  in the 1200-870~ 
s t r u c t u r e ,  would occur  f rom the d i s so lu t i on  of m a n -  
ganese  (and p o s s i b l y  ch romium)  su l f ide  i nc lu s ions  at  
1200~ which then p r e c i p i t a t e  at  lower  t e m p e r a t u r e s  
a s  a f ine ne twork  of su l f ides  on 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  ~1'22 ( see  F ig .  l (c ) ) .  The  870~ s t r u c t u r e  
shows no such ev idence  of i n t e r g r a n u l a r  f a i l u r e  (Fig.  
l (a ) ) .  I t  is  then sugges t ed  that  th is  g r a i n  boundary  e m -  
b r i t t t e m e n t  i s  r e s p o n s i b l e  fo r  the  lower  f r a c t u r e  
s t r e s s ,  crF, of the  1200-870~ s t r u c t u r e .  

Thus ,  in s u m m a r y ,  Kid (and Kic ) wil l  be i n c r e a s e d  

in the l a r g e r  g r a ine d  1200-870~ s t r u c t u r e  b e c a u s e  the 
f r a c t u r e  s t r e s s  ahead  of the s h a r p  c r a c k  m u s t  be ex-  
ceeded  o v e r  a much l a r g e r  d i s t a n c e  (F ig .  3(a) and 3(b)). 
In Charpy  t e s t s ,  however ,  whe re  the l a r g e r  roo t  r a d i u s  
c a u s e s  the c r i t i c a l  f r a c t u r e  event  to o c c u r  much  fu r -  
t h e r  away f rom the notch t ip ,  the  lower  f r a c t u r e  s t r e s s  
of the 1200-870~ s t r u c t u r e  l eads  to an i n f e r i o r  K A 
and thus lower  i m p a c t  ene rgy  with  r e s p e c t  to the 870~ 
condi t ion (F ig .  3(c) and 3(d)). 

DISCUSSION 

It can be seen from this work that the explanation 
for the differences in toughness, as evaluated by frac- 
ture toughness and Charpy tests, may be attributed to 
the differing response of each structure to the influ- 
ence of notch root radius on toughness. An explanation 
of this effect in terms of microstructure is more com- 
plex. It has been suggested that the improvement in 
Kic from high temperature austenitizing can be attri- 
buted to a) dissolution of carbides at the high solution 
t e m p e r a t u r e s :  1'23 b) r e t en t ion  of aus t en i t e  f i l m s  a round  
m a r t e n s i t e  p l a t e s :  1'23 c) e l im ina t i on  of p r o e u t e c t o i d  
f e r r i t e  2a and upper  ba in i te  23-2~ due to i n c r e a s e d  h a r -  
denab i l i ty  f rom the l a r g e r  g r a i n  s ize :  o r  d) l ack  of 
twimmd m a r t e n s i t e  p l a t e s  in the a s - q u e n c h e d  s t r u c -  
t u r e .  z6,27 Such m i c r o s t r u c t u r a l  mod i f i ca t i ons ,  however ,  
should  a l so  l ead  to i n c r e a s e d  i m p a c t  e n e r g i e s ,  which 
are not observed. The p r e s e n t  a n a l y s i s  i nd i ca t e s  that  
the i n c r e a s e  in Kic (and Kid), fol lowing high t e m p e r a -  
t u r e  aus t en i t i z ing ,  r e s u l t s  m e r e l y  f rom a s ign i f i can t  
i n c r e a s e  in e f fec t ive  roo t  r a d i u s  po. 

The  magni tude  of Po should  r e l a t e  to the p a r t i c l e  
spa c ing  o r  g ra in  s i ze ,  depending  upon the m e c h a n i s m  
of f a i l u r e .  F o r  p a r t i c l e - c o n t r o l l e d  f r a c t u r e  (e.g, ful ly  
f i b rous  rup tu re )  the i n c r e a s e  in po could be a t t r i bu t ed  
to i n c r e a s e d  c a r b i d e  spac ings ,  al though,  in the p r e s e n t  
ca se ,  t h e s e  p a r t i c l e  spac ings  do not r e l a t e  n u m e r i c a l l y  
to the va lue s  of p0 obta ined .  F o r  c l eavage  and i n t e r -  
g r a n u l a r  f r a c t u r e ,  on the  o the r  hand, i t  has  been  
shown ls'28 that  the  magni tude  of po i s  of the  o r d e r  of 
the g r a i n  s i ze  (i.e. a p p r o x i m a t e l y  equal  to two g r a i n  
d i a m e t e r s  for  c l eavage  in mi ld  s t ee l ,  15 and 1 to 1 1/2 
g r a i n  d i a m e t e r s  fo r  i n t e r g r a n u l a r  f a i l u r e  in low a l loy ,  
En30A s t ee l ) .  28 Since in the p r e s e n t  r e s u l t s ,  the  p r i n -  
c ipa l  f r a c t u r e  m o d e s  a r e  e i t he r  c l eavage  o r  i n t e r -  
g r a n u l a r  c r ack ing ,  and the n u m e r i c a l  va lue s  of Po a r e  
of the  s a m e  o r d e r  a s  the  g r a i n  d i a m e t e r s ,  i t  m u s t  be 
concluded (al though ten ta t ive ly )  that  the i n c r e a s e  in po, 
and hence  Klc, fo r  the high t e m p e r a t u r e  a u s t e n i t i z i ng  
t r e a t m e n t ,  i s  a r e s u l t  of the  o r d e r  of magni tude  in-  
c r e a s e  in g ra in  s i z e .  

