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Systematic changes in the fracture toughness of a 300 grade commercial maraging steel 
were obtained using a non-standard heat-treating process. Micr0structures consisting of 
variable amounts of retained austenite in an aged martensitic matrix were produced. A 
mathematical model is presented relating these toughness values to the properties of the 
individual constituents. Increases in fracture toughness resulting from the non-standard 
heat-treatment were attributed to the nature of the distribution of the tough phase (re- 
tained austenite) in a brittle matrix of precipitation hardened martensite. In some cases, 
a straln-induced transformation to martensite was observed which greatly added to the 
toughness .  Some i m p r o v e m e n t s  in fa t igue  c r a c k  p ropaga t i on  c h a r a c t e r i s t i c s  a l so  r e s u l t e d  
from this heat treatment. 

THE operating loads in modern structures are de- 
cided on the basis of properties such as strength, 
toughness and fatigue crack propagation (FCP) behav- 
ior. Recently, there has been some success in improv- 
ing fracture toughness with negligible reductions in 
strength. Some examples are: I) A very effective crack 
arrest is observed due to decoheslon that occurs ahead 
of the tip of a crack approaching the brittle-ductile in- 
terface in a metal composite. *-s 2) Energy absorption 
due to the austenite (A) to martenslte (M) transforma- 
tion which occurs concurrently with plastic straining, 
results in a much higher toughness for TRIP steels. 4'5 
3) Large improvements in fracture toughness have also 
been obtained by effective crack arrest mechanisms in 
mlcro-duplex structures. 6-I~ 

Despite over a decade of commercial availability of 
maraging steels, there has been limited success in im- 
proving their fracture toughness. The higher strength 
maraging alloys, namely the 300 and 350 grades, fail 
catastrophically in the presence of flaws. This paper 
reports the effects of introducing a finely distributed 
tough phase (retained austenite) in an aged martensitic 
matrix of 300 grade maraging steel on the plane-strain 
fracture toughness (KIc) and on other mechanical prop- 
ertles. 

I. PREVIOUS STUDIES 

Decker ,  Eash ,  and Goldman** were  the f i r s t  to ob-  
s e r v e  the v e r y  e f fec t ive  p r e c i p i t a t i o n  ha rden ing  that  
o c c u r s  in i r o n - n i c k e l  m a r t e n s i t e s  on aging at  i n t e r m e -  
d ia te  t e m p e r a t u r e s  when e l e m e n t s  such a s  molybdenum,  
. t i t an ium,  and coba l t  a r e  added  to the a l l oys .  Cobal t  in 
the p r e s e n c e  of o the r  e l e m e n t s  p r o v i d e s  a f a s t e r  h a r d -  
ening r e s p o n s e  .2-.4 but in i t se l f  p r o d u c e s  l i t t l e  h a r d e n -  
ing. * 

*For a detailed background on physical metallurgy of maraging steels, the 
reader is referred to an excellent review by Floreen. '5 
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Goldberg  has  s tud ied  the phase  t r a n s f o r m a t i o n s  in 
300 g rade  m a r a g t n g  s t e e l  o c c u r r i n g  dur ing  r e p e a t e d  
hea t ing  and cool ing.  ,8-,8 Rely ing  heav i ly  on d i l a t o m e t -  
r i c  and m i c r o s c o p i c  o b s e r v a t i o n s ,  he has  p r o p o s e d  
that  on hea t ing  the s l u g g i s h n e s s  of M - -  A t r a n s f o r m a -  
t ion p e r m i t s  M to p e r s i s t  wel l  into the two phase  ( f e r -  
r i t e  + aus ten i t e )  equ i l i b r i um reg ion .  Along with the 
s imu l t a ne ous  growth of aus t en i t e  and f e r r i t e  (F),  a u -  
s t en i t e  that  is  r i ch  In a l loy ing  e l e m e n t s  a l so  nuc l ea t e s  
on p r e c i p i t a t e s  that  had f o r m e d  dur ing  hea t ing .  At the 
aus t en i t e  f in i sh  t e m p e r a t u r e  (Af),  the a l l oy  i s  c o m -  
p l e t e l y  aus t en i t i c  but  v e r y  he t e rogeneous  in c o m p o s i -  
t ion.  If the a l loy  i s  i m m e d i a t e l y  cooled  so that  homog-  
en iza t ion  i s  m i n i m i z e d ,  the a l l o y - r i c h  aus t en i t e  r e m a i n s  
u n t r a n s f o r m e d ,  whi le  the a l l o y - d e p l e t e d  aus t en i t e  t r a n s -  
f o r m s  to m a r t e n s i t e .  Dur ing the hea t ing  p a r t  of the 
c y c l e ,  d i f fus ion o c c u r s  which tends  to homogen ize  the 
c h e m i c a l  compos i t i on  of the aus t en i t e .  Thus,  the vo l -  
ume of r e t a i n e d  aus ten t t e  a f t e r  each t h e r m a l  cyc le  b e -  
tween r o o m  t e m p e r a t u r e  and a t e m p e r a t u r e  above  Af 
i s  v e r y  s e n s i t i v e  to the hea t ing  r a t e .  It was  o b s e r v e d  t6 
tha t  a t  v e r y  high hea t ing  r a t e s  (on the o r d e r  of 60~ 
and h igher)  the M - -  A t r a n s f o r m a t i o n  i s  d i f fus ion le s s  
and,  thus ,  only  m i n o r  changes  in compos i t i on  o c c u r .  
Under  such condi t ions  r e t a i n e d  aus t en i t e  does  not f o r m .  
At v e r y  s low hea t ing  r a t e s  homogen iza t ion  of the au -  
s t en i t e  can be expec ted  to occu r  a s  a r e s u l t  of ex ten -  
s ive  diffusion,  and aga in  v e r y  l i t t l e  r e t a i n e d  aus t en i t e  
f o r m s .  At a p p r o p r i a t e  i n t e r m e d i a t e  hea t ing  r a t e s  s o m e  
addi t iona l  r e t a i n e d  aus t en i t e  f o r m s  a f t e r  each s u c c e s -  
s ive  t h e r m a l  cyc le .  

