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Superplastic behaviour of three hypo-eutectic white cast irons with different carbon contents 
was investigated at elevated temperatures. Hot and warm working, and rapid solidification 
technology (RST) were used to refine the coarse cementite structure. The resulting micro- 
structure consisted of a mixture of small carbides and fine ferrite grains. Hot and warm work- 
ing was found to be a successful method to refine the structure of white cast irons having a 
carbon content of less than 2.6%. Rapid solidification technology was the most promising 
process to refine high carbon ( > 3.0%) cast irons. The refined white cast irons exhibited low 
f low stress and high strain-rate sensitivity in both tensile and compression in the temperature 
range 650-770~ Tensile elongation to failure of 300% was found for 3.0% C RST iron, 
220%, 150% and 80% for 2.2%, 2.6% and 3.0% C hot and warm rolled cast irons, respect- 
ively. 

1. In t roduct ion 
Superplasticity is the ability of metals and alloys to 
undergo extremely large elongations to failure. The 
large elongation, and the low flow stresses associated 
with this phenomenon, are being exploited to form 
complex shapes with significant savings in weight and 
c o s t  [ 1 ] .  

There are two main types of superplastic behaviour, 
micrograin or microstructural superplasticity and 
transformation or internal stress superplasticity. The 
structural prerequisites for superplasticity are reason- 
ably well understood. The principal microstructural 
feature required is a very fine grain size ( < 10 pm). 
This requirement often necessitates the presence of a 
uniformly distributed, fine second phase to prevent 
grain growth at superplastic forming temperatures 
[2]. 

Several methods have been developed for the at- 
tainment of fine-grain superplastic structure, which 
include severe cold working followed by recrystalliza- 
tion, hot and warm working of cast billets, rapid 
solidification through powder metallurgy, thermal 
cycling through solid phase transformations, etc. 
[3, 42. 

Superplasticity in metallic materials has been re- 
viewed extensively, and many investigations have been 
carried out on the superplastic properties of alumi- 
nium-, titanium-, nickel-, and iron-based alloys [4]. 
However, only limited work has been published which 
considers the superplastic behaviour of white cast iron 
[5-8]. 

White cast irons are normally regarded as very 
brittle materials at all temperatures, owing to the 
presence of a large volume fraction of carbides which 
are distributed in a rather massive form within a ferrite 
matrix. Recent research has shown that white cast 
irons can exhibit superplasticity at elevated temper- 
atures if the massive cementite can be effectively re- 
fined [9-13]. 

The purpose of this investigation is to obtain fine 
superplastic structures in white cast irons of three 
different compositions through (a) hot and warm 
working, and (b) powder metallurgy, using powder 
produced by rapid solidification technology (RST), 
and to evaluate their superplastic behaviour at elev- 
ated temperatures. 

2. Experimental procedure 
Three different compositions of white cast iron ingots 
were chosen in this study. The compositions are 
shown in Table I. To avoid graphitization, high man- 
ganese (1.5%) and chromium (1.5%) levels were se- 
lected and the silicon content was kept to a minimum. 

The cast irons which were to be processed by hot 
working were air-melted at 1500~ in a high- 
frequency induction furnace and poured into a 60 mm 
x 60 mm x 45 mm sand mould. The as-cast ingots 

were heated to l l00~ for 3 h, and then forged to 
oblong blocks of approximately 22 mm in he igh t ,  
followed by air cooling. The forged pieces were further 
treated in the following two-stage process. First the 
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TABLE I Chemical composition (wt%) of white cast irons 

C Cr Mn V Si S P Fe 

i 2.20 1.50 1.51 0.12 0.40 < 0.005 < 0.005 Bal. 
2 2.61 1.51 1.48 0.20 0.43 < 0.005 <0.005 Bal. 
3 3.00 1.53 1.33 0.06 0.42 <0.005 < 0.005 Bal. 

blocks were heated to 1100 ~ and then continuously 
rolled with about  1.5-2 mm reduction per pass in a 
two-high 190 mm mill until the temperature reached 
approximately 700 ~ Nine passes were achieved. The 
second step of the process consisted of isothermally 
rolling the partially worked slabs at 700 ~ Rolling 
was carried out using a reduction of 0.5-1 mm per 
pass until a final thickness of about  1.5 mm was 
reached. 

White cast iron powders having similar composi- 
tion to white cast iron ingot 3 (3.0% C) was produced 
by nitrogen gas atomization. The RST powders were 
sieved to remove powder particles greater than 
147 ~tm. The average powder particle size was approx- 
imately 70 ~tm, and the structure consisted of retained 
austenite and ledeburite which, upon annealing at 

700 ~ developed a very fine microstructure of ferrite 
and cementite (1-2 tam). 

