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The results  of experiments  concerning the effect of austenitizing and isothermal hardening conditions 
on the strength and ductile cha rac te r i s t i c s  of bainitic cast  iron with spheroidal graphite showed [1, 2] its 
advantage over cast  iron with a pear l i t ic  s t ruc ture  and also s t ruc tures  that may be obtained after  quenching 
to mar tens i te  and h igh- tempera ture  tempering.  For  logical applications of cas t  iron with a bainitic matr ix  
and spheroidal graphite it is necessa ry  to know the conditions of t ransformat ion  in which the highest mechan-  
ical proper t ies  of castings are  achieved. This work concerns the changes in the basic mechanical proper t ies  
of cas t  i ron with spheroidal  graphite in relat ion to the t ime and tempera ture  of the isothermal  bainitic t r ans -  
formation (300, 350, and 400°C). 

We investigated cast  iron with spheroidal graphite with the following chemical  composition: 3.3% C, 
2.7% Si, 0.24% Mn, 0.062% P, 0.01% S, 0.01% Cr, 0.01% Cu, 0.055% Mg. The cas t  iron was melted in a 100-kg 
induction furnace employing current  of commerc ia l  frequency. The charge consis ted of LK1-A-1 cast  iron, 
Armco sc rap  iron, and SI 75. From the alloy modified by means of a bell with 1% Mg and 0.5% SI 75 we cast  
s tandard keel ingots in cured molds with dimensions of 50× 50×300 mm in the lower part .  The lower sections 
of the ingots were cut into p r i sms  11 × 11 × 95 mm, which were annealed at 900 ° for  I h. F rom the p r i sms  we 
prepared samples for  tensile tests  with a reduced section 6 mm in diameter  and 30 mm long, with an allow- 
ance for  machining (0.5 mm in radius). After i sothermal  hardening the reduced section was ground to obtain 
the finished dimension. The isothermal  t rea tment  was conducted in salt  baths - austenitizing at 900 ° for 30 
rain, i so thermal  decomposit ion at 300, 350, and 400 °. The tempera ture  was maintained with an accuracy  of 
± 5 ° (austenitizing) and ± 3 = ( isothermal decomposition). The isothermal  holding t ime was selected so that it 
included the range of the bainitic t ransformat ion  at the given tempera ture  (from severa l  seconds to 55 h). 
After i so thermal  holding, the samples were cooled in water.  For  determining gb and 5 we used the universal  
Zwick machine with a constant pull rate of 1 mm/min .  The percentage of retained austenite (Are) was de te r -  
mined after  complete cooling by x - r ay  analysis with the Chirana-II  apparatus and the percentage of austenite 
decomposing in the process  of the bainitic t ransformat ion  (Atr) by the magnetic induction method [3] on samples 
10 mm in d iameter  and 1 mm thick. 

The results  of the mechanical  tests and determination of the amount of retained austenite are  shown in 
Fig. 1, and the decomposit ion of austenite in Fig. 2 (it should be noted, however, that these curves  were ob- 
tained for samples differing in size f rom the samples used for  mechanical  tests  and determining Are). 

It can be seen that increasing the isothermal  t ransformat ion  t ime leads to an increase  of the ultimate 
strength, the amount of retained austenite, and the relat ive elongation, and a reduction of the hardness.  The 
low values of ab and 8 corresponding to the initial period of the t ransformat ion  can be explained by the p re -  
mature  (brittle) f rac ture  of the samples due to the elevated percentage of mar tens i te  with defects in the final 
s t ructure ,  which also ag rees  with the hardness  values obtained. The formation of a large quantity of ma r t en -  
site during br ief  i so thermal  holding is charac te r i s t i c  of all t ransformat ion  t empera tu res  tested.  A favorable 
combination of mechanical  proper t ies  was obtained only with more  than ~ 20% retained austenite, when the 
amount of mar tens i te  in the final s t ructure  is small;  the highest values of 8 and ¢r b were obtained with 25-38% 

retained austenite.  