II. EXPERIMENTAL PROCEDURE 

A 7.6 cm d l am b i l l e t  of 300 g rade  m a r a g l n g  s t e e l  
was ob ta ined  f r o m  U n i v e r s a l  Cyclops  in the  so lu t ion  
annea led  and c e n t e r l e s s  g round  Condition. The c h e m -  
i ca l  compos i t i on  i s  given in Table  I .  The b i l l e t  was 
homogen ized  a t  1150~ for  6 h in a s l igh t ly  ox id iz ing  
a t m o s p h e r e  and hot  r o l l e d  to a 3.8 cm f ia t  p la te .  Di l -  
a t o m e t r i c  s p e c i m e n s  25 m m  long • 6.4 m m  d i a m  were  
mach ined  keep ing  the d i r e c t i o n  of r o l l i n g  p a r a l l e l  to 
the  s p e c i m e n  ax i s .  Compac t  Tens ion  (CT) s p e c i m e n s  
13 m m  th ick  and S ing l e -Edge -No tch  (SEN) s p e c i m e n s  
4.8 m m  th ick  we re  mach ined  such that  the ro l l i ng  d i -  
r ec t ion  was p a r a l l e l  to the loading  d i r e c t i on .  Tens i l e  
coupons we re  mach ined  f r o m  the b r o k e n  ha lves  of the 
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CT specimens such that they were pa ra l l e l  to both the 
c rack  plane and the direct ion of c rack  propagation. 

The equipment used for d i la tomet r ic  studies was 
s i m i l a r  to that used by Goldberg. TM The heating ra te  
used in this study was 0.33~ and was control led 
using a p rogrammable  t empera tu re  contro l ler .  F r a c -  
ture toughness t e s t s ,  using CT specimens,  were p e r -  
formed following the ASTM specif icat ions z9 using a 
220 kN MTS Universal  test ing sys tem in the load con- 
t ro l  mode. The FCP studies were ca r r i ed  out using the 
SEN specimens.  Tensile  test ing was done using a 90 
kN Instron machine. Strain was measured  using s t ra in  
gages d i rec t ly  bonded to the samples .  

Metallography was per formed  by mechanical ly  pol-  
ishing and subsequently etching using a 5 pct nital  so-  
lution. Two stage rep l i cas  were p repa red  from both 
polished and f rac tu red  sur faces  for e lect ron m i c r o s -  
copy. 

HI. RESULTS AND DISCUSSION 

A. Dl la tometry  and Micros t ruc ture  

Fig. 1 shows a typical  d i la tomet r ic  heating and cool-  
ing curve obtained from an annealed specimen heated 
to 825~ in a i r  at  0.33~ held for two hours,  and 
subsequently cooled to room tempera tu re .  The slight 
dip between Ps (precipi tat ion s t a r t  t empera ture)  and 
A s (austenite s t a r t  tempera ture)  has been at t r ibuted 
to the formation of p rec ip i t a tes  that normal ly  form 
during aging. '6 The la rge  contract ion between the A s 
and Af (austenite finish) is a consequence of t r ans fo r -  
mation to austeni te .  The two hour hold at 825~ ho- 
mogenized the austenite.  The As, Af, Ms, and Mf 
(martenst te  finish tempera ture)  for this al loy were 
found to be 615, 781, 156, and 60~ respec t ive ly .  Note 
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Fig. 1--Dilatometric heating and cooling curve of as-received 
300 grade maraging steel, heated to 825~ at 0.33~ held 
for 2 h and furnace cooled. 

that the Mf is above room tempera tu re ,  thus implying 
the s t ruc ture  in the a s - r e c e i v e d  condition is mar ten-  
s i t ic .  

The la rge  degree of mic rosegrega t ion  that develops 
during heating is revea led  by the d i l a tomet r i c  cooling 
curves  taken from specimens  that were subjected to 
repeated  thermal  cycling between room tempera tu re  
and 825~ In the case  of the rmal  cycling, the hold 
per iod at 825~ was reduced to two minutes to mini-  
mize  homogenization. Fig. 2 shows the d i la tomet r ic  
curves  for the f i r s t  five the rmal  cycles .  Up to four 
cycles  the A s dec reased  and the M s increased .  In the 
fifth cycle there  was a slight dec rea se  in the M s and 
a corresponding increase  in the A s (Fig.  3). A p laus-  
ible explanation is that, af ter  four cycles ,  the mat r ix  
is so depleted in al loying e lements  that it can no longer 
undergo significant prec ip i ta t ion  during heating while 
the composit ion of the more depleted regions in the 
austenite become more  homogeneous leading to a de-  
c r e a s e  in M s.  

