
Investigations on the fracture toughness of austempered ductile irons
austenitized at different temperatures

P. Prasad Rao a, Susil K. Putatunda b,*
a Department of Metallurgical and Materials Engineering, Karnatak Regional Engineering College, Surathkal, Karnataka State 574 157, India
b Department of Chemical Engineering and Materials Science, Wayne State University, 5050 Anthony Wayne Drive, Detroit, MI 48202, USA

Received 22 March 2002; received in revised form 6 September 2002

Abstract

Ductile cast iron was austenitized at four different temperatures and subsequently austempered at six different temperatures.

Plane strain fracture toughness was evaluated under all the heat treatment conditions and correlated with the microstructural

features such as the austenite content and the carbon content of the austenite. Fracture mechanism was studied by scanning electron

microscopy. It was found that the optimum austempering temperature for maximum fracture toughness decreased with increasing

austenitizing temperature. This could be interpreted in terms of the microstructural features. A study of the fracture mechanism

revealed that good fracture toughness is unlikely to be obtained when austempering temperature is less than half of the austenitizing

temperature on the absolute scale.
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1. Introduction

Austempered ductile iron (ADI) has drawn consider-

able attention in the recent years because of its potential

to replace heat-treated steels in many engineering

applications [1�/5]. It has many attractive properties

such as an unusual combination of high strength and

ductility, good wear resistance and high fatigue strength

[6�/11]. Its fracture toughness is comparable to those of

quenched and tempered medium carbon and low alloy

steels [12�/17]. Besides, it has the advantage of lower

material cost, lower production cost, lower density,

better machinability, and higher damping capacity

than the steels it is expected to replace. It is therefore

not surprising that ADI has drawn so much attention in

recent years.

The austempering heat treatment involves two steps.

The sample is initially heated to a high temperature such

that the matrix is fully austenitic (g ). It is then cooled

rapidly to an intermediate temperature in the range of

250�/450 8C and held at that temperature for the

required length of time. Finally it is air cooled to

room temperature. ADI has a unique microstructure
consisting of ferrite (a ) and high carbon austenite (gHC),

rather than ferrite and iron carbide as in austempered

steels. Because of this, the product of austempering

reaction in ductile iron is called as ‘ausferrite’ rather

than bainite as in steel. During the heat treatment cycle

ADI undergoes a two-stage reaction process. In the first

stage, the austenite decomposes into ferrite (a ) and high

carbon austenite (gHC):

gHC0a�o (carbide) (1)

If the casting is held at the austempering temperature

for too long, then a second reaction sets in, where the
high carbon austenite further decomposes into ferrite

and carbide:

g0a�gHC (2)

This second or stage II reaction is undesirabe because
it embrittles the material and degrades the mechanical

properties of ADI. The morphology of ferrite and

austenite, their volume fractions, the carbon content of
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the austenite and their microstructural features depend

on the heat treatment conditions. It is therefore very

important to study the influence of the heat treatment

parameters such as the austenitizing time and tempera-
ture and the austempering time and temperature on the

evolution of the microstructure, and through that on the

mechanical properties. Several investigators [18�/21]

have studied the correlation between the mechanical

properties and the microstructure resulting from the

changes in the austempering time and temperature. We

now have a good understanding of this aspect. ADIs

austempered at lower temperatures have high hardness,
high strength and low ductility, while that austempered

at higher temperatures exhibit lower hardness, lower

strength and higher ductility. Thus it is found that

strength decreases with increasing austempering tem-

perature, while the ductility increases simultaneously.

For a high tensile toughness, it is desirable to have an

upper ausferritic microstructure [22] that consists of

about 40 vol.% of austenite and broad blades of isolated
ferrite.