Hot  isostatic pressing was used to obtain fully dense 
compacts. The powders were placed in an evacuated 
cylindrical steel can (diameter 50 mm and height 
90 mm) and warm isostatically pressed at a pressure of 
150 M P a  for 4 h at 720~ The compacts were then 
hot forged at 800 ~ to produce 50% reduction follow- 
ed by isothermal rolling at 720 ~ to produce a strip of 
thickness 1.5 mm. 

Tensile specimens, which have a rectangular cross- 
section (5 .0ram• 1.5 mm) with a gauge length of 
15 mm, were spark machined from the isothermally 
rolled strips. Cylindrical shaped compression test 
samples (10 mm diameter and 15 mm height), were 
also spark machined from the as-cast ingots, forged 
blocks and powder compacts. 

Superplastic tensile and compression tests were 
conducted in the temperature range 650-770 ~ using 
an Instron machine at constant crosshead speed. 
Strain-rate change tests were carried out to determine 
the strain-rate sensitivity parameter  as well as the 
strain-stress relationship. 

Microstructural observation of specimens was con- 
ducted using Newphot-21 and Nikon optical micro- 

Figure 1 Optical micrographs of 3.0% C white cast iron for four different conditions: (a) as-cast; (b) hot forged; (c) hot rolled, and (d) warm 
rolled. 
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scopes and Jeo1350X and Philips 500 SEM micro- 
scopes. Transmission electron microscopy was used to 
compare the structures in the deformed region and the 
grip region of tensile samples. 

3. R e s u l t s  
The results showed that white cast iron ingots con- 
taining between 2.2% and 3.0% C may undergo con- 
siderable hot deformation, and the resultant micro- 
structure of the irons is determined by the thermo- 
mechanical process. Fig. 1 shows optical structures of 
3.0% C white cast iron after four different processing 
conditions, i.e. as-cast, hot forged, hot rolled and 
isothermally warm rolled. The as-cast microstructure 
of hypoeutectic white iron consists of primary austen- 
ite dendrites which transformed to pearlite during 
cooling, with interdendritic areas of transformed lede- 
burite, which is the eutectic structure of cementite and 
pearlite (Fig. la). During the hot forging and hot 
rolling procedure the coarse cementite is refined (Fig. 

lb, c). With increasing reduction and, more par- 
ticularly, during the isothermal rolling process, the 
massive cementite is further refined, but there are still 
some carbide particles with a size greater than 10 ~tm 
(Fig. ld). 

Scanning electron micrographs of 3.0%C RST 
white cast iron are shown in  Fig. 2. The as-received 
powders have a typical dendritic structure (Fig. 2a). X- 
ray diffraction measurement shows that retained aus- 
tenite in the form of dendrites is the main micro- 
structural constituent and the interdendritic phase is 
ultrafinely dispersed carbide. During the hot isostatic 
pressing process at 720~ the metastable retained 
austenite within the powder quickly transforms to 
stable ferrite and carbide, so that the structure of 
compacts consists of areas of ferrite of grain size 
1-2 gm together with a fine carbide (0:I-2 gm) 
(Fig. 2b). 

Tensile stress-strain curves are presented in Fig. 3 
for both hot and warm rolled cast irons and rapidly 
solidified cast iron tested at 700 ~ at an initial strain 

Figure 2 Scanning electron micrographs of RST-3.0% C white cast iron: (a) morphology of powder; (b) powder compact hot pressed at 
720 ~ 
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Figure 3 Stress versus strain in tensile tests: (a) hot and warm rolled samples; (b) RST processed sample. 
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rate of 4.17 x 10-4s  -1. It is readily seen in Fig. 3a that 
the value of elongation to failure and the flow stress 
for hot and warm rolled samples increases with de- 
creasing carbon content in cast iron. Elongations to 
failure of 220%, 150% and 80% were found for the 
2.2%, 2.6% and 3 .0%C specimens, respectively 
(Fig. 4a). However, under the same testing condition, 
the 3.0% C RST sample had an elongation of 300% 
(Fig. 4b). There is a dramatic decrease in flow stress 
compared with the hot and warm rolled sample 
(Fig. 3b). 

True stress-true strain curves in compression at 
700 ~ for the 3.0% C white cast iron processed by as- 
cast, hot forged and rapidly solidified methods are 
given in Fig. 5. All tests were performed at an initial 
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Figure 5 Stress versus strain for 3.0% C white cast iron samples in a 
compression test. 