The important  observat ion here  is that r ight from 
the f i r s t  cycle the Mf drops below room t empera -  
ture  suggesting an incomplete A - -  M t ransformat ion.  
Goldberg '6 has suggested that re ta ined  austenlte,  once 
formed,  remains  untransformed during subsequent  
cycling. 

Fig.  4 shows rep l i ca  e lec t ron micrographs  f rom 
samples  that were given var ious  the rmal  t rea tments .  
Fig. 4(a) was taken f rom a sample  that was conven- 
t ional ly  hea t - t r ea ted  and no unusual fea tures  a re  p r e s -  
ent. After the f i r s t  cycle,  (Fig. 4(b)), a l ame l l a r  phase 
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Fig. 2--Sequential dilatometric heating and cooling curve for 
a specimen heated to 825~ at 0.33~ held for 2 rain and 
furnace cooled. The numbers represent the number of cycles 
after completion. 

Table I. Chemical Composition of 300 Grade Maraging Steel (Wt Pct) 

AI Ti C Mn Si S P B Zr Ca Ni Mo Co Fe 

0.11 0.69 0.006 0.05 0.07 0.003 0.002 0.0027 0.016 0.0003 18.8 4.94 9.07 bal 
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Fig.  3--Change in the M s and A s as  a funct ion of the n u m b e r  
of t h e r m a l  cyc les .  

appears in the matrix. This has been identified as re-  
tained austenite. ~8 Additional retained austentte forms 
as a result  of repeated thermal cycling as can be seen 
from micrographs 4(c), (d), and (e). 

The dilatometric curves of Fig. 2 show that after 
the second cycle, the Af exceeded 835~ implying that 
some martensite remained untransformed at that tem- 
perature.  This in turn suggests the presence of some 
highly solute depleted martensite regions (probably 
located adjacent to the freshly formed retained austen- 
ire) which, as a result  of exposure to high temperature 
tend to spheroidize to reduce surface energy. Fig. 4(e) 
i l lustrates such a microstructure.  

The volume percent of retained austenite was deter-  
mined by standard quantitative metallography using 
the linear intercept method. 2~ It was observed that 
after one, four, ten and thirty cycles, 17.8, 38, 57.5 
and 79.5 vol. pct retained austenite was present. 

To roughly assess  the stability of the retained au- 
stenite, thermally cycled specimens were quenched in 
liquid nitrogen and subsequently aged for 3 6 h at 490~ 
No change in the structure of retained austenite was 
observed leading to the conclusion that Mf for cycled 
maraging steel lies below - 196~ 

B. Mechanical Propert ies  

Table H lists all the mechanical propert ies studied 
(excluding FCP properties).  All results  represent  an 
average of three tests performed on specimens in the 
same condition. Variations from mean values are also 
indicated in the table. 

I. TENSILE STRENGTH AND HARDNESS 

Typical true-stress vs true-strain curves for the 
various heat treatments employed are shown in Fig. 5. 
The average tensile properties are listed in Table H. 
The tensile strength decreased steadily with additional 
thermal cycling while the percent elongation, reduction 
in area, and strain hardening exponent increased. The 
loss in tensile strength from conventionally treated 
material to material that was cycled once was on the 
order of 15 pct. This may be attributed to the pres- 

ence of retained austenite which caused a decrease 
in flow stress, and consequently a decrease in strength. 
As an approximation, the tensile strength can be cal- 
culated from the well-known rule of mixtures using 
the following equation: 

truc = trutV t + aub(1 -- Vt) [1] 

where 
auc = tensile strength of cycled maraging steel. 
aut = tensile strength of maragtng steel in austent- 

tic condition (tough phase). The value of 848 
MPa ts taken from Ref. 21. 

aub = tensile strength of aged martenslte.  
V t = volume fraction of austenlte. 

Figure 6 shows there is good agreement between 
Eq. [1] and experiment. 

2. FRACTURE BEHAVIOR 

Large increases in fracture toughness were ob- 
served as a result  of thermal cycling as is evident 
from Fig. 7 where the fracture toughness is plotted 
as a function of the number of cycles. KIC increased 
from 77 MPa ~r~ �9 in the solution annealed and aged 

*MPaVrm can be converted to the more familiar engineering unit ks i ,~ ,  by 
dividing by 1.09. 

condition to 116 MPa~r~ for the solution annealed, 
thermally cycled once, and aged condition (an increase 
of 52 pct). To illustrate the significance of the results,  
the square of the ratio of the toughness to the yield 
strength, which is an index of the maximum crack size 
that can be tolerated at the yield s t ress ,  is plotted 
against ay s in Fig. 8 for the family of maraging steels. 
The superiority of the thermally cycled maragtng steel 
is clearly exhibited by the high toughness-to-strength 
ratio at those strength levels. A valid KIC could not 
be measured beyond one cycle using 13 mm thick 
specimens and hence data is shown only for the solu- 
tion annealed and aged as well as for the singly cycled 
and aged conditions. Since the fracture mode changed 
from abrupt to gradual, other indices of toughness 
based on maximum load and original crack length 
(K~ and maximum load and instantaneous crack 
length (K/max) were used in an attempt to illustrate 
this behavior~ These indices have been used p re -  
viously for high toughness materialsf l  '4'5 The f rac-  
ture toughness, as measured by either K~ or K/max, 
does not increase much between one and four cycles 
after which a large somewhat anomalous increase is 
observed for ten cycles. 