The influence of the austenitizing temperature and

time on the microstructure and mechanical properties

have also been studied, but to a far lesser extent [20,22�/

24]. Increasing austenitizing temperature is known to

increase the carbon content of the austenite, and thereby

increase the volume fraction of austenite. Since most of

the desirable properties of the ADI mentioned above are
attributed to the presence of this high carbon stable

austenite, it is desirable to maximize its amount in the

microstructure. However, Rouns et al. [20] have shown

that the driving force for the stage I process decreases

with increasing austenitizing temperature. Due to this,

at higher temperatures, there will be a considerable

amount of martensite containing segregated regions at

the prior austenite grain boundaries. Such a micro-
structure results in poor mechanical properties, and is

not desired. Darwish et al. [23] have also reported

similar results. Therefore, it is preferable to austenitize

at a lower temperature. This will also give a refined

microstructure. However, unduly decreasing the auste-

nitizing temperature (Tg ) can result in lower strength

because of an excessive reduction in the carbon content

of the austenite.
Fracture toughness is an important parameter while

designing structural components. It is important to

understand the influence of the microstructure on the

fracture toughness so that the heat treatment parameters

can be optimized. It is known from previous investiga-

tions [18,19,24�/28] that ADI with a lower ausferritic

microstructure has generally better fracture toughness

than that with an upper ausferritic microstructure.
When the fracture toughness is plotted against the

austempering temperature, it is found that the fracture

toughness initially increases with increasing tempera-

ture, reaches a maximum at an intermediate temperature

of around 300 8C and decreases with further increase in

temperature. This is believed to be the result of interplay

between the effects of ferrite grain size and the austenite

volume fraction [27,28]. Ferrite has the maximum
fracture toughness at the lowest austempering tempera-

ture, because it then has the finest grain size. On the

other hand, the austenite content (Xg ) increases with

austempering temperature. The contribution to fracture

toughness from austenite, therefore, increases with

increasing temperature. The actual toughness would be

controlled by the weakest link, which is austenite at low

temperatures, and ferrite at high temperatures. It has
been shown [26,28] that the following relationship is

valid in austempered ductile irons:

K2
IC�sy(XgCg)

1=2 (3)

where sy is the yield strength of ADI, Xg is the volume

fraction of austenite, and Cg is the carbon content of the

austenite. It is also known [29,30] that sy essentially

depends on the width of the ferrite blade L , and varies

as L�1/2. While sy increases with decreasing austemper-

ing temperature, XgCg increases with increasing aus-

tempering temperature. Therefore, a plot of KIC against

austempering temperature shows a maximum around
300 8C. The theoretical plot is shown to closely match

with the experimental plot [28]. Therefore it can be

concluded that the following microstructural features

are necessary to obtain optimum fracture toughness in

ADI:

a) lower ausferritic microstructure consisting of fine

ferrite blades.

b) austenite content of around 25 vol.%.

c) a high carbon content of the austenite of more than

1.8 wt.%.

Besides the austempering temperature, an equally
important parameter is the austenitizing temperature.

However, there is rather very limited information

available in literature on the influence of the austenitiz-

ing temperature on the fracture toughness of ADI. Klug

et al. [31] studied the fracture toughness of samples

austenitized at 1067, 982 and 897 8C, and subsequently

austempered at 367 8C for 1 h. While the austenite

content increased considerably with the increase in
austenitizing temperature, tensile properties and frac-

ture toughness were found to deteriorate. This was

attributed to the embrittling effect of the austenite grain

boundaries by the precipitation of phosphorus. Doong

and Chen [32] investigated the fracture toughness of

ADI after austenitizing at four different temperatures:

850, 900, 950 and 1000 8C. These were subsequently

austempered for 4 h at 300 or 400 8C. When austem-
pered at 300 8C, best fracture toughness as well as

tensile properties were obtained in samples austenitized

at 900 8C. All the samples showed uniformly low
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austenite content. When austempered at 400 8C the

fracture toughness was still lower, and the austenite

content was unusually low at less than 5 vol.%. It is

likely that these samples were embrittled by carbide

precipitation (second reaction in ADI) due to excessively

long austempering periods.
Thus it can be seen that there is generally a lack of

correlation between the microstructure and the fracture

toughness of samples austenitized at different tempera-

tures. Such a correlation is necessary in order to

optimize the heat treatment parameters so that the

fracture toughness can be maximized. Previous investi-

gations [18,19,22,26�/28] have clearly shown that the

optimum microstructure for obtaining maximum tensile
toughness and maximum fracture toughness are very

different. While the former requires an upper ausferritic

microstructure [26], the latter requires a lower ausferritic

microstructure [22]. Therefore information on the influ-

ence of austenitizing temperature on tensile toughness

cannot be extended to optimize the microstructure for

maximizing the fracture toughness. It was therefore

decided to take up a systematic investigation of the
influence of austenitizing temperature on the micro-

structure, the tensile properties, and the fracture tough-

ness of samples austempered at different temperatures.