Figure 4 Photograph of a tensile sample tested at 700 ~ and initial 
strain rate of 4.17 x 10 -~ s-x: (a) hot and warm rolled samples; (b) 
RST processed sample. 
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strain rate of 1.0 x 10 -3 s-1. The flow stress is seen to 
decrease in the following order of processing histories: 
as-cast, hot forged, and RST compacted powder, i.e. 
the finer the cementite, the lower is the flow stress. 

A typical practice of determining the flow stress- 
strain rate relation from a single test is to perform 
strain-rate change tests. In this study, samples were 
first predeformed at a given strain rate to a true strain 
of 0.2-0.3 before strain-rate changes, which can 
minimize the effect of grain growth on stress versus 
strain rate. A set of strain-rate change tests in tension 
was performed on the three hot and warm rolled 
samples and RST-3.0% C samples in the temperature 
range 650-750 ~ The results are shown in Fig. 6 in 
the form of a double logarithmic plot of true stress as a 
function of true strain rate. The strain-rate sensitivity, 
m, is calculated using the equation 

m = log(~l/Cyz)/log(~l/~2) (1) 

Stress versus strain rate for RST 3.0% cast iron tested 
at three different temperatures is plotted in Fig. 6a. 
The highest strain-rate sensitivity exponent, m --- 0.5, 
was calculated for this material at 700 ~ in the low 
stress and low strain-rate region (Region II). At high 
stress and high strain rate (Region III), m lies between 
0.1 and 0.2. It is noted that material containing 
? + cementite (750 ~ is a little stronger than material 
containing ~ + cementite (700 ~ at low strain rates, 
while at high strain rates the opposite is found. 

The results of three hot and warm rolled cast irons 
tested at 700 ~ are given in Fig. 6b. The value of m 
decreases with increasing carbon content. At a par- 
ticular strain rate, its flow stress increases with in- 
creasing carbon content. The difference between cast 
iron produced by hot-warm rolling to that produced 
by RST method for 3.0% C white cast iron tested at 
700 ~ is shown in Fig. 6c. There is a higher m value in 
the RST sample than in the hot-warm rolling one in all 
the testing regions. 

Strain-rate change tests were also carried out in 
compression for RST 3.0% cast iron at three different 
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Figure 6 Stress versus strain rate obtained from strain-rate change 
in a tensile test: (a) RST samples; (b) hot and warm rolled samples; 
(c) 3.0% C cast iron samples. (a) (~) 650 ~ (�9 700 ~ (~) 750 ~ 
(b) (A) 3.0% C, ((3) 2.6% C, (rq) 2.2% C. (c) (A) hot and warm 
rolled, ((3) rapidly solidified. 

temperatures. The results are shown in Fig. 7a and b 
in the form of true stress and strain-rate sensitivity, m, 
versus true strain rate, respectively. At 720 ~ a max- 
imum m value of  0.42 was obtained at strain rate of  
2 .0x 10 .2  s -~ which is close to the commercial  for- 
ming rate. This ultrafine-grained cast iron exhibits a 
low flow stress over a wide range of strain rates 
(Fig. 7a). The results supply a set of useful data  for the 
near net shape forming of  fine grain white cast irons. 
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Figure 7 Strain-rate change test results for 3.0% C RST samples in 
compression: (a) stress versus strain rate; (b) m versus strain rate. (a) 
(A) 670~ ((2)) 720~ ([]) 770 ~ 

4. Discussion 
Microstructural  analysis indicated that  hot  and warm 
working is a successful way to refine the coarse eu- 
tectic carbide in white cast iron. Through  hot  and 
warm rolling the final structure of white cast iron 
consists of small refined cementite particles distributed 
in a matrix of ferrite (Fig. 8). However,  it is also noted 
that  this thermal mechanical  processing does not  res- 
ult in a uniformly fine distribution of carbides for high 
carbon content  white cast iron, especially for 3.0% C 
cast iron. This is because higher carbon cast iron has a 
larger fraction of  coarse eutectic carbide which is not  
readily refined by hot  and warm working. Thus, the 
resultant microstructure is a mixture of fine carbides 
and ferrite grains with some large ( > 10 gm) eutectic 
carbides (Fig. 8c). 