The gradual nature of crack extension resulting 
from cycling is best  illustrated by means of crack 
growth resistance,  or R curves.  The R curve concept 
basically represents  an equilibration between applied 
loads tending to propagate the crack and resistance 
to propagation as manifested by development of plas- 
ticity at the crack tip. This concept is discussed more 
fully elsewhere 2a and has been used previously by one 
of the authors (SDA) to illustrate similar  behavior. 1 
Typical R curves are plotted in Fig. 9. The R curve 
for material  in the solution annealed and aged condi- 
tion r i ses  vert ically and at a critical point catastrophic 
fracture occurs.  In contrast, the R curves for the cy- 
cled material  continually r ise with increasing crack 
length, illustrating the gradual nature of crack exten- 
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Fig. 4-Electron replica micrographs of 300 grade maraging steel (a) solution annealed (b) thermally cycled one, (c) four, (d) 
ten and (e) 30 times. All samples were aged for 3~- h at 490~ after the indicated treatments. 

sion for this treatment.  The effect of only a single 
cycle on the resis tance to fracture is most striking. 

Fractographic examinations of the fracture surfaces 
were made to help understand the mechanism of f rac-  
ture of maraging steel with different heat treatments.  
Figure 10 shows some typical fractographs taken from 
specimens that were conventionally treated 9Fig. 10(a)), 
cycled once (Fig. 10(b)), and cycled ten times (Fig. 
10(c)). In the solution annealed and aged condition the 
f racture  surface exhibits equiaxed dimples of various 
sizes which is consistent with results  obtained by other 
investigators. ~ Figure 10(b) shows large ductile dimples 
with evidence of ripples and serpentine glide. Towards 

the top of the fractograph there is a region very simi-  
lar in appearance to that of the solution annealed and 
aged structure.  The local direction of crack propaga- 
tion is f rom the brittle to the ductile region and it 
seems probable that the ductile area corresponds to 
a region dominated by retained austenite and which, 
by its capacity to plastically deform, relaxes the 
s t resses  in the brittle constituent (aged martensite).  
Such features were frequently encountered in replicas 
taken from regions that underwent stable fracture.  The 
fracture surface of specimens cycled ten t imes f re -  
quently exhibited large fragmented part icles (Fig. 10(c) 
is a typical example) surrounded by a ductile region. 
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Table II. List of Mechanical Properties 

True True 
Strain Strain 

at at 
Hardness KIC Kt~nax K~nax UTS Neckingt Fracture Pct Reduction 

Heat Treatment Rc MPax/'m MPa'v@ MPaV~ MPa eu ef in Area 

1. Solution annealed and aged, 53.5 -+ 1 77.~ 77.~ 86:~ 1944 + 28 0.017 0.256 22.2 
2. Solution annealed cycled once 47 + 1 116~ 124.*~ 165.*~ 1655~ 0.025 0.350 29.3 

and aged. 
3. Solution annealed cycled four 43.5 :t 0.5 * 123.~ 166 + 6 1538 + 41 0.062 0.570 43.5 

times and aged 
4. Solution annealed cycled ten 37 + 1.5 * 146 + 7 247 + 28 1338_~ 0.190 0.772 55.0 

times and aged 

*Not a valid plane-strain fracture toughness measurement. ASTM thickness requirement was not met. 
tThe true strain at necking (ie., the total uniform strain) is identical to the strain hardening exponent n for the materials whose stress-strain curves are given by a = K e  n 

where K is the strength coefficient. ~9 
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Fig. 5--Typical true stress vs true strain curves. The num- 
bers on the curves indicate the number of cycles. 

T h e s e  p a r t i c l e s  a r e  b e l i e v e d  t o  b e  n i t r i d e s  a n d  c a r -  
b i d e s  of the a l loying  e l e m e n t s .  25,ae It is our  fee l ing  
that  due to r epea t ed  t h e r m a l  cyc l ing  and aging, p r e -  
c ip i t a t e s  c o a r s e n  to f o r m  l a r g e  p a r t i c l e s ,  which sub-  
sequent ly  dominate  the f r a c t u r e  appea rance .  

The way in which the p r e s e n c e  of r e t a ined  aus ten i te  
a ids  in improv ing  the f r a c t u r e  toughness  is not c o m -  
p le te ly  c l e a r  at th is  t ime .  The m e c h a n i s m  of f a i lu re  
in aged m a r a g i n g  s t e e l s  is  p r e d o m i n a t e l y  by void nu- 
c lea t ion  and growth.  The c r a c k  extends  as  these  voids  
begin  to impinge and r educe  the s t r u c t u r a l  in tegr i ty  
within the p las t i c  enc lave .  When r e t a ined  aus ten l te  is  
p r e sen t ,  an addi t ional  i n c r e m e n t  of p la s t i c  work must  
be done if the voids  in the aged m a r t e n s i t e  a r e  to link 
up and the m a t e r i a l  is  e f f ec t ive ly  toughened.  The ro l e  
of the r e t a ined  aus ten i te  may  then be v iewed  as l i m i t -  
ing the nucleat ion of e m i s s a r y  c r a c k s  ahead of the 
main  c r ack  f ront .  This  p r o c e s s  is  i l l u s t r a t ed  s c h e m a t -  
i ca l ly  in Fig .  11. 

