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Abstract A s e r i e s  of carbon-maganese s t e e l s ,  containing 0.18 t o  0.81% carbon 
and 0 t o  1.5% mangsnese were austeni t ized,  quenched, and tempered. These com- 
posi t ions and heat t reatments allowed a va r ia t i on  of maximum carbide s i z e  from 
0.2 t o  5 microns and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa v a r i a t i o n  of f r e e  i n t e r p a r t i c l e  spacing from 0.13 t o  
3.0 microns. 

Standard Cnarpy V-notch specimens were fractured i n  S h . 7  threepoint  
bending over a range of temperatures from -196'2 t o  -75C where f rac tu re  occur- 
red by cleavage. Companion t e n s i l e  t e s t s  were conducted over the same tempera- 
t u r e  range t o  determine the e f f e c t  of microstructure on the t e n s i l e  y ie ld  
s t rength,  0". The c r i t i c a l  t e n s i l e  s t r e s s  required t o  cause cleavage f rac tu re  
below the n6tch roo t ,  si, was computed by e l a s t i c - p l a s t i c  analyses, wherein 
6\ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 2.18 Oy a t  the po&t where PF = 0.8 PGy. PF i s  the notched f rac tu re  load 
and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPGy the-(extrapolated) value of the general y ie ld  load, 

The values of 6 var ied from 159 t o  370 k s i  a s  the microstructure 
was ref ined. 
values f o r  s ing le  phase and dispersed systems. The data ind icate t h a t  i n  
f i n e  microstructures zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA@g i s  determined primari ly by the f r e e  i n t e r p a r t i c l e  
spacing. I n  coarse microstructures,  p a r t i c l e s  may a c t  as Griff i t l i - type 
flaws i f  the f ree  f e r r f t e  path length i s  s u f f i c i e n t  t o  permit pile-ups t o  
crack the pa r t i c l es ;  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC?$ i s  then determined by the maximum s i z e  of the car-  
bide pa r t i c l es .  
p a r t i c l e s  may not cause a decrease 2n cleavage st rength i f  the microstructure 
i s  re f ined by a homogeneous d i s t r i b u t i o n  of smaller p a r t i c l e s ,  

I These va lues were quant i ta t ive ly  compared with theo re t i ca l  

The r e s u l t s  a l s o  ind icate t h a t  the presence of a few large 
. 

Introduct ion 

The e f f e c t  of Low volume f rac t i ons  ( < 15%) of hard p a r t i c l e s  on 

the l o w  temperature cleavage processes i n  dispersed systems such as 

. spheroidized s t e e l  has received l i t t l e  systematic study. From a s e r i e s  of 

i s o l a t e d  experiments on a va r ie t y  of mater ia ls tes ted  a t  temperatures where 

the matrix i s  capable of f a i l i n g  by cleavage, i t  appears t h a t  the p a r t i c l e s  

' . .  

can assist  o r  i n h i b i t  t A e  cleavage process i n  the following ways: 

1. A t  small p l a s t i c  s t r a i n s  the p a r t i c l e s  may crack or  separate 

from the matrix, creae+ng Gr i f f i th- type flaws which a r e  more e f fec t i ve  



2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
s t r e s s  concentrators f o r  promoting matrix cleavabe than a re  blocked s l i p  

' bands (1). 

of the large p a r t i c l e s .  

The cleavage st rength,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOf;:, i s  then reduced by the introduct ion 

2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA network of t h i n  p a r t i c l e s  a t  matrix g ra in  boundaries may 

e f fec t i ve l y  harden the boundaries and i n h i b i t  p l a s t i c  re laxa t i on  around 

blocked s l i p  bands and inc ip ien t  microcracks (2 ) .  

then reduced by the in t roduct ion o f  the p a r t i c l e s  ( 3 ) .  

The cleavage st rength i s  
-l 

3. The p a r t i c l e s  may e f fec t i ve l y  block microcracks which have 

formed i n  the matrix, l imi t ing t h e i r  s i z e  t o  t h a t  of the p a r t i c l e  spacing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 4 ) .  