I t  i s  c l e a r  that  the use  of high t e m p e r a t u r e  a u s t e n i -  
t i z ing ,  i n s t e a d  of convent iona l  h e a t - t r e a t m e n t ,  can r e -  
sul t  in s t e e l s  of much i m p r o v e d  f r a c t u r e  toughness  
(Kic), but the  accompany ing  low Charpy  i m p a c t  e n e r -  
g ies  m u s t  l i m i t  the p r a c t i c a l  u se fu lnes s  of such  p r o -  
c e d u r e s .  Othe r  r e s u l t s  ~-4'e9 in the l i t e r a t u r e  s u b s t a n -  
t i a t e  th is  c la im.*  F o r  example ,  i t  has  been  r e p o r t e d  29 

*AISI 4130 and 4330 steels appear to be excepnuns, although even these steels, 
when tempered above 300~ show superior Charpy impact energies after austen- 
~tizmg at 870~ compared to the h~gh temperature austenmzed treatments? 

that  an F e / 3 . 8 5  pc t  Mo/0 .18  pc t  C s t e e l  has  a Kic = 93 
ks i  i~n.  (103 M P a  ~mm) a f t e r  o i l  quenching f rom 1200~ 
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and yet the Charpy impact  energy  for this  condit ion is  
a m e r e  11 ft lb (15 J).  It should a lso  be noted that the 
t ens i l e  duct i l i ty  p rope r t i e s  of low alloy s tee l s  aus t en i -  
t ized at high t e m p e r a t u r e s  can be grea t ly  reduced.  
This  can be seen  f rom re su l t s  3 obtained for AISI 4130, 
4330, 4140, 4340, 300M and D6-AC s tee l s  in both a s -  
quenched and quenched and t empe red  condi t ions.  In the 
p r e sen t  r e su l t s ,  for ins tance ,  the reduct ion  in a r e a  for 
a s -quenched  4340 is only 8 put in  the 1200-870~ s t r u c -  
tu re ,  compared  to 31 pct in the 870~ s t r uc tu r e  (Table 
I). The percen tage  elongation is  s i m i l a r l y  reduced (by 
a factor  of 3), and this  is cons i s ten t  with a lower 
" t r u e "  f r ac tu r e  s t r e s s  in the 1200-870~ s t r u c t u r e .  
F u r t h e r m o r e ,  the cons iderab ly  l a r g e r  p r io r  aus ten i te  
gra in  s ize  of s tee l s  aus ten i t i zed  at h igher  t e m p e r a t u r e  
can lead to i nc r ea sed  dangers  f rom t emper  e m b r i t t l e -  
men t  a9 and t empered  m a r t e n s i t e  embr i t t l emen t ,  3~ if the 
s tee l  is subsequent ly  t empered .  The s m a l l e r  g ra in  
boundary  a r e a  assoc ia ted  with la rge  gra in  s i zes  i m-  
pl ies  that segrega t ion  of impur i ty  e l ements ,  should it 
occur ,  wil l  be more  effective in producing  subsequent  
e m b r i t t l e m e n t  because  the re la t ive  degree  of g ra in  
boundary  coverage  produced by a given amount  of 
solute can be cor respondingly  g r ea t e r .  28 Thus,  a l -  
though the re  is  evidence,  31,32 in ce r t a in  molybdenum-  
containing secondary  hardening  s tee ls ,  that aus t en i -  
t iz ing  at 1200~ can be benef ic ia l  to s t reng th  as well  
as f r ac tu r e  toughness  (no Charpy impact  values  were  
repor ted) ,  it  is  felt  that,  in  genera l ,  the use of high 
t e m p e r a t u r e  aus ten i t i z ing  t r e a t m e n t s  for u l t rahigh 
s t rength ,  low alloy s tee ls ,  in place of convent ional  low 
t e m p e r a t u r e  t r e a t m e n t s ,  should be rega rded  with ex- 
t r e m e  caution.  