The influence of ca rbon  content  on the flow stress 
and strain-rate sensitivity for hot  and warm working 
cast irons (Fig. 3a) can be attr ibuted to two factors. 
One is the pre-eutectic cementite particle size. As 
ment ioned above, the thermomechanical  processing 
does not  result in a uniformly fine distribution of 
cementite in white cast irons. The higher the carbon 
content,  the larger the eutectic carbide particle. These 
large cementite particles usually lead to cavitation at 
the interface and limit superplastic flow. The second 
factor is the difference in cementite fraction. It is well 
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�9 All of the stress-strain curves shown in Figs 3 and 5 
exhibit considerable strain hardening. This is believed 
to be due principally to grain growth occurring during 
superplastic flow. As is well documented in the literat- 
ure [7], superplastic materials show a strong depend- 
ence of flow stress on grain size. Investigations using 
TEM on tensile deformed samples show that some 
ferrite grain growth occurred during superplastic flow. 
Fig. 9 shows TEM microstructures of the deformed 
region and the grip region (no strain) for RST-3.0% C 
sample after tensile elongation of 100% with an initial 
strain rate of 4.17 x 10-*s -1 at 700~ Ferrite grain 
growth in the deformed region (Fig. 9a) is obviously 
observed compared with that in the grip region 
(Fig. 9b). 

Analysis of the superplastic fracture surfaces using 
optical and SEM shows that the mode of deformation 
near fracture was quite different for hot-warm rolled 
and RST processed samples. Fig. 10 illustrates this 
difference for two 3.0% C materials after testing at 
700 ~ The hot-warm rolled material shows extensive 
cavitation at or near the large eutectic carbides 
(Fig. 10a, b). The RST material, on the other hand, 
shows virtually no cavitation (Fig. 10c, d). These 
results confirm the importance of a fine microstructure 
in the high-temperature ductility and fracture of ma- 
terials at intermediate temperatures. 

Figure 8 SEM microstructure of hot and warm rolled white cast 
irons: (a) 2.2% C; (b) 2.6% C; (c) 3.0% C. 

known that cementite phase is stronger than ferrite 
phase at the same temperature. Thus the 3.0% C cast 
iron having a larger carbide particle size and more 
cementite fraction when compared to the 2.2% and 
2.6% C cast irons, showed a higher strength and a 
lower tensile ductility and strain-rate sensitivity. 

RST is proved to be the most promising method to 
refine high carbon content white cast irons because 
this powder metallurgy approach produces ultrafine- 
grained superplastic structure. There are no large 
eutectic carbides existing in 3.0% C RST cast iron 
(Fig. 2b) and this material showed very impressive 
elongation to failure of 300% and low flow stress at 
elevated temperatures. 
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Figure 9 TEM microstructure for 3.0% C RST tensile samples 
deformed at 700~ and ~ = 4.17x 10-%-1:  (a) deformed region 
(100% elongation); (b) grip region. 



Figure I0 Fracture surface of 3.0% C tensile samples deformed at 700 ~ and g = 4.17 x 10 -4 s-1: (a) hot and warm rolled sample (SEM); 
(b) hot and warm roiled sample (LM); (c) RST sample (SEM); (d) RST sample (LM). 

All of the stress-strain rate curves exhibited a sig- 
moidal shape typical of most superplastic materials 
using the normal nomenclature. At low strain rates 
(Region II), the strain-rate sensitivity exponents, m, 
were approximately 0.5 (i.e. n = 2). In this region, 
grain-boundary sliding is believed to be the rate- 
controlling process in plastic flow. At high strain rates 
(Region III), the strain-rate sensitivity exponents, m, 
were low and approached values in order of 1/6 to 1/8 
(i.e. n = 6-8). In this region deformation by slip pro- 
cesses involving dislocation climb is believed to be the 
rate-determining step for plastic flow. 

The above results suggest that the creep-rate of 
white cast irons can be correlated by means of two 
additive contributions to plastic flow, namely 

= ~spf + ~sc (2) 

where ~=pf is the creep rate associated with superplastic 
flow and ~=c is the creep rate associated with slip creep. 
Specific expressions have been developed to describe 
these relations. The superplastic flow rate of fine grain 
sized materiais, when grain-boundary diffusion is rate 
controlling [3, 14], is given by 

bDgb//cr \ 2 
~spf = A ~ - [ ~ ] \  / (3) 

where A = 10 s, d is the grain size, b is Burgers vector, 
Dgb is the grain-boundary diffusion coefficient in the 
matrix phase of the superplastic materials, c~ is the 
creep stress, and E is the unrelaxed dynamic Young's 
modulus. The creep rate in the slip creep range, where 
lattice diffusion is rate controlling, is given by [15] 

A,(X~3DL(t3"~ 8 
~=" = t,b,J ~t,E,J (4) 

where A' = 109 for high stacking fault energy mater- 
ials, ~0 is the subgrain size or barrier spacing (in the 
case of the white cast irons the grain size or the 
interparticle spacing whichever is the finest), and D L is 
the lattice self-diffusion coefficient. 