The cleavage st rength i s  then increased by the introduct ion of the p a r t i c l e s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4. The p a r t i c l e s  may block s l i p  processes i n  the matrix, reducing 

the length of d is locat ion pile-ups which i n i t i a t e  f rac tu re  and thereby 

increase the cleavage st rength of t he  system (5). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 .  The p a r t i c l e s  may have no d i r e c t  e f f e c t  on the f rac tu re  process, 

but may increase the cleavage st rength by causing the  matrix g ra in  s i z e  t o  

be ref ined during heat  treatment. 

6. Final ly ,  on a macroscopic sca le ,  the p a r t i c l e s  may reduce the 

t r i a x i a l  s t r e s s  s t a t e  around a 'no tch  i f  the part ic le-matr ix i n te r faces  a r e  

weak i n  shear,  by promoting a more homogeneous deformation pa t te rn  i n  the 

v i c i n i t y  of the notch (6). This reduction i n  t r i a x i a l i t y  leads t o  an increase 

i n  macro toughness parameters such a s  K and a reduct ion i n  n i l - d u c t i l i t y  
IC 

temperature. 

It seems c e r t a i n  t h a t  the e f f e c t  of p a r t i c l e s  on cleavage f rac tu re  

i s  no t  the same i n  a l l  dispersed systems. I n  f a c t ,  i n  any one system two o r  

more of these processes may be occurring simultaneously. 

t he  case i n  commercial mater ia ls  t h a t  contain more than one type of p a r t i c l e ,  

o r  i n  which there e x i s t s  a wide d i s t r i b u t i o n  of p a r t i c l e  s i zes .  

This i s  par t i cu la r l y  
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Steel;? 
design 

18MS 
44 
44M 
44Ms 
60 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
73 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8 1M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

/ 
The current  invest igat ion was performed t o  quant i ta t ive ly  deteririine 

Carbon 
(wt%>- 

0.18 
0.44 
0.44 
0.44 
0.60 
0.73 
0.81 

the e f f e c t  of p a r t i c l e  s i z e ,  spacing and .volume f r a c t i o n  on the microscopic 

cleavage f rac tu re  s t reng th  of a system containing low volume fract io i is  of 

hard, spher ica l  p a r t i c l e s  which are strongly bonded t o  the matrix but which 

a re  not coherent with i t . It was determined t h a t  f o r  the spheroidized car-  

bon-manganese s t e e l  invest igated here,  the predominant e f f e c t s  of p a r t i c l e s  

on cleavage f r a c t u r e  a r e  those described above a s  e f f e c t s  (1) and (4). 

-b 

Experimental Procedure 

A s e r i e s  of carbon and carbon-manganese s t e e l s  were chosen as the 

subject  f o r  t h i s  invest igat ion.  The compositions a r e  given i n  Table I. 

TABLE I 

Mn 
(wt"/o) 

1.15 
0.01 
1.44 
1.50 
0.01 
0.01 
0.98 

S 

0.016 
0.005 
0,005 
0.065 
0.005 
0.005 
0.005 

A1 1 
Others 

t race  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 1  

I 1  

I t  

I 1  

I t  

I I  

Calc. Vol. 
% carbide 

2.74 
6.95 
6.95 
6.95 
9.45 

11.50 
12.73 

I 

*Note t h a t  t h e  s t e e l  designation ind icates the amount of carbon 
and whether the s t e e l  contains manganese o r  s u l f u r  i n  s ign i f i can t  
amounts. 

The s t e e l s  were austeni t ized t o  y ie ld  an aus ten i te  g ra in  s i z e  of 

ASTM No. 3 (O.lmm), quenched i n  o i l  and tempered i n  s t a t i c  vacuim a t  tempera- 

t u r e s  from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA450 t o  715C f o r  24 hours. Typical s t ruc tu res  of one s t e e l  tempered 

a t  t h ree  temperatures a r e  shown i n  f igure 1. The microst ructura l  parameters 

were measured from e lec t ron  microscopy rep l i cas  of polished and e lect ro-  

etched surfaces and the  s t ructures were character ized using the following 

forrmlas (7).  



' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwhere 

1-f - 3 h f  
2 

-P- and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD, - - - - .  , d  = F  X, NL 2 1-f 

hp  = mean f ree  p a r t i c l e  spacing 

NL = number of pa r t i c l es  per u n i t  length of random 

l i n e  on the microstructure 

f = volume'fraction of carbide 

- 
d = calculated mean planar p a r t i c l e  diameter 

Ds = i n t e r p a r t i c l e  spacing (mean planar center-to-center 

p a r t i c l e  spacing). 

The volume f r a c t i o n  of  the carbide measured on the micrographs 

was always somewhat greater  than ca lcu lated from the composition (general ly 

by about 20%) but the e r r o r  was not s u f f i c i e n t  t o  s ign i f i can t l y  a f f e c t  the 

ca lcu lated microstructural  parameters. 

the composition was used i n  a l l  ca lau lat ions f o r  consistency. 

which contained more than the minimum amount of su l fu r ,  the su l fu r  appeared zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
as r a t h e r  elongated zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANnS inclusions with a major dimension of up t o  10 microns 

The value of "f" determined from 

I n  the s t e e l s  

regard less of the heat  treatment. 

One spec ia l  microstructure was prepared t o  determine the e f f e c t  of 

carbide p a r t i c l e  s i z e  d i s t r i bu t i on .  In the normal s t ruc tu res ,  the p a r t i c l e  

size-frequency curve indicated a Gaussian d i s t r i b u t i o n  with a s l i g h t  weight- 

ing toward the smaller p a r t i c l e  s i zes .  This i s  roughly i n  accord with the 

f ind ings of Hahn and Rosenfield (8). 

involved quenching and tempering s t e e l  8111 a t  a high temperature (700C), 

rap id ly  heat ing t o  850C f o r  two minutes ( reausteni t iz ing)  and then requench- 

ing and tempering a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA450C. 

dispers ion of very f i n e  pa r t i c l es  containj-ng a few large p a r t i c l e s  retained 

Preparing the spec ia l  s t ruc tu re  

The resu l t i ng  microstructure was a uniform 
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from the o r i g i n a l  quench and temper. This struccure i s  shown i n  

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2. 

Sheet t e n s i l e  speciinens and slow-bend Charpy V-notch specimens of 

each s t ruc tu re  were t e s t e d  a t  temperatures from -1.96C t o  23C. The t e n s i l e  

specimens furnished y ie ld  data as a funct ion of temperature and t h e  Charpy 

specimens provi-ded the d a t a  necessary t o  determine the f rac tu re  proper t ies 

of the mater ia ls .  
-& 

Two stage electron microscopy rep l i cas  were used t o  

determine the type of f r a c t u r e  occurring i n  the Charpy specimens and t o  

de tec t ,  i f  poss ib le ,  the e f f e c t  of t he  p a r t i c l e s  on the f rac tu re  process. 

Experiment a1 Results 

The microst ructura l  parameters determined f o r  each s t ruc tu re  a r e  , ,  

given i n  Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11. The values for the double-quenched-and-tempered 

s t r u c t u r e  a r e  extrapolated from the higher tempering temperatures f o r  
I 

s t e e l  8lM as t he  s t r u c t u r e  was too f i x e  t o  accurately measure any values 

but dmax, the maximum p a r t i c l e  s ize.  

l a t e d  values of d, the mean p a r t i c l e  s i z e ,  were i n  good agreement with 

values estimated from the micrographs, leading t o  confidence i n  the 

numerical desc r ip t i on  of t he  microstructures. 