It is of i n t e r e s t  to account  fo r  th is  l a r g e  i m p r o v e -  
ment  in f r a c t u r e  toughness  in t e r m s  of a m a t h e m a t i c a l  
model .  Unfortunately,  l i t t le  p r o g r e s s  at  the p r e s e n t  
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Fig. 6--Tensile strength of cycled and aged steel as a funetion 
of the volume fraction of retained austenite. 
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Fig. 7--Variation in fracture toughness as a function of cycles. 
Valid KIC tests could not be performed beyond one cycle. 

t i m e  has  been made towards  quant i ta t ive  deve lopment  
of m i c r o m e c h a n i c s  equat ions  for  two phase  m i c r o -  
s t r u c t u r e s .  In the past ,  s o m e  w o r k e r s  8,26 have used 
Hahn and Rosen f i e ld ' s  27'2s e x p r e s s i o n  to e s t i m a t e  the 
f r a c t u r e  toughness :  
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"a G g,c = [2] 

where  

E = E l a s t i c  Modulus.  
ay s = yie ld  s t r eng th .  

n = s t r a i n  ha rden ing  exponent .  

The c o r r e l a t i o n s  with e x p e r i m e n t a l l y  d e t e r m i n e d  v a l -  
ues  have not a lways  been  s a t i s f a c t o r y .  In the p r e s e n t  
s tudy,  c o n s i d e r i n g  the m a t e r i a l  tha t  was c y c l e d  once 
and us ing the m e c h a n i c a l  p r o p e r t y  da ta  g iven in Table  
II, a va lue  of 368 MPavr~ i s  c a l c u l a t e d  us ing Eq. [2]. 
This  r e p r e s e n t s  a g r o s s  o v e r - e s t l m a t e  of what  was 
ac tua l l y  o b s e r v e d .  The lack  of a g r e e m e n t  with Eq. [2] 
is  p e r h a p s  not  s u r p r i s i n g  s ince  i t  s e e m s  i m p r o b a b l e  
that  f r a c t u r e  toughness  can be c o r r e l a t e d  so l e ly  to 
m a c r o s c o p i c  m e c h a n i c a l  p r o p e r t i e s  of mu l t i phase  a l -  
loys  without s p e c i f i c a l l y  c o n s i d e r i n g  the m e c h a n i c a l  
p r o p e r t i e s  and d i s t r i bu t i on  of each  phase .  A c a l c u l a -  
t ion taking the m e c h a n i c a l  p r o p e r t i e s  of both cons t i t u -  
en ts  into account  and b a s e d  on the e n e r g y  d i s s i p a t e d  
by  a s lowly  moving c r a c k  is  p r e s e n t e d  below.  

C o n s i d e r  a two phase  s y s t e m  in which the p h a s e s  
a r e  wel l  d i s t r i b u t e d :  the to ta l  e n e r g y  d i s s i p a t e d  p e r  
unit a r e a  c r a c k  ex tens ion  can be  a p p r o x i m a t e d  by  the 
a l g e b r a i c  sum of the e n e r g i e s  of the ind iv idua l  p h a s e s  
combined  in p r o p o r t i o n  to t h e i r  vo lume f r ac t i on :  

= C ch + C ) c ( 1  - vt) [3] 
G c Gtlc and Gblc r e p r e s e n t  the e n e r g i e s  d i s s i p a t e d  IC, 

p e r  unit  a r e a  c r a c k  ex tens ion  by the " c o m p o s i t e "  
(cycled  and aged) ,  the tough ( r e t a ined  aus ten i te )  and 
the b r i t t l e  (aged m a r t e n s t t e )  m a t e r i a l s  r e s p e c t i v e l y .  
Using the we l l -known r e l a t i o n s h i p  be tween  the c r a c k  
ex tens ion  f o r c e  GIC and the c r i t i c a l  p l a n e - s t r a i n  s t r e s s  
in t ens i ty  p a r a m e t e r  KzC 

K 2 , c  (i - 2) [4] GIC = E 

where  v = P o i s s o n ' s  r a t i o ,  and subs t i tu t ing  into Eq. [3], 
the fol lowing e x p r e s s i o n  i s  ob ta ined :  

KIC = {GIcVt + GIC(1 - Vt) [5] 

Gbc has  been  e x p e r i m e n t a l l y  m e a s u r e d ,  but  e x p e r i m e n -  
t a l  d e t e r m i n a t i o n  of Gtc would r e q u i r e  an inconvenien t ly  
l a r g e  s a m p l e :  hence  an e s t i m a t e  of GtIC mus t  be made .  
The mode of f a i l u r e  of r e t a i n e d  aus ten i t e ,  when p r e s e n t  
in s m a l l  quan t i t i e s  in a b r i t t l e  m a t r i x ,  is  p r o b a b l y  n e a r  
p l a n e - s t r a i n  b e c a u s e  of the  c o n s t r a i n t  of the b r i t t l e  m a -  
t e r i a l  puts  on it.  A method for  e s t i m a t i n g  GtIC is  ou t -  
l ined be low.  

Goodier  and F ie ld  3~ have d e r i v e d  an e x p r e s s i o n  for  
ca l cu la t ing  the p l a s t i c  e n e r g y  d i s s i p a t e d  by  a p r o p a g a t -  
ing c r a c k  in a p la te  of unit  t h i cknes s  which, for  l i m i t e d  
p l a s t i c i t y ,  should be a p p r o x i m a t e l y  the s a m e  as  the 
c r a c k  ex tens ion  f o r c e :  

dWp 2 
2 

(K + 1)(1 + v)Ea(-~)f(t) [6] G -  d-----~ - ~-- 

where  

K = 3 -- 4V for  p l a n e - s t r a i n .  