2. Experimental procedure

The present investigation was carried out on a ductile

iron of composition shown in Table 1. Round tensile

samples and compact tension samples were machined
from cast slabs as per ASTM standards E-8 [33] and

E-399 [34]. These samples were austenitized for 2 h at

816, 871, 927 and 982 8C. These were subsequently

austempered for 2 h at 260, 288, 302, 316, 357 and

385 8C. The morphology of the resulting microstructure

was characterized by optical microscopy. The volume

fraction of ferrite and austenite, as well as the carbon

content of the austenite were estimated by X-ray
diffraction technique using Rigaku rotating head dif-

fractometer with crystal monochromated Cu Ka radia-

tion. Tensile tests were carried out as per ASTM E-8 [33]

Table 1

Chemical Composition of the iron (in wt.%)

C 3.54

Si 2.81

Mn 0.43

S 0.009

P 0.031

Mg 0.05

Cu 0.56

Ni 1.52

Mo 0.30

Cr 0.30

Fig. 1. (a) Microstructure of samples austenitized at 816 8C and

austempered at 260 8C. (b) Microstructure of samples austenitized at

816 8C and austempered at 316 8C. (c) Microstructure of samples

austenitized at 816 8C and austempered at 385 8C.

P.P. Rao, S.K. Putatunda / Materials Science and Engineering A349 (2003) 136�/149138



and the plain strain fracture toughness were determined

as per ASTM standard E-399 [34] on an MTS 810

servohydraulic machine. The fracture surfaces of the

fracture toughness samples were examined on a Hitachi

S-2400 scanning electron microscope to elicit informa-

tion on the fracture mechanism. The experimental

details have been discussed in the earlier publications

[22,26�/28].

3. Results and discussion

3.1. Microstructure

Typical microstructures of the samples austenitized at

816 8C and then austempered at three different tem-

peratures are shown in Fig. 1. When austempered at the

lower temperatures of 260�/316 8C, typically lower
ausferritic microstructures were observed. These had

very fine needles of ferrite with thin austenite regions

present as slivers between them. Higher austempering

temperatures resulted in typically upper ausferritic

microstructures, which had broad ferrite needles. Broad

blocky austenite regions generally separated these from

each other. Similar microstructures were observed at

higher austenitizing temperatures too. The length of the
ferrite needles was generally found to increase with

increasing austenitizing temperature. This can be noted

by comparing the microstructures shown in Fig. 2, of

the samples austenitized at 927 8C with those in Fig. 1.

The increase in the length of the ferrite needles can be

attributed to the greater coarsening of the austenite

grains at the higher temperatures. The ferrite needles on

nucleation grow till they encounter a barrier, which is
the austenite grain boundary during early stages. The

length of the largest ferrite needles can be assumed to

represent the prior austenite grain size. This was found

to increase with increasing austenitizing temperature.

It is known that ferrite nucleates at the graphite/

austenite interface, and moves out towards the prior

austenite grain boundary. Thus, in samples austenitized

at higher temperatures, the growth occurs over longer
distances. This, together with the fact that the carbon

diffusion rates are lower because of the higher initial

matrix carbon, results in considerable inhomogeneity,

Fig. 2. (a) Microstructure of samples austenitized at 927 8C and

austempered at 260 8C. (b) Microstructure of samples austenitized at

927 8C and austempered at 316 8C. (c) Microstructure of samples

austenitized at 927 8C and austempered at 385 8C.

Fig. 3. Microstructure of samples austenitized at 982 8C and

austempered at 385 8C. Arrow indicates strain induced martensite.
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that manifests in the form of untransformed austenite at

the prior austenite grain boundaries. This low carbon

unstable austenite can transform to martensite on cool-

ing from the austempering temperature. If not, it can

transform to martensite on being subjected to a strain.