The ambient temperature t e n s i l e  y ie ld  strength of each micro- 

s t r u c t u r e  is given i n  Table 11. Even a t  l i qu id  ni t rogen temperature, plane 

t e n s i l e  specimens of these s t e e l s  f r a c t u r e  by d u c t i l e  rupture,  which occurs 

For a l l  other s t ruc tu res ,  the calcu- 

. -  

a t  t e n s i l e  s t r e s s  l e v e l s  wel l  below t h a t  required t o  cause cleavage. 

order  t o  study the e f f e c t  of microstructure on cleavage st rength i t  was 

therefore necessary t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAuse bars of Charpy V-notch geometry i n  which the 

I n  

t e n s i l e  stress l e v e l  can be raised above the t e n s i l e  y ie ld  s t rength,  (T 

by t h e  t r i a x i a l  c o n s t r a i n t  below the notch. The deta i led procedure i s  

descr ibed i n  reference (2), and is  out l ined i n  f igure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 .  Br ief ly ,  i t  has been 

shown (9) t h a t  when t h e  appl ied load,  P,  i s  0.8 of the load required f o r  

Y 
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general  y ie ld ing, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPa, the maximum t e n s i l e  s t r e s s  l eve l ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(5 

zone ahead of the V-notch i n  a per fect ly  p l a s t i c  so l i d  i s  2.18 Oy. 

occurs a t  a point located i n  the plane of the notch, about two notch root  

i n  the p l a s t i c  YY' 

This 

r a d i i  ahead of t he  notch t i p ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand i s  the s i t e  of f rac tu re  i n i t i a t i o n .  

The general  y ie ld  load curve ( f igure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 )  i s  extrapolated a b i t  below the 

temperature TD(N) (where f rac tu re  occurs upon general  y i e l d )  t o  the tempera- 

t u r e  T* where PF = 0.8P~y. 

i s  determined a t  T;: so t h a t  the maximm s t r e s s  l e v e l  iii the p l a s t i c  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAzoze a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

From companion t e n s i l e  t e s t s ,  the value of Oy 

f r ac tu re  (i.e., t h e  - f rac tu re  s t rength)  i s  given by 

of* = 2.18 Oy (evaluated a t  T+) (2) 

Although t h i s  approach i s  st r ic t ly  v a l i d  f o r  non-strain hardening s o l i d s ,  i t  

pr6bably gives a good approximation of the e f f e c t  of r e l a t i v e  changes i n  

microstructure on f r a c t u r e  strength i n  a given a l loy system having s imi lar  

s t r a i n  hardening c h a r a c t e r i s t i c s ,  There i s  abunclant evidence (10, 11) t o  

show t h a t  the values of 

roughly independent of temperature provided there i s  no change i n  the mode 

of f r a c t u r e  i n i t i a t i o n ,  such as from twinning t o  s l i p .  

f r a c t u r e s  were sl ip-nucleated, the f a c t  t h a t  Of* f o r  the various micro- 

s t r u c t u r e s  w a s  determined a t  d i f f e r e n t  temperatures (see Table 11) i s  no 

hindrance i n  comparing the r e l a t i v e  values, 

determined by t h i s  type of an approach a r e  

Since a l l  of our 

The major theo r ies  of y ie ld ing and f rac tu re  i n  dispersed systems 

p red ic t  t h a t  the y i e l d  s t reng th  should vary as the rec ip roca l  of t he  

p a r t i c l e  spacing or as the rec iprocal  square root  of some "ef fect ive g ra in  

s ize"  (12). The f r a c t u r e  s t r e s s  should vary, i f  theory i s  obeyed, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas the 

rec ip roca l  square roo t  of t h i s  same e f f e c t i v e  gra in  s i z e  o r  as the 

rec ip roca l  square roo t  of the maximum p a r t i c l e  s i z e  (8). 

f r a c t u r e  s t rength values from Table I1 were therefore p lo t ted  against  

The y ie ld  and 



the appropr iate microst ructura l  parameters as sEwn i n  f igures 5-7. It 

i s  seen t h a t  the y i e l d  s t rength var ies l i n e a r l y  with the rec iprocal  square 

root of the f r e e  i n t e r p a r t i c l e  spacing while the f rac tu re  s t rength shows 

a l i n e a r  dependence on both d zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-'I2 and (Ds-J) -'I2 i n  d i f f e r e n t  ranges of 

p a r t i c l e  s i zes .  