F ina l ly ,  it  i s  cons idered  that the phenomenom de-  
s c r ibed  in this  paper  has an impor t an t  bea r ing  on what 
p rocedu re s  should be ca r r i ed  out in  al loy des ign  to 
evaluate  m a t e r i a l  toughness .  Although Kic (and Kid ) 
m e a s u r e m e n t s  a re  obviously n e c e s s a r y ,  it  appears  no 
longer  su f f i c i en t  to grade toughness  solely in t e r m s  of 
these  p a r a m e t e r s ,  s ince  they only indicate  m a t e r i a l  
r e s i s t a n c e  to f r ac tu re  ahead of sharp  c racks .  For  the 
p r e s e n t  s teel ,  for example,  grading m a t e r i a l  toughness  
by Kic (or Kid ) alone would lead to the conclus ion that 
the s tee l  aus t~ni t ized  at 1200~ was tougher .  Yet, if in 
s e rv i ce  the s tee l  contained a blunt  indentat ion,  the 
s t r uc tu r e  r e su l t i ng  f rom the convent ional  870~ heat-  
t r e a t m e n t  would show supe r io r  r e s i s t a n c e  to f r ac tu r e  
for a l l  notch root  r ad i i  g r ea t e r  than 0.002 in. (0.05 
mm).  Thus,  it  is  suggested that the toughness  eva lua-  
t ion of a m a t e r i a l  mus t  include a m e a s u r e  of r e s i s -  
tance  to f r ac tu re  ahead of both sharp  and rounded 
notches .  It  appears  insuff ic ient  to grade m a t e r i a l  
toughness  solely on the bas i s  of Kic o r  Charpy impact  
energy  values  alone.  An a s s e s s m e n t  f rom both sharp  
crack f r ac tu re  toughness  and rounded notch impact  
energy tes t ing  is r equ i red .  

CONCLUSIONS 

1) It  has been ver i f i ed  that a high t e m p e r a t u r e  aus -  
t en i t i z ing  t r e a t m e n t  of 1200~ (followed by a step 
quench to 870~ improves  the f r ac tu r e  toughness  of 
a s -quenched  AISI 4340, but gives r i s e  to in fe r io r  
Charpy impact  ene rg ie s  compared  to convent ional  
870~ aus ten i t i z ing .  

2) This  effect was shown to be independent  of shear  
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lip energy d i f ferences ,  and to be independent  of v a r i a -  
t ion  in  s t r a i n  r a t e  imposed by Kic and impact  t e s t s .  

3) The effect was found to r e su l t  f rom the di f fer ing 
behavior  of each s t r uc t u r e  to the inf luence of notch 
root  radius  on toughness .  

4) The s t r u c t u r e  obtained af ter  aus ten i t i z ing  at 
1200~ was found to show supe r io r  toughness  for fa i l -  
u re  ahead of sharp  c racks  ( i .e .  in  Kic and Kid tes ts)  
due to i ts  l a r g e r  " e f f e c t i ve "  root  rad ius  for f r ac tu re .  
This  was ten ta t ive ly  assoc ia ted  with the l a r g e r  p r io r  
aus ten i te  g ra in  s ize .  

5) The s t r u c t u r e  obtained af ter  convent ional  aus-  
t en i t iz ing  at 870~ was found to show supe r io r  tough- 
nes s  for f r ac tu r e  ahead of rounded notches ( i .e .  in 
Charpy impact  tes t s )  due to i ts  l a rge r  c r i t i ca l  f r ac -  
tu re  s t r e s s  for fa i lu re .  

6) The use  of high t e m p e r a t u r e  aus ten i t i z ing  t r e a t -  
ments ,  in place of convent ional  h e a t - t r e a t m e n t s ,  for 
ul t rahigh s t rength ,  low alloy s tee l s  is  quest ioned,  
because  the s t r u c t u r e s  which r e su l t  appear  to show 
low Charpy impac t  ene rg ies  and much lower ducti l i ty,  
and may give r i s e  to i n c r e a s e d  suscept ib i l i ty  to em-  
b r i t t l e m e n t  dur ing  t emper ing .  

7) It  is suggested that evaluat ion of m a t e r i a l  tough- 
nes s  mus t  include a m e a s u r e  of r e s i s t a n c e  to f r ac tu re  
ahead of both sharp  and rounded notches.  It  appears  
insuff ic ient  to grade m a t e r i a l  toughness  solely on the 
bas i s  of Kic o r  Charpy impact  energy va lues  alone.  
Both sharp crack Kic and rounded notch impact  energy 
va lues  a re  r equ i red .  
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