This type of strain-induced transformation was ob-

served in samples austenitized at the highest temperature

of 982 8C. Fig. 3 shows clusters of martensite needles

believed to have been formed from the unstable

austenite during metallographic grinding operation.

Besides the morphology, the other important micro-

structural features are the volume fractions of the ferrite

and austenite, and the carbon content of the austenite.

These were estimated by the X-ray diffraction technique.

The influence of the austenitizing temperature on the

volume fraction of the austenite on austempering at

different temperatures is shown in Fig. 4. It can be seen

that at any austempering temperature, the austenite

content increases with increasing austenitizing tempera-

ture. At the lower austempering temperatures (260�/

316 8C) the austenite content increases from an average

of nearly 14 vol.% at 816 8C to a little over 28 vol.% at

982 8C. This signifies an increase of more than 100% on

increasing the austenitizing temperature from 816 to

982 8C. Much of this increase occurs at the two higher

austenitizing temperatures of 927 and 982 8C. The

variation in the austenite content is rather marginal at

the two lower austenitizing temperatures of 816 and

871 8C. The picture is quite different when one looks at

the austempering temperatures of 357 and 385 8C.

These had an average austenite content of 28 vol.%

when austenitized at 816 8C, but an average of 44 vol.%

when austenitized at 982 8C. This is an increase of only

50%, and much of this occurred at the lower austenitiz-

ing temperatures. Thus two distinct features are ob-

served between the samples austempered at the lower

temperatures and those at the higher temperatures. The

Fig. 4. Influence of the austenitizing temperature on the austenite

content at different austempering temperatures.

Fig. 5. Influence of the austempering temperature on the carbon

content of the austenite at different austenitizing temperatures.

Fig. 6. Influence of the austempering temperature on the matrix

carbon content of the austenite at different temperatures.
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curves of the first set are clustered together at relatively

low values of austenite and are concave upwards, while

those of the second set are clustered together at

relatively higher values of austenite content and are

concave downwards.

The samples austenitized at the lower temperatures

have rather low initial carbon content Cg . This together

with the low diffusion rates of carbon at low tempera-

tures, results in rather low volume fraction of austenite

of around 15%. If these are austempered at the higher

temperatures, the greater diffusivity of carbon, builds up

a high carbon content in austenite ahead of the growing

ferrite needles. This results in a large volume fraction of

austenite. When the samples are austenitized at higher

temperatures, their initial carbon content will be very

high. This will help in retaining a large volume fraction

of stable austenite at the lower austempering tempera-

tures too, even though the diffusivity of carbon is low.

The austenite content will now be similar to those of the

samples austenitized at the lower temperatures, but

austempered at the higher temperatures. Thus it is

seen that the higher austenitizing temperatures are

more beneficial at the lower austempering temperatures

in increasing the austenite content of the matrix. At the

higher austempering temperatures, the decreasing effec-

tiveness of increasing austenitizing temperature can be

attributed to the decreasing thermodynamic driving

force for the stage I reaction. This is due to the increased

initial carbon content of the austenite, and long diffu-

sion distances in the large blocky austenite. Because of

this, regions along the prior austenite grain boundaries

will not have been stabilized as observed during optical

microscopic investigations. It is pertinent to point out

here that several investigators [1,6,35] have shown that

improved ductility occurs at lower austempering tem-

peratures as the austenitizing temperature is increased.

This is attributed to the requirement that the micro-

structure contain about 25�/30 vol.% of austenite. The

present results support the contention that this is

achieved at lower austempering temperature as the

austenitizing temperature is increased.

Fig. 7. Influence of the austempering temperature on the fracture

toughness at different austenitizing temperatures.
Fig. 8. Influence of the austenitizing temperature on the maximum

fracture toughness and the optimum austempering temperature.