max 

Electron fractographs of the broken specimens showed t h a t  the 

f rac tu res  were almost e n t i r e l y  cleavage with a few very small zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( < 25 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp d ia . )  
-t 

patches of f ibrous rupture near the notch root  i n  some specimens. These 

patches were considered too small t o  have formed by slow crack growth and 

probably formed as the f r ac tu re  propogated toward the f ree  surface a f t e r  

i n i t i a t i n g  some d is tance below the notch i n  the region of high t r i a x i a l  

stress. The cleavage f rac tu re  surfaces were qui te  rough and there appeared 

t o  be many ind iv idual  i n i t i a t i o n  s i t e s .  I n  most cases, there was l i t t l e  

d i sce rn ib le  i n t e r a c t i o n  between the p a r t i c l e s  and the t ravel ing cleavage 

crack. A t  the i n i t i a t i o n  points,  i t  was sometimes possible t o  f ind a 

carbide p a r t i c l e  but mapy of the f a c e t s  seemed t o  i n i t i a t e  a t  no d i s t i n c t  

. point  i n  the s t ruc tu re .  

Discussion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A number of theor ies have been proposed t o  explain the y ie ld  behavior 

of dispersion-strengthened systems. 

such as Orowan bowing (13) of ten contro ls  y ie ld ing; i n  more complex cases 

where g r a i n  boundaries and substructure a r e  present t h i s  i s  not the case. 

I n  simple systems a basic mechanism 

. Spheroidized s t e e l s  are t yp i ca l  of t h i s  l a t t e r  category. I n  agreement with 

L i u  (12) and Mima zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(14), the resu l t s  of t h i s  study show tha t  the y ie ld  

s t reng th  i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa l i n e a r  funct ion of the rec iprocal  square root of some measure 

of dispers ion spacing. The leas t  s c a t t e r  was found when p lo t t i ng  the.  y ie ld  

s t reng th ,  Oy, against  the reciprocal  square root  of the f r e e  i n t e r p a r t i c l e  

spacing, (Ds-a)-'1/2 (see f igure 6 ) .  
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The y ie ld  r e s u l t s  a r e  i n  accord ~ 7 i t h  the conclusions of Turlcalo (15) 

and Embury, Kch, and Fisher (16). Turkalo used transmission e lect ron micro- 

scopy t o  show t h a t  d i s loca t i on  c e l l  wal ls,  or sub-grain boundaries, e x i s t  

between the p a r t i c l e s  i n  spheroidi te.  The p a r t i c l e s  thus act  as "corners" 

t o  p in  a sub-grain s t r u c t u r e  of the same s i z e  as t he  i n t e r p a r t i c l e  spacing. 

Embury e t  a l .  showed t h a t  continued' cold working ref ined the sub-grain 

s t ruc tu re ,  o r  c e l l  s i ze ,  i n  rol led and d r a m  p e a r l i t e ,  
5 

They found tha t  the 

flow s t r e s s  var ied as t he  reciprocal  square root  of  t h i s  c e l l  s i z e ,  The 

l i n e a r  r e l a t i o n  obtained by Embury e t  a l .  i s  plot ted i n  f igure 6'and i t  i s  

seen t h a t  t h e i r  values f o r  f low s t r e s s  coincide almost exact ly with the 

values f o r  y ie ld  stress i n  the spheroidi te.  This ind icates t h a t  the chosen 

measure of the "ef fect ive g ra in  size" i n  sphero id i te  i s  co r rec t  and the 

p a r t i c l e s  a re  inf luencing yielding only as they serve t o  p in  the d is locat ion 

substructure during the tempering treatment. 

The i n i t i a t i o n  and unstable propogation of microcracks through the 

l a rge  carbide part icles should obey the same general  laws as those which 

descr ibe microcrack i n i t i a t i o n  and i n i t i a l  propogation i n  a single-phase 

material. According t o  the Cottrel l-Petch model, f o r  example, the t e n s i l e  

stress, oC, required t o  cause cracks t o  spread through the carbides would be 

where Gc i s  the shear modulus of t he  carbides, yc i s  the.work required f o r  

propogation through zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe carbide, n i s  the number of d is locat ions t h a t  have 

p i l e d  up a t  the carbide-matrix in ter face,  b i s  the Burger's vector of the 

d i s loca t i ons ,  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk is the Petch parameter t h a t  descr ibes the  va r ia t i on  of 