G 
t = (a is  the r e m o t e  s t r e s s ) .  

_ •  ~t ~t 
f(t) = tan  - ~  - in s ec  T 

This  mode l  a s s u m e s  that  the m a t e r i a l  i s  n o n - s t r a i n  
ha rden ing  and that  the y ie ld  zone i s  of the  type  de -  
s c r i b e d  by Dugdale al b a s e d  on M u s k h e l i s h v t l l i ' s  32 
so lu t ion  to the c e n t e r  c r a c k  p r o b l e m .  F o r  f u r t he r  
c a l c u l a t i ons ,  a va lue  m u s t  be  chosen  for  the  ha l f -  
c r a c k  length a .  This  can be done without  any  l o s s  of 
g e n e r a l i t y  if the r e m o t e  s t r e s s  is  chosen  c o r r e s p o n d -  
ingly .  

a) Ca lcu la t ion  of Gbo The c r i t i c a l  r e m o t e  s t r e s s ,  
a, i s  given by:  

gc 
- 

Subst i tu t ing  K e = K~I c and a = 1.27 c m  a c r i t i c a l  s t r e s s  
of 384.1 MPa  i s  computed .  Subs t i tu t ing  v = 0.28, K = 1.88, 
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Fig. 10-Typical fractographs from specimens that were (a) solution annealed and aged, (b) cycled once and aged and (c) cycled 
ten times and aged. 

E = 19.3 • 10 x~ Pa, try s = 1931 MPa,  and using Eq. [6] 
we have Gbc = 29.4 k J / m  ~. The m e a s u r e d  value  of Gbc, 
obtained f r o m  c o n v e r t i n g / ~ / c  m e a s u r e d  e x p e r i m e n -  
ta l ly ,  (by using Eq. [4]), is 28.4 k J / m  2 which c o m p a r e s  
wel l  with the ca lcu la ted  va lue .  

b) Calculat ion of Gtic. The c r i t i c a l  r e m o t e  s t r e s s  in 
a s e m i - i n f i n i t e  shee t  of s ingly cyc led  and aged m a r a g -  
lng s tee l  is ca lcu la ted  to be 583 MPa using Eq. [7]. Be-  
cause  the e l a s t i c  p r o p e r t i e s  a r e  subs tan t ia l ly  the s a m e  
for  both cons t i tuents ,  the r e m o t e  s t r e s s  at which the 
tough phase  c r a c k s  under the cons t r a in t  f r o m  the b r i t -  
t le  phase  is  a l so  a s s u m e d  to be 583 MPa. Substi tuting 
cry s = 710 MPa (Ref. 21) and the e l a s t i c  cons tants  used 
p rev ious ly ,  Eq. [6] y ie lds  the r e s u l t :  

6tlC = 252 k J / m  2 

Substi tuting va lues  for  Gbc, Gtc  and Vt into Eq. [5] 
y ie lds  a va lue  of 119 MPa4-~ fo r  the m a t e r i a l  that was 
cyc led  once and aged.  This  is  in exce l l en t  a g r e e m e n t  

with the e x p e r i m e n t a l  value  of 116 M P a ~ .  While the 
spec imen  f ab r i ca t ed  f r o m  the m a t e r i a l  that  was cyc led  
4 t i m e s  was not under p l a n e - s t r a i n  cons t r a in t  it is of 
i n t e r e s t  to ca lcu la te  the toughness  using Eq. [5]. The 
r e s u l t  is 154 MPad-~ which appea r s  r ea sonab le  and 
lends fu r t he r  c r e d e n c e  to the ca lcula t ion .  The m a t e -  
r i a l  that  was cyc led  10 t i m e s  exhibi ted a s t r a i n - i n -  
duced t r a n s f o r m a t i o n  and a d i f ferent  model  of the f r a c -  
tu re  p r o c e s s  mus t  be invoked.* 

*With each successive cycle, the retained austenite that formed previously be- 
comes depleted in alloying elements by diffusion and eventually a point is reached 
where it can transform to martensite upon the application of stress. In addition, 
after a number of cycles the retained austenite that does precipitate does so from 
a generally alloy-depleted matrix and it too may transform upon application of 
stress. Thus only a portion of the retained austenite is expected to transform on 
stressing and this behavior was in fact observed. 

e) Stra in  Induced A u s t e n i t e ~  Mar tens i t e  T r a n s f o r -  
mat ion .  To d e t e r m i n e d  whether  the r e t a ined  aus ten i te  
t r a n s f o r m e d  to m a r t e n s i t e  dur ing deformat ion ,  f r a c -  
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J ____---Retained austenite 
lamallae 

main c ~ q h ~  

- - , e m i s s a r y  crack 
Fig.  l l - - T e n t a t i v e  m e c h a n i s m  d e p i c t i n g  r e t a i n e d  a u s t e n i t e  
b lock ing  s m a l l  e m i s s a r y  c r a c k s  in the  p l a s t i c  zone  ahead  of 
the  m a i n  c r a c k  f ron t .  