Table 2

Optimum microstructural features for maximum fracture toughness

Austenitizing temperature

(8C)

Fracture toughness

(MPa�m)

Optimum austempering tempera-

ture (8C)

Morphology of

ferrite

Austenite

(vol.%)

Carbon content

(wt.%)

816 61.90 329 Fine acicular 23.2 1.72

871 64.32 316 Fine acicular 17.8 1.90

927 67.01 302 Fine acicular 21.4 2.16

982 65.81 316 Fine acicular 29.5 1.95
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The second important microstructural parameter

estimated by X-ray diffraction is the carbon content of

the austenite (Cg ). Fig. 5 shows the variation of the

carbon content with the austempering temperature at
the four austenitizing temperatures. The trend is similar

at all four austenitizing temperatures. The carbon

content initially rises very rapidly with increasing

austempering temperature, attains a maximum value at

an intermediate temperature of around 300 8C, and

drops gradually with further rise in temperature. This

agrees with the previous reports [26�/28]. It is also seen

from Fig. 5 that the carbon content at a given
austempering temperature increases with increasing

austenitizing temperature. This can be attributed to

the higher initial carbon content of the austenite, which

can be calculated approximately by the following

expression [36]:

C0
g �(Tg=420)�0:17(Si)�0:95 (4)

where Tg is the austenitizing temperature in 8C and Si is

the silicon content in wt.%. Calculations show that the
initial carbon contents are (in wt.%) 0.52, 0.65, 0.78 and

0.91 at 816, 871, 927 and 982 8C, respectively. During

the transformation reaction, carbon diffuses from the

ferrite regions to the surrounding austenite. Assuming

that the microstructure consists of only ferrite and

austenite, the matrix carbon content can be estimated

as XaCa�/XgCg where Xa and Xg are the volume

fractions of ferrite and austenite, respectively, while Ca

and Cg are the respective carbon contents. Taking the

carbon content of ferrite as practically zero, the matrix

carbon can be approximated as XgCg . This has been

estimated using the Xg and Cg values reported in Figs. 4

and 5, and presented in Fig. 6 for different austempering

and austenitizing temperatures. At the low austempering

temperatures, the matrix carbon is much lower than Cg .

Because of the low diffusion rates and the fast kinetics of

ferrite formation, much of the carbon is trapped in the

ferrite. However, this will not remain so for long, and

will precipitate as carbide. Transmission electron micro-

scopic studies [37,38] have shown that carbides do

indeed exist in ferrite in ADIs austempered at low

temperatures. As the temperature is raised, increasing

diffusivity of carbon ensures increasing matrix carbon.

At 357 and 385 8C, the matrix carbon is practically

same as Cg
0 showing that all the carbon in the initial

austenite has diffused into the austenite. This is true at

all the austenitizing temperatures, with the exception of

982 8C. Here the maximum matrix carbon (XgCg ) was

found to be 0.81 wt.%, appreciably lower than the initial

carbon content of 0.91 wt.% in austenite (Cg
0).

The influence of the austenitizing temperature on the

microstructure can therefore be summarized as follows:

i) Increasing austenitizing temperature coarsens the

microstructure.

ii) Untransformed austenite remains along the prior

austenite grain boundaries at high austenitizing and

austempering temperatures.

iii) Austenite content generally increases with increas-

ing austenitizing temperature at a given austemper-

ing temperature.

Fig. 9. Influence of the matrix carbon on the fracture toughness.

Fig. 10. Plot of KIC
2 against sy (XgCg )1/2.
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iv) At higher austempering temperatures, the rate of

increase in austenite content with austenitizing

temperature decreases considerably due to the

retention of untransformed austenite.

v) At a given austempering temperature the carbon

content of the austenite increases with increasing
austenitizing temperature due to the increase initial

carbon content.

vi) The matrix carbon content at a given austempering

temperature increases with increasing austenitizing

temperature, reaching the respective initial carbon

contents at high austenitizing temperatures.

vii) At high austenitizing temperatures and high aus-

tempering temperatures, the matrix carbon may not
reach the initial carbon content because of the

retention of the greater fraction of untransformed

austenite.