f low s t r e s s  with (D,-d) 

g r e a t e r  than zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOy so  t h a t  large amounts of s t r a i n  hardening and hence large 

i n  f igure 6. I n  plane t e n s i l e  specimens, 0, i s  - -112 
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p l a s t i c  s t r a i n s  would be required t o  develop cra-ks t h a t  can propogate 

through the  large carbides. I n  the notched specimens employed j.n the 

present invest igat ion,  however, the l o c a l  t e n s i l e  s t r e s s e s  i n  the p l a s t i c  

zone.reach 2.18 Oy, which probably accounts f o r  the development of carbide 

cracks a t  small  p l a s t i c  s t r a i n s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA n  example of such a crack i s  sho~m i n  

f igure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-t 

If carbide cracks a r e ,  i n  tu rn ,  able t o  propogate i n t o  the f e r r i t e  

and cause the  observed matrix cleavage, then the cleavage st rength,  of;:, w i l l  

be given e i t h e r  by CTc or  by the s t r e s s  required f o r  carbide crack propoga- 

t i o n  i n t o  the  matrix, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 whichever i s  the greater .  The s t r e s s  0 i s  given 
P' P 

by 

-112 dm 
a p  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA=[%7)] 

where E i s  t he  e l a s t i c  modulus, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAYf i s  the e f fec t i ve  f e r r i t e  surface energy, 

V i s  Poisson's r a t i o  and d i s  t he  carbide p a r t i c l e  s i z e ,  

non-propogating carbide cracks ( f igure 3 )  suggests t h a t  Op > Oc f o r  s t ruc tu res  

The presence of 

containing large carbides. Furthermore, the f a c t  t hn t  Of* increases with 
- 

decreasing d 

8 1 M  and 4 4 ,  and 7 3  and 44MS i n  Table 11) suggests t h a t  equation ( 4 )  r a t h e r  

than ( 3 )  is con t ro l l i ng  and t h a t  Of:? = (5 should vary l i n e a r l y  with dmax . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
As seen i n  f igure 7, t h i s  i s  roughly t r u e  f o r  those s t ruc tu res  containing 

even when (Ds -d) i s  mainteined constant (compare s t e e l s  
max 

-1/2 
P 

carb ides l a r g e r  than one micron i n  diameter. 

4 2 
i n  propogating a microcrack through the f e r r i t e ,  i s  5 x 10 

which i s  s im i la r  t o  t h a t  reported by Low (17) f o r  crack propogation i n  f e r r i t e .  

The value of y f ,  the work done 

ergs/cm , 

When both large p a r t i c l e s  and a f i n e  microstructure a re  present,  as 

i n  t he  double-quenched-and-tempered s t r u c t u r e ,  then (5, can be g rea te r  than O p ,  

and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOfJ: w i l l  be given by the value of oc, the t e n s i l e  s t r e s s  required t o  

cause p a r t i c l e  cracking. As shown i n  f igure 7,  Of;: f o r  the DQT s t r u c t u r e  i s  



50% greater  t han  predicted by a f racture c r i t e r f m  based s imp ly  on the 

propogation of c racks  out  of the large carbide pa r t i c l es .  This i s  very 

important from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAif practical viewpoint because i t  implies t h a t  i so la ted  

large p a r t i c l e s  .in a s t r u c t u r e  containing a f i n e  dispersion ,may not  cause 

appreciable decnease i n  cleavage st rength;  s l i p  bands of s u f f i c i e n t  s i z e  a r e  

a l s o  required to crack t h e  pa r t i c l es  i n  the f i r s t  place. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 

Comparlson of f i gu res  6 and 7 reveals  t h a t  those points which do 

not  obey equat ion 2 i n  f i gu re  7 f a i l  with in  a f a i r l y  narrow, l i n e a r  band 

i n  f i gu re  6. In t hese ' f i ne r  s t ruc tu res ,  as wel l  as i n  some overlap from 

the coarser s t r u c t u r e s ,  the f racture s t r e s s  va r ies  as the rec iprocal  square 

root  of the f r e e  i n t e r p a r t i c l e  spacing, but does not  extrapolate t o  zero, 