With increasing holding t ime the mechanical  proper t ies  general ly  decline. The ductility decreases  most  
after  t ransformat ion  at 400 °. It is accompanied by a reduction in the percentage of Are to zero.  Isothermal  
t ransformat ion  at 300 and 350 ° is accompanied by a s lower reduction of 6 and Are  with increasing holding 
t imes; there is less change in these values af ter  t ransformat ion  at 300 °. Evidently, the quantity of carbon-  
r ich retained austenite has a considerable  effect on the ductile charac te r i s t i cs  of bainitic cast  iron with sphe- 
roidal graphite.  The substantial amount of Are  ( ~ 38%) and the ductility of upper bainite (Fig. 3a) are  respon-  
sible for  the high ductility (up to 12%) of cas t  iron with spheroidal graphite af ter  t ransformat ion  at 400 ° . The 
subsequent reduction of 5, accompanied by a reduction of Are,  can be explained by the precipitat ion of carbides ,  

Czechoslovakia.  Trans la ted  f rom Metallovedenie i Termicheskaya  Obrabotka Metailov, No. 7, pp. 19-22, 

July, 1978. 

532 0026-0673/78/0708-0532 $07.50 ©1979 Plenum Publishing Corporat ion 



o b, kgf/mm 2 

,o ' HY 

'!! !!! 
N 11 IlIIlil i i illi][l ll t llIHll- ,o. 

a 

o o 
7o ~ 1o ~ O *  1o s sec 

Fig .  i 

% 

l !/ 
r l  

~0 ¢0z l03 ¢0+ 705 s e c  

Fig .  2 

F ig .  1. V a r i a t i o n  of the  m e c h a n i c a l  p r o p e r t i e s  and amoun t  of r e -  
t a i n e d  a u s t e n i t e  wi th  i s o t h e r m a l  ho ld ing  t i m e  a t  300 (A), 350 (©), 
and 400 ° ([::]). 

F ig .  2. D e c o m p o s i t i o n  of  a u s t e n i t e  in r e l a t i o n  to i s o t h e r m a l  h o l d -  
ing t i m e  (at t e m p e r a t u r e s  g i v e n  on the  c u r v e s ) .  

F i g .  3. M i e r o s t r u c t u r e  of h i g h - s t r e n g t h  c a s t  i r o n  a f t e r  i s o t h e r m a l  
h a r d e n i n g .  2 0 0 0 × .  a) 1920 s e c  a t  400 ° (uppe r  ba in i t e ) ;  b) 200,000 
sec  a t  300 ° ( l o w e r  ba in i t e ) .  

due to which  the  c a r b o n  c o n c e n t r a t i o n  in  a u s t e n i t e  a t  the  t r a n s f o r m a t i o n  t e m p e r a t u r e  d e c r e a s e s  and f u r t h e r  
t r a n s f o r m a t i o n  of a u s t e n i t e  a t  th i s  t e m p e r a t u r e  b e c o m e s  p o s s i b l e  (F ig .  3b) o r  the  m a r t e n s i t i c  t r a n s f o r m a t i o n  
d u r i n g  s u b s e q u e n t  coo l ing .  P r e c i p i t a t i o n  of c a r b i d e s  m a y  o c c u r  in  a s i m i l a r  m a n n e r  to the  p r o c e s s  in s i l i c o n  
s t e e l  [4] - p r e f e r e n t i a l l y  in the  y / a  i n t e r p h a s e  b o u n d a r y .  The  c a r b i d e  p a r t i c l e s  p r e c i p i t a t e d  in a u s t e n i t e  g r a i n  
b o u n d a r i e s  a r e  l a r g e r  than  the  p a r t i c l e s  p r e c i p i t a t e d  in  the  bulk  of the  g r a i n s  and in the  b o u n d a r i e s  of b a i n i t i c  
f e r r i t e  p l a t e l e t s .  L o n g e r  ho ld ing  t i m e s  a t  400 ° l e a d  to c o m p l e t i o n  of the t r a n s f o r m a t i o n .  The  p e r c e n t a g e  of 
d e c o m p o s e d  a u s t e n i t e  (Ade) r e a c h e s  100% in th i s  c a s e  (Fig .  2). 