3.2. Fracture toughness

Plane strain fracture toughness tests were carried out

on the samples austenitized at the four different

temperatures, and subsequently austempered at 260,

288, 302, 316, 357 and 385 8C. For each of these
temperatures, five samples were tested, and the fracture

toughness values reported are an average of these five

tests. Valid KIC values were obtained in all the cases. For

the samples austenitized at 816 8C, two additional

austempering temperatures were used, namely, 329 and

343 8C, and for the samples austenitized at 982 8C
austempering was carried out at 329 8C in addition to

the six temperatures mentioned above. Fracture tough-

ness tests were carried out on the samples austempered

at these temperatures also.

The influence of the austempering temperature on

fracture toughness at the four austenitizing temperatures

is shown in Fig. 7. It is found that ADIs with lower

ausferritic microstructure have better fracture toughness

than those with upper ausferritic microstructure. At a

constant austenitizing temperature, the fracture tough-

ness is found to initially increase with increasing

austempering temperature, reach a maximum at some

intermediate temperature, and drop with further rise in

temperature. This matches well with the earlier findings

[18,19,26�/28] where, also, this kind of dependence of

fracture toughness on austempering temperature was

observed. Table 2 summarizes the optimum microstruc-

tural features for maximum fracture toughness at the

four austenitizing temperatures From these it can be

concluded that the following microstructural features

are essential to obtain maximum fracture toughness:

i) Fine acicular ferrite with austenite present as thin

film between the ferrite blades.

Table 3

Tensile properties

Austenitizing temperature (8C) Austempering temperature (8C) Yield strength (MPa) Tensile strength (MPa)

816 260 1155 1269

288 1185 1277

302 995 1324

316 840 1208

357 744 800

385 595 706

871 260 1104 1082

288 1075 1234

302 1015 1164

316 1039 1048

357 731 777

385 654 738

927 260 819 1082

288 917 1234

302 994 1164

316 802 1048

357 610 777

385 558 738

982 260 681 883

288 878 1146

302 897 1182

316 763 941

357 530 754

385 479 685
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ii) Austenite content of around 25 vol.%.

iii) As high a carbon content as possible in the

austenite.

iv) The Higher the carbon content, the better the
fracture toughness.

These agree with the conclusions of the previous

investigations [26�/28]. It was found that, generally as

the austenitizing temperature was increased, the opti-

mum austempering temperature shifted to lower values

as shown in Fig. 8. From Fig. 4 we find that the

austenite content at a given austempering temperature

generally increases with increasing austenitizing tem-

perature, because of the higher matrix carbon. There-

fore, as the austenitizing temperature is increased the

optimum austenite content of 25 vol.% is attained at

lower and lower austempering temperatures. However,

there was an exception for this general behaviour at the

austenitizing temperature of 982 8C. The optimum

austempering temperature was found to be 316 8C
(for samples austenitized at 982 8C) rather than some

value lower than 302 8C. It was further found that as

the austenitizing temperature was increased, the max-

imum fracture toughness increased, as shown in Fig. 8.

This can be attributed to the increased matrix carbon,

XgCg . Fig. 9 shows the influence of the matrix carbon

on the fracture toughness at the four austenitizing

temperatures. Since both Xg and Cg increase with

increasing austenitizing temperature at a given austem-

pering temperature, the plot of the fracture toughness

against the matrix carbon shifts to the right as the

austenitizing temperature is increased. This increased

matrix carbon is one of the main reasons for the

increased fracture toughness.

It has been shown in previous investigations [26,28]

that the fracture toughness is maximized when the

parameter sy(XgCg)1/2 is maximum. The validity of

this relationship in the present investigation was exam-

ined through the plot of KIC
2 against sy (XgCg )1/2 as

shown in Fig. 10. The yield strength values required for

this were determined through tensile tests on samples

subjected to different heat treatments, and are reported

in Table 3. In Fig. 10, the values corresponding to the

austenitizing temperature of 816 8C showed a wide

scatter while all the others appeared to be clustered

together. A straight line was therefore drawn through

the latter points by the method of least squares. This

resulted in a straight line with a correlation coefficient of

0.93 showing that above relationship is indeed obeyed in

the austenitizing temperature range of 871�/982 8C. The

non-compliance with this relationship at the austenitiz-

ing temperature of 816 8C can be explained as follows:

It was found that at a constant austenitizing tempera-

ture, the tensile and yield strengths decreased with

decreasing austenitizing temperature in the range 871�/

982 8C as shown in Table 3. This can be attributed to

Fig. 11. (a) Fractographs of samples austenitized at 816 8C and

austempered at 260 8C. (b) Fractographs of samples austenitized at

816 8C and austempered at 316 8C. (c) Fractographs of samples

austenitized at 816 8C and austempered at 385 8C.
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the increasing volume fraction of austenite with increas-

ing austenitizing temperature. As already discussed, at

low austempering temperatures like 260�/316 8C, the

austenite content increases steeply from about 15 to

about 30 vol.% when the austenitizing temperature was

raised from 871 to 982 8C. A second contributing factor

is the increasing coarseness of the microstructure with

increasing austenitizing temperature. However, the

samples austenitized at 816 8C had low matrix carbon,

because of the low initial carbon content, Cg
0. This effect

is not observed at the lowest austempering temperatures

of 260 and 288 8C, because in these the strength is

primarily decided by the fineness of the ferrite blades.

Thus, the lower Xg , lower Cg and lower sy , together

shift the points corresponding to the austenitizing

temperature of 816 8C to the left in Fig. 10.

3.3. Fracture mechanism

The fracture surfaces of the compact tension samples

were examined by scanning electron microscopy to elicit

information on the fracture mechanism. The latter was

found to vary considerably with austenitizing and

austempering temperatures. At the lowest austenitizing

temperature of 816 8C, the fracture mode was predo-

minantly ductile. Transgranular cleavage type of frac-

tures were observed only at the two highest

austempering temperatures of 357 and 385 8C. Some

typical fractographs are shown in Fig. 11. The results

were quite similar when the samples were austenitized at

871 8C. Fig. 12 shows a set of fractographs. Cleavage

fractures were observed at austempering temperatures of

260 and 385 8C. At all other austempering temperatures

Fig. 12. (a) Fractographs of samples austenitized at 871 8C and austempered at 260 8C. (b) Fractographs of samples austenitized at 871 8C and

austempered at 316 8C. (c) Fractographs of samples austenitized at 871 8C and austempered at 385 8C.
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the fracture occurred principally in the dimpled ductile

mode. At the next higher austenitizing temperature of

927 8C, fully ductile fracture was confined to the three

interrnediate austempering temperatures of 288, 302 and

316 8C. Predominantly cleavage fracture was observed

at 260, 357 and 385 8C. The last one also showed some

intergranular type of cleavage fracture. Typical fracto-

graphs for these samples are shown in Fig. 13. At the

highest austenitizing temperature of 982 8C, the frac-

ture was predominantly of the cleavage type. Intergra-

nular type of cleavage fracture was observed at the

lowest and highest austempering temperatures. All the

others showed transgranular type of cleavage fracture.

Some typical fractographs for these samples are pre-

sented in Fig. 14. The results of the fractographic

investigation are summarized in Fig. 15. This shows

the predominant mode of fracture at different combina-

tions of austenitizing and austempering temperatures.

The fracture toughness values are also indicated. It was

observed that the ductile fracture was generally asso-

ciated with a fracture toughness of 609/5 MPa�m. At

lower values of fracture toughness, transgranular type of

cleavage fracture was observed upto a fracture tough-

ness of 42 MPa�m. At still lower fracture toughness,

the fracture mode was predominantly of the intergra-

nular cleavage type. The only exceptions to this general

observation were the three intermediate austempering

temperatures at the highest austenitizing temperature of

982 8C. These had fracture toughness values in the

range of 609/5 MPa�m, but exhibited fully transgra-

nular cleavage fracture rather than the dimpled ductile

fracture. It is possible that these samples exhibited TRIP

phenomenon. It is well known [39,40] that in certain

conditions ADI can undergo transformation induced

plasticity (TRIP) deformation.