The b a s i s  f o r  this type of f racture dependence was proposed by Petch i n  

1953 (18) and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhas s ince  been studied and revised by numerow invest igators  

(19). The s lope  of the f rac tu re  s t r e s s  vs. (gra in  curve and 

whether- o r  not B t  should extrapolate t o  zero s t r e s s  a t  i n f i n i t e  grai.n s i z e  

have been the o b j e c t  of many s tud ies and much speculat ion. These points a re  

s t i l l  unresolved. The f a c t  t h a t  the band i n  f igure 6 includes the value 

of t he  f r a c t u r e  stress of a m i l d ,  high n i t rogen s t e e l  studied by Wilshaw e t .  a l .  

(20) leads t o  tl$e conclusion, though, t h a t  t he  behavior of spheroidi te i s  not zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
at vari-ance w i t h  t h a t  of coarser s t e e l s .  

Recently, Hahn and Rosenfield (5) revised C o t t r e l l ' s  mechanism of 

double-pile-up c r a c k  i n i t i a t i o n  (21) ar-d showed t h a t  a r e l a t i v e l y  f i n e  

d ispers ion can b lock the s l i p  processes necessary fo r  crack i n i t i a t i o n  and 

thus r a i s e  the f r a c t u r e  s t r e s s .  Their expression, when s t r i c t l y .  appl ied,  

does not  predice the  form of the f rac tu re  s t r e s s  shotm i n  f igure 6. This 

i s  no t  surprisfmg, as t h e i r  r e l a t i o n  i s  based on a d i f f e r e n t  y ie ld  c r i t e r i o n  

than found i n  s.pheroidi te.  

Hahn and Rosenfield i s  confirmed, however, by the r e s u l t s  i n  t h i s  study. 

The major phenomenological conclusion drawn by 



. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThis i s  t h a t  a s  t h e  p a r t i c l e  spacing and s i z e  arp decreased i n  a dispersed 

system, the  f r a c t u r e  scrength changes from a dependence on cracked p a r t i c l e s  

as G r i f f i t h  f laws zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto a dependence on the s i z e  of the f r e e  s l i p  distance 

avai lab le t o  concentrate s t r e s s  and i n i t i a t e  f rac tu re .  The point a t  which 

t h i s  change i n  dependence occurs cannot be defined precisely from f igures 

6 and 7, but s e e m  t o  be a t  about one micron maxintum p a r t i c l e  s i z e  or  

i n t e r p a r t i c l e  spacing. 
> 

This i s  i n  agreement with the predict ions made by 

Hahn and Rosenfield (8). 

Summary zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A s e r i e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof p l a i n  carboil. spheroidized s t e e l s  containing var ious 

s i z e s  and amounts of carbide p a r t i c l e s  were tes ted  from -196C t o  23C t o  . .  

determine t h e i r  y i e l d  and f racture propert ies.  The major conclusions which 

can be drawn are: 

1. The y i e l d  s t reng th  at 23C va r ies  as the inverse square 

roo t  of t h e  planar i n t e r p a r t i c l e  spacing. 

2. The cleavage f rac tu re  s t rength obeys a G r i f f i t h  c r i t e r i o n  

f o r  f a i l u r e  i f  the following condi t ions hold. 

a) Carbide pa r t i c l es  approximately one micron i n  d i a -  

m e t e r  o r  l a rge r  are present. 

b) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe matr ix s t ructure i s  s u f f i c i e n t l y  coarse t o  allow 

s l i p  bands t o  crack the pa r t i c l es .  

3. I f  2 above is not  obeyed, then t h e  f rac tu re  s t rength va r ies  

as the inverse square roo t  of  the planar i n t e r p a r t i c l e  spacing. 

Nei-ther the  y ie ld  nor the f rac tu re  s t rength v a r i e s  d i r e c t l y  

wi th  the volume f rac t i on  of carbi.de, but t h i s  parameter i s  

important insofar  as it a f f e c t s  t h e  i n t e r p a r t i c l e  spacing. 

4. 
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