The  b a i n i t e  f o r m e d  a t  350 ° has  a h i g h e r  s t r e n g t h  and l o w e r  duc t i l i t y .  Even  wi th  the  m a x i m u m  amoun t  
of r e t a i n e d  a u s t e n i t e  in the  f i n i s h e d  s t r u c t u r e ,  the  r e l a t i v e  e longa t ion  of th i s  c a s t  i r o n  is  low. It can  be  a s -  
s u m e d  tha t  the  p r e c i p i t a t i o n  of c a r b i d e s  has  s o m e  e f fec t  on the  d u c t i l i t y  a f t e r  the  t r a n s f o r m a t i o n ,  a s  a t  400 ° . 
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After transformation at 300 ° the cast iron has a higher strength and hardness and lo~,er ductility. The 
amount of retained austenite remains almost unchanged with long isothermal holding times (Fig. i), and the 
change in the mechanical properties is also slight. It can be assumed that relatively little diffusion occurs 
at this temperature even with substantial holding times. Under these conditions carbides are precipitated 
within platelets of the ferritic component of bainite [4], which has no essential effect on the mechanical prop- 
erties of Are. 

The change in hardness after partial transformation in the bainitic range does not correspond to the 
change in strength. The ductility of the structural mixture of bainite, martensite, and retained austenite, 
in which martensite predominates, is inadequate and does not make it possible to utilize the maximum strength 
of the matrix due to the premature (brittle) fracture of the samples. Premature fracture is characteristic of 
high-strength steels after quenching or low-temperature tempering and is explained by the presence of defects 
(microcracks) in martensite. Microcracks have been associated mainly with the elevated carbon content of the 
solid solution, the austenite grain size [5], aging processes in martensite [6], etc. Therefore, the structural 
mixture obtained in the incomplete bainitic transformation of the matrix of cast iron with spheroidal graphite 
in which martensite predominates is susceptible to premature fracture similar to steel quenched to marten- 
site. Since bainitie ferrite occurs preferentially in regions of the matrix with a low carbon content [7] (as a 
consequence of direct segregation), the martensitic transformation occurs in areas richer in carbon. The 
product of the transformation is lamellar martensite with low ductile characteristics. The high carbon con- 
tent of the solid solution in cast iron with spheroidal graphite is evidently the most probable reason for pre- 
mature failure. Also, due to chemical heterogeneity, the martensitic component of the structural mixture is 
located in the boundaries of eutectic cells where casting defects are concentrated (microporosities, inclu- 
sions, etc.). Their unfavorable effect on the mechanical properties of cast iron is aggravated by defects in 
martenslte. Premature failure may also be affected to some extent by aging of martensite at room tempera- 

ture, limiting its capacity for relaxation. The grain size evidently has a smaller effect, since even at high 

austenitizing temperatures there is no substantial grain growth [8]. The cast iron investigated in this work 

had a grain size of ~ 30 p. 

It follows from the results presented that prolonged isothermal holding times reduce the ductile charac- 

teristics of cast iron with spheroidal graphite to values near those of cast iron with a pearlitic matrix. The 

results also indicate that cast iron with spheroidal graphite quenched to bainite can be used for machine parts 

operating at lower temperatures than the transformation temperature. 

The isothermal bainitic transformation of cast iron with spheroidal graphite can be divided into three 

stages on the basis of the results obtained (Figs. 1 and 2) and on the basis of data for silicon steel [9]. 

In the first stage (high average rate of the transformation) bainitic ferrite is formed and grows, ac- 

companied by enrichment of the surrounding austenite in carbon. The precipitation of carbides can be re- 

garded as a secondary process not having an essential effect on the transformation process. The first stage 

ends when the maximum concentration of carbon in untransformed austenite is :reached. 

In the second stage (very low rate of the transformation) the transformation continues very slowly in the 

remaining austenite with a relatively low carbon content. Formation of carbides continues in the second stage, 

the amount of carbide formed depending on the transformation temperature. Two stages in the transformation 

of austenite were observed at all bainitic transformation temperatures investigated (see Fig. 2). 

In the third stage, characterized by a high rate of the transformation, the basic process is the precipita- 

tion of carbides and the associated reduction of the carbon concentration in enriched austenite, due to which the 

transformation continues. 

The third stage is observed at isothermal holding temperatures of 400-350 ° (see Fig. 2). At 400 ° the 
transformation ends with the decomposition of all the austenite; at 350 ° the rate of the transformation in- 
creases but complete decomposition of austenite does not occur. At 300 ° the third stage is absent, but it can 

be assumed that with longer holding times the amount of austenite transformed increases. The results in- 
dicate that present day concepts of the incomplete bainitic transformation [I0] are not always correct. 