In the presence of a preexisting crack, unstable

fracture will occur when a sufficiently large strain is

attained at the crack tip. This can be written as [28] as:

Fig. 13. (a) Fractographs of samples austenitized at 927 8C and austempered at 260 8C. (b) Fractographs of samples austenitized at 927 8C and

austempered at 316 8C. (c) Fractographs of samples austenitized at 927 8C and austempered at 385 8C.
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of � [K2
IC(I�y2)]=[2Esyr] (5)

where of is the critical strain at the crack tip for unstable

fracture; y is Poisson’s ratio; sy is the yield strength of

the material; E is the Young’s modulus, and r is the

crack tip radius.

The quantity KlC
2 /Esyr on the right hand side in the

above equation is a dimensionless quantity, and is

hereafter referred to as the toughness parameter. The
critical strain at fracture depends on the microstructure,

which in turn depends on the heat treatment condition.

An analysis of the toughness parameter in terms of the

heat treatment will be helpful in understanding the

fracture mechanism. The heat treatment condition is

expressed in terms of another dimensionless quantity,

TA/Tg called as the thermal parameter. TA is the

austempering temperature, and Tg is the austenitizing
temperature, both expressed in the absolute scale. The

toughness parameter was calculated for each heat

treatment condition by taking the corresponding KIC

Fig. 14. (a) Fractographs of samples austenitized at 982 8C and austempered at 260 8C. (b) Fractographs of samples austenitized at 982 8C and

austempered at 316 8C. (c) Fractographs of samples austenitized at 982 8C and austempered at 385 8C.

Fig. 15. Influence of austenitizing and austempering temperatures on

the fracture mechanism.
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and sy values. v , E and r were assumed to be 0.3, 207

GPa and 50 mm, respectively (reasonable values taken

from literature). Fig. 16 is a plot of toughness parameter

so calculated against corresponding thermal parameter.

The fracture mechanisms observed under the different

heat treatment conditions described earlier, and pre-

sented in Fig. 15 are also indicated on this figure.

Boundaries were drawn between regions of different

fracture mechanisms. This shows possible fracture

mechanisms under various combinations of toughness

and thermal parameters. At a constant thermal para-

meter, toughness parameter can vary widely and so also,

the fracture mechanism. This is because, for various

combinations of TA and Tg at a constant TA/Tg , the

microstructure can vary considerably. Similarly, at a

constant toughness parameter, the fracture mechanism

can vary considerably because TA/Tg can vary widely.

The figure shows that the dimpled ductile fracture that is

associated with best fracture toughness is observed when

the thermal parameter is around 0.5.

Cast irons are generally classified on the basis of their

tensile strengths. Therefore, an analysis of the fracture

mechanism based on the tensile strength would be of

considerable practical significance. Fig. 17 shows a plot

of normalized strength, s /E , against the thermal para-

meter, T ?A/Tg , under various heat treatment conditions

in the present investigation. The predominant fracture

mechanism in each case is also indicated on the diagram.

Two curves are drawn demarcating the different me-

chanisms of fracture. To the right of curve C1 the

fracture is mainly dimpled ductile, while to the left it is

mainly of the transgranular cleavage type. The diagram

indicates that when TA/Tg is less than 0.48, it is unlikely

that fracture can be of the dimpled ductile type.

4. Conclusions

1. Irrespective of the austenitizing temperature, ADIs

with lower ausferritic microstructure exhibit better

fracture toughness than those with upper ausferritic

microstructure.

2. At all austenitizing temperatures the fracture

toughness is maximized when the microstructure con-

sists of about 25 vol.% of austenite that is present as thin

slivers between fine bainite blades. The carbon content

of the austenite should be as high as possible, and not

less than 1.8 wt.%.

3. The optimum austempering temperature for max-

imum fracture toughness decreases with increasing

austenitizing temperature.

4. KIC
2 is generally proportional to sy(XgCg)1/2.

Deviations from this general rule occur at very low

austenitizing temperatures due to the low matrix carbon.
5. Dimpled fracture that is associated with high

fracture toughness occurs when thermal parameter is

about 0.5 and the toughness parameter is greater than

0.3. It is unlikely that good fracture toughness can be

attained when the thermal parameter is less than 0.48.

Fig. 16. The plot of the toughness parameter against the thermal

parameter.

Fig. 17. The plot of normalized strength against the thermal para-

meter.
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