F ig .  1 2 - - M a r t e n s i t e  f o r m a t i o n  a r o u n d  c r a c k  t ip of  p a r t i a l l y  
fractured specimen that had been cycled 10 times pr ior  to 
aging. 

t u r e d  t en s i l e  s p e c i m e n s  f r o m  each of the hea t  t r e a t -  
m e n t s  we re  aged at  490~ for  3 �89 h. M i c r o h a r d n e s s  r e a d -  
ings  w e r e  taken  f r o m  the heav i ly  d e f o r m e d  reg ion  and 
the reg ion  not sub jec t ed  to any p l a s t i c  de fo rma t ion .  
The h a r d n e s s  r e s u l t s  a r e  l i s t e d  in Table  HI. No change 
in h a r d n e s s  was  o b s e r v e d  for  s a m p l e s  cyc l ed  one and 
four  t i m e s ,  but  s a m p l e s  cyc led  ten t i m e s  aged  to m a x i -  
mum h a r d n e s s  in the d e f o r m e d  reg ion ,  s t r o n g l y  sug -  
ges t ing  the o c c u r r e n c e  of a s t r a i n - i n d u c e d  t r a n s f o r m a -  
t ion f rom aus ten i t e  to m a r t e n s i t e  '~, s i m i l a r  to that  which 
o c c u r s  in TRIP  a l l oys .  4,s 

A p a r t i a l l y  f r a c t u r e d  compac t  t ens ion  s p e c i m e n  of 
m a t e r i a l  that  had been  cyc led  ten t i m e s  was aged,  
mounted,  and po l i shed  a f t e r  sec t ion ing  at  the mid th i ck -  
n e s s .  P r e f e r e n t i a l  e tching of what is  a s s u m e d  to be 
t r a n s f o r m e d  m a r t e n s i t e  a round  the c r a c k  t ip  de l i nea t ed  
the p l a s t i c  zone bounda ry  as  shown in Fig .  12. 

It would be of i n t e r e s t  to e s t i m a t e  the i n c r e a s e  in 
f r a c t u r e  toughness  due to the s t r a i n - i n d u c e d  t r a n s f o r -  
mat ion .  Antolovich and Singh 4 have d e r i v e d  such an 
e x p r e s s i o n  fo r  the r educ t ion  in s t r a i n  e n e r g y  a s s o c i -  
a ted  with m a r t e n s i t e  f o r m a t i o n  ahead of a c r a c k :  

AuA--M [ elS \ (yflh2B) 

where  

AU A~M = s t r a i n  e n e r g y  a s s o c i a t e d  with the A ~ M  
t r a n s f o r m a t i o n  within the p l a s t i c  zone.  

eIS = inva r l an t  s h e a r  s t r a i n  a s s o c i a t e d  with 
the t r a n s f o r m a t i o n .  

a M = t en s i l e  s t r e s s  a t  which the m a r t e n s l t e  
f o r m s .  

2h, 2flh = height  and  width of the m a r t e n s i t e  zone 
(F ig .  12). 

B = s p e c i m e n  t h i c k n e s s .  
V M = vo lume f r a c t i o n  of s t r a i n  induced m a r t e n -  

s i t e  in the  m a r t e n s t t e  zone .  

Using  Eq. [8], an e x p r e s s i o n  for  the  i n c r e m e n t a l  f r a c -  
t u r e  toughness  has  been  d e r i v e d :  4 

A G A ~  M EISTrVM [jctzP4 / a \  

where  

a = ha l f -he lgh t  of m a r t e n s i t e  zone d iv ided  by  
the s q u a r e  of the  r a t i o  of the s t r e s s  in ten-  
s i t y  p a r a m e t e r  to the y ie ld  s t r e s s .  

P = load  on the s p e c i m e n .  

= 2 ' + 4 r  
aY(a/W) 

Y(- -~ )  = d i m e n s i o n l e s s  c a l i b r a t i o n  funct ion.  

W = s p e c i m e n  width.  

The fol lowing typ i ca l  v a l u e s  w e r e  d e t e r m i n e d  f rom 
a s p e c i m e n  that  was c y c l e d  ten  t i m e s :  

aM = 1103 MPa* 
a 

= 0.625 
W 

r 
P 
Ol 

VM 

= 11.52 x 105 

= 0.20 (Ref. 33) 
= 26,688 N 
= 0.034 ( f rom m e t a l l o g r a p h y )  
= 0.36 ( f rom m e t a l l o g r a p h y )  
= 0.27 (quant i ta t ive  m e t a l l o g r a p h y )  

*O M is the stress at which the dip in the stress strain diagram for the material 
cycled tea times occurs which probably is caused by the onset of-strain induced 
A --> M transformation. 

On subs t i tu t ing  the above  va lue s  into Eq.  [9] the tough-  
n e s s  i n c r e m e n t  a s s o c i a t e d  with the  s t r a i n - i n d u c e d  
t r a n s f o r m a t i o n  i s  c a l cu l a t ed  to be: 

AG A~M = 39.4 k J / m  z 

Adding the toughness  con t r ibu t ions  f r o m  the two p h a s e s  
and f rom the s t r a i n  induced t r a n s f o r m a t i o n ,  the f r a c -  
t u re  toughness  of m a r a g i n g  s t e e l  c y c l e d  t en  t i m e s  p r i o r  
to ag ing  i s  c a l cu l a t ed  to be  201 M P a v ~ .  A c u r v e  show-  
ing the p r e d i c t e d  va lue s  of /~/C is  d rawn in Fig .  7 a long 
with the m e a s u r e d  v a l u e s  of the  d i f f e r en t  f r a c t u r e  tough-  
ne s s  ind ices  d i s c u s s e d  e a r l i e r .  The c o r r e l a t i o n  with the 
r e s u l t s  obta ined  f r o m  s p e c i m e n s  tha t  w e r e  under  p l a n e -  
s t r a i n  c o n s t r a i n t  is  exce l l en t .  Beyond one cyc le ,  where  
va l id  p l a n e - s t r a i n  t e s t s  could  not be obta ined ,  the c a l -  
cu la ted  va lue  of the toughness  l i e s  be tween  K ~  and 
K/maxand the c o r r e l a t i o n  is  s t i l l  r e a s o n a b l e .  