CONCLUSIONS 

i. The change in the properties of high-strength cast iron in relation to isothermal holding time is 
e x t r e m a l  in character. 

2. The best mechanical properties of cast iron with spheroidal graphite are obtained at 300-400 ° with 

25-40% retained austenite. 
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3. Cas t  i ron with spheroidal  g raphi te  whose ma t r ix  cons is t s  of a s t ruc tu ra l  mix tu re  of bainite,  m a r -  
tensi te ,  and re ta ined austeni te ,  with a p redominance  of mar t ens i t e ,  is suscept ib le  to p r e m a t u r e  fai lure .  

4. The reduct ion of the amount  of re ta ined austeni te  with prolonged i so the rma l  holding t imes  leads to 
a reduct ion of the ductility; the s t rength  c h a r a c t e r i s t i c s  d e c r e a s e  negligibly in this case .  

5. The i so the rma l  bainitic t r an s fo rm a t ion  is divided into th ree  s tages  that differ  in the ave rage  ra t e  of 
the t r ans fo rma t ion .  
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F e r r i t i c  mal leable  iron with re la t ive ly  high ductil i ty (5 = 6-12%) and low s t rength (ab = 30-37 k g f / m m  2) 
and pear l i t ic  mal leable  iron with high s t rength  (Ob = 45-63 k g f / m m  2) and low ductility (6 = 2-6%) a re  produced 
at the p re sen t  t ime  (GOST 1215-59). Never the le s s ,  mal leab le  i ron with divorced pear l i t e  is not widely used in 
industry,  despi te  its high s t rength  and ductil i ty (o b = 45-60 k g f / m m  2, 5 = 6-10%). This is probably due to the 
fact  that l i t t le  r e s e a r c h  has been done on its s t ruc tu ra l  s t rength.  

The s t ruc tu r a l  s t rength  of a m a t e r i a l  r e f e r s  to the combinat ion of p rope r t i e s  most  complete ly  c h a r a c -  
te r iz ing  the working capaci ty  of machine  pa r t s  ( se rv ice  life in combination with rel iabil i ty)  [1]. 

Malleable i ron is widely used in manufactur ing f a r m  machinery .  Many par t s  of such machines opera te  
under  conditions of r epea ted  impac t  loads.  The s t rength  of mal leable  iron subjected to repeated  impact  loads 
cannot be judged f rom the u l t imate  tens i le  s t rength,  re la t ive  elongation, or  hardness .  Fo r  p rope r  de t e rmina -  
tion of the working capaci ty  of mal leab le  i ron under  such conditions it mus t  be subjected to repeated  impact  
t e s t s  [2]. 

We tested mal leab le  i ron with d ivorced pear l i t e  and, for  compar i son ,  f e r r i t i c  mal leable  i ron and f e r -  
r i t i c - p e a r l i t i c  mal leab le  i ron and l a m e l l a r  pea r l i t e .  All mal leab le  i rons were  obtained f rom white cas t  iron 
of the s ame  chemica l  composi t ion  and mel ted under  plant conditions to obtain f e r r i t i c  mal leable  iron. 

The m i c r o s t r u c t u r e  and mechanica l  p r o p e r t i e s  of the iron a r e  given in Table 1. 

The i m p a c t - f a t i g u e  s t rength  was tes ted on a machine of the l e v e r - i m p a c t  type designed at  the Central  
Sc i en t i f i c -Resea rch  Inst i tute of Heavy Machine Construct ion (TsNHTMASh), with use of unnotched samples  
10× 10 ×55 ram. The samples  were  subjected to one-s ided  impact  bending under repeated  loads with a f r e -  
quency of 194 impac ts  pe r  minute (distance between suppor ts  50 ram, impact  energy A = 5-20 kgf-cm).  The 
impac t  energy  was de te rmined  as the product  of the weight of the falling load and the height of the drop. The 

Tula  Combine Fac tory .  T rans la t ed  f rom Metallovedenie i T e r m i c h e s k a y a  Obrabotka Metallov, No. 7, 
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