The stress exponent, n, and the activation energy, Q, 
for creep can be calculated from the equation 

= K e x p ( -  QIRT)cy" (5) 

where K is a materials constant, R is the gas constant, 
and Tis the temperature. From this equation, n can be 
obtained by determining the slope of log ~ versus log cy, 

and the activation energy can be calculated from 

dln~ 
QI . . . . . .  tantl -- R d ( 1 / ~  (6) 
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Using the strain rate and stress data in Fig. 6a and 
Equation 6, the strain rate, g, as a function of recip- 
rocal temperature, l/T, is given in Fig. 11. The slope of 
the curves is used to determine the activation energy, 
Q, for superplastic deformation. As can be seen, at 
constant stresses of 70 and 90 MPa the activation 
energies for plastic flow in the superplastic region 
(Region II) are about 164 and 179 kJmo1-1, respect- 
ively. These values are nearly identical to the grain- 
boundary self-diffusion activation energy in alpha 
iron, 170kJmo1-1. At constant stresses of 230 and 
250 MPa the activation energies for plastic flow in the 
slip creep region (Region III) are approximately 263 
and 274 kJ mol-1, respectively, which are close to the 
observed activation energy for lattice self diffusion of 
iron (252 kJ mol-  1). 

The strength difference in tension of the 3.0% C 
RST cast iron above A 1 (750~ and below the A 1 
(700 ~ is readily seen in Fig. 6a. At low strain rates, 
the austenite phase material (750~ is slightly 
stronger than the ferrite phase material (700 ~ in the 
superplastic region; this can be attributed to a grain- 
size difference, because grain growth is likely to be 
enhanced in the austenite region as there is less cemen- 
tire present than in the ferrite region. At high strain 
rates in the slip creep region, the ferrite phase material 
is stronger than the austenite material. Several factors 
can contribute to the latter observation. First, the 
barrier spacing (i.e. the interpartMe spacing and the 
grain size) in the ferrite range is probably smaller than 
in the austenite; if Equation 4 is used to predict the 
difference in barrier spacing from the difference in 
strength, about a factor of two is calculated. This is the 
most likely factor influencing the difference in strength 
at high strain rates. A second factor is that the solid- 
solution hardening (e.g. atom size differences) contri- 
bution of manganese and other elements may be more 
effective in the ferrite than in the austenite phase. A 
third factor is the possible contribution of the hard- 
ness of cementite to the strength of the iron-cementite 
composite in the 3.0% C RST cast iron samples. That 

I 0 -5 

A 10 -4 

& 

10 -3 
"~ 

0 
2 
I-- 10 -2  

(3" = 250  MPa 

230  MPa 
Q =  

J=  re~ 

(Y = 90 MPa 

7 g M P a  ~ 2 6 3 ; J Y  ~  

~ ~ . 9  kJ~mol 1 

164 kJ tool -1 

10-1 ' ' ' ' I ' ' ' ' I . . . .  I . . . .  

9 .5  10.0  10.5 11.0  11.5  
Tempera tu re  -1 ( 10 .4 K -1) 
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is~ it is known that the hardness of cementite is an 
order of magnitude higher than the hardness of alpha 
iron at 700 ~ but is only a factor of two harder than 
gamma iron when the hardness data are extrapolated 
to 750 ~ The strength difference in compression of 
this material (Fig. 7a) above and below A 1 is also 
probably caused by the above-mentioned factors. 

5. Conclusion 
The structure of white cast irons can be effectively 
refined through hot and  warm working and rapid 
solidification technology. Hot and warm working is a 
successful method to refine the structure of white cast 
irons having a carbon content of less than 2.6%, 
Rapid solidification technology is the most promising 
way to refine high carbon ( > 3.0%) cast irons. 

The refined white cast irons exhibit good superplas- 
ticity in both tensile and compression in the temper- 
ature range 650-770 ~ Tensile elongation to failure 
of 300% was found for 3.0% C RST iron, 220%, 150% 
and 80% for 2.2%, 2.6% and 3.0% C hot and warm 
rolled cast irons, respectively. 

At low flow stresses, the RST-3.0% C white cast 
irons show a high strain-rate sensitivity exponent 
m = 0.42-0.5 in both tensile and compression tests. 

The optimum condition for superplastic deforma- 
tion for this material is a temperature of 700-720 ~ 
and a strain rate of 10-3-2.0 x 10 -z s-1. 
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