d) Fa t igue  C r a c k  P r o p a g a t i o n  (FCP) .  The ef fec t  of 
t h e r m a l  cyc l ing  on F C P  was a l so  t e n t a t i v e l y  eva lua ted .  
T e s t s ' w e r e  run a t  m o d e r a t e  and high c y c l i c  s t r e s s  in-  
t en s i t y  r a n g e s  (~K) us ing  a load  r a d i o  of a p p r o x i m a t e l y  
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Table II1: Microhardnem in the Deformed and Undeformed Region after 
Aginq for Three Hours Following Tensile Deformation 

Microhardness in Microhardness in 
Undeformed Region the Necked Region 

Heat Treatment (kiiN) (KHN) 

1. Thermally cycled once prior 450-~ 450_~ 
to aging 

2. Thermally cycled four times 421 + 12 435~ ~ 
prior to aging 

3. Thermally cycled ten times 362_+a12 601 _*Is ~ 
prior to aging. 

15. Crack  growth over  a known number of cycles  was 
observed.  The c rack  growth in terva ls  were chosen so 
that the final cyclic s t r e s s  intensi ty did not exceed the 
ini t ia l  s t r e s s  intensity b y m o r e t h a n  5 pct. The data are  
shown in Fig .  13 and can be r ep resen ted  by an equation 
of the form:  

d a  [10] 
d N  = R(AK)m 

where R ,  m = constants.  
A " l e a s t  s q u a r e s "  line was fit  to the data. Values 

for  R and m were calculated and a re  l i s ted  in Table IV. 
There is essen t ia l ly  no difference between the conven- 
t ional ly  t r ea ted  and singly cycled ma te r i a l .  For  4 cy-  
c les  there  was some improvement  in the FCP p r ope r -  
t ies .  The improvements  may be a t t r ibuted to a combi-  
nation of dec reased  tensi le  s trength as predic ted  by 
some inves t iga tors  s4-sg as  well as to poss ible  changes 
in sl ip cha rac te r  due to the p resence  of an fcc phase 
and as  re f lec ted  in the increased  s t ra in  hardening ex-  
ponents for  the cycled ma te r i a l .  4~ The FCP resu l t s  
a r e  in general  agreement  with those of Mil ler  42'4S for 
300 grade maraging s teel .  

-~ I~ /// 

al 4 Cycles 

1C ~6 I I I I I III] I 

10 1 0 0  
A K  ( MPoClff'i ) 

Fig .  1 3 - - C r a c k  g r o w t h  r a t e  a s  a f u n c t i o n  of  cyc l i c  s t r e s s  i n t e n -  
s i t y  p a r a m e t e r  fo r  3 d i f f e r e n t  h e a t  t r e a t m e n t s .  The  l i n e s  r e p -  
r e s e n t  "least  squares" fit to the data. 

Table IV. List of Constants for FCP Equation 

R 
Heat Treatment (cmT/N 4) m 

1. Solution annealed and aged. 4.0 X 10 -2t 2.5 
2. Solution annealed cycled twice and aged. 2.2 X 10 -21 2.6 
3. Solution annealed cycled four times and aged. 9.4 X 10 -2t 2.1 

IV. SUMMARY AND CONCLUSIONS 

1) Thermal  cycling of a 300 grade maraging s teel  
at  a ra te  of 0.33~ holding at 825~ for  two minutes 
and cooling to room tempera tu re ,  produced re ta ined 
austenite in a mar tens i t i c  matr ix .  During subsequent 
aging to strengthen the matr ix ,  the austeni{e remained 
s table .  Thus, a mic r0s t rue tu re  consis t ing of aged 
mar tens i te  and austenite was produced.  

2) The f rac tu re  toughness of conventionally heat  
t rea ted  ma te r i a l  was about 77 MPa~Fm at a strehgth 
level  of 1931 MPa. The toughness inc reased  to 116 
MPaV~ at a strength level of 1655 MPa as  a resul t  
of a single thermal  cycle.  

3) In addition to higher f rac ture  toughness as  mea-  
s u r e d  by KIC , the  f rac tu re  mode changed from ca ta-  
s t rophical ly  abrupt  to gradual  as  a r e su l t  of cycling. 

4) A model taking into account the mechanical  p rop-  
e r t i e s  of aged martenSite  and austeni te  and based  on 
the p las t ic  energy d iss ipa ted  by a slowly moving crack 
was invoked. The calculat ions were in good agreement  
with the exper imenta l  resu l t s .  

5) Ten the rmal  cycles  resu l ted  in some metas table  
austeni te  which t rans formed to mar tens i te  during f r a c -  
turing.  This resul ted  in an addit ional  increment  in 
toughness but only at a significantly reduced strength 
level .  

6) The fatigue c rack  propagation p rope r t i e s  of the 
cycled ma te r i a l  were only sl ightly super io r  to those 
of the conventionally t rea ted  mate r i a l .  
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