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Abstract The present work has been taken up to study the

influence of microstructure on the formation of martensite

in austempered ductile iron. Ductile iron containing

1.5 wt.% nickel and 0.3 wt.% molybdenum was subjected

to two types of austempering treatments. In the first, called

as conventional austempering, the samples were austem-

pered for 2 h at 300, 350 or 400 �C. In the second treatment,

called as stepped austempering, the samples were initially

austempered at 300 �C for 10, 20, 30, 45 or 60 min. These

were subsequently austempered for 2 h at 400 �C. Tensile

tests revealed considerable variation in the strain-hardening

behaviour of the samples with different heat treatments. In

the case of samples subjected to conventional austempering,

it was found that strain-hardening exponent increased with

increasing austempering temperature. In the case of samples

subjected to stepped austempering, increased strain hard-

ening was observed in samples subjected to short periods of

first step austempering. Study of the microstructures

revealed that increased strain hardening was associated with

the formation of strain-induced martensite. There was a

greater propensity for the formation of strain-induced

martensite in the samples containing more of blocky aus-

tenite. Retained austenite in the form of fine films between

sheaths of ferrite was relatively more stable. Studies

revealed that the morphology, size and carbon content of the

retained austenite were important parameters controlling

their tendency to transform to martensite.

Introduction

Austempered ductile iron (ADI) consists of a unique

microstructure, called as ausferrite, which consists of fer-

rite and high-carbon austenite. This is unlike austempered

steel which exhibits bainitic microstructure consisting of

ferrite and carbide [1, 2]. The high silicon content in the

ductile iron is responsible for the absence of carbides in the

ADI. The austenite formed during the austempering pro-

cess is highly stable because of its high carbon content,

which may be in the range of 1.6–2.0 wt.% depending on

the heat treatment parameters. The microstructures may

consist of 20–45 vol.% of high-carbon austenite. It is

believed that the presence of large amount of austenite

imparts unusual property combinations of high strength and

high ductility to ADI due to the high strain hardening

nature of the austenite [1–3].

It has also been reported that trip phenomenon may

occur in ADI which may be beneficial in improving the

toughness [4, 5]. With regard to trip phenomenon, an

important factor is the stability of the austenite during

deformation. Too low a stability or too high a stability may

not give the advantage of strain-induced martensite in

increasing the ductility. There may be an optimum amount

of retained austenite that may lead to maximum ductility.

Several parameters influence the stability of the retained

austenite during deformation [6]. These are the carbon

content of the retained austenite [7–9], size [10–12] and

morphology of the retained austenite [13, 14] and its dis-

tribution within the microstructure [15]. All these are

microstructural features, and the microstructures are

markedly influenced by the heat treatment parameters.

However, the influence of the heat treatment parameters

such as austenitising temperature, and austempering tem-

perature and time has not been studied systematically.
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Hence the present work has been taken up to study the

influence of some of the heat treatment parameters such as

the austempering temperature and time on the formation of

martensite during plastic deformation of ADI.

Experimental work

Material

The ductile iron required for the investigation was prepared

in the form of slabs of dimension 200 mm 9 150 mm

9 30 mm. The chemical composition in wt.% was as fol-

lows: C: 3.5, Si: 2.8, Mn: 0.3, S: 0.02, P: 0.02, Mg: 0.04, Cu:

0.5, Ni: 1.5, Mo: 0.3. Coupons of dimension 20 mm 9 20

mm 9 2 mm for microscopic studies and round tensile

samples of diameter 6 mm and gauge length 30 mm were

machined from the cast slabs.

Heat treatment

Two types of heat treatments were carried out in the

present investigation. The first one, called hereafter as

‘‘conventional austempering’’, consisted of austenitising

the samples at 950 �C for 30 min followed by austemper-

ing at 300, 350 or 400 �C for 2 h. In the second

austempering treatment, called hereafter as ‘‘stepped aus-

tempering’’, the same austenitising conditions were

followed as in the conventional austempering. This was

followed by austempering at two different temperatures.

The austenitised samples were first austempered at 300 �C

for 10, 20, 30, 45 or 60 min and then transferred to a

second furnace at 400 �C and maintained at that tempera-

ture for 2 h. The schematic of the heat treatments is shown

in Fig. 1.

All the austenitising treatments were done in muffle

furnaces. The samples were tied with long nichrome wires

for quick pull out from the furnace at the end of the

austentising treatment. The austempering treatments were

carried out in salt bath furnaces. A mixture of sodium

nitrate and sodium nitrite was used as the salt bath. The

samples, which were relatively small compared to the salt

bath capacity, were quickly transferred from the muffle

furnace into the salt bath. The same wires were used in

transferring the samples from the first salt bath to the

second. Because of the small size of the sample, there was

hardly any variation in the temperature of the salt bath.

The time durations in the salt bath were counted from the

moment the samples were introduced into the salt bath.

The temperature was controlled within ±1� C of the set

point.

Microstructural studies

Morphological features of the microstructures were studied

using optical microscope after etching the samples with 3%

nital. Quantitative information on the amount of retained

austenite and its carbon content were obtained through X-

ray diffraction on Jeol JDX 8P diffractometer. Diffraction

studies were carried out using CuKa radiation, and scan-

ning was done over the 2h range of 40–50� at a scan speed

of 1� min-1.

The volume fraction of the retained austenite was

determined by the direct comparison method of Cullity

[16] using integrated intensities of (110) peak of ferrite and

(111) peak of austenite. Assuming that ferrite and austenite

were the only matrix phases present, the ratios of integrated

intensities of diffraction peaks from these phases can be

written as

IcðhklÞ=IaðhklÞ ¼ ðRcðhklÞ=RaðhklÞÞ � ðXc=XaÞ ð1Þ

where Ic(hkl) and Ia(hkl) are the integrated intensities of a

given (hkl) plane from the c phase and the integrated

intensity of a given (hkl) plane from the a phase

respectively. Xc and Xa are the volume fractions of

retained austenite and ferrite respectively. The constants

Rc(hkl) and Ra(hkl) are given by the following expression for

each peak:

R ¼ ð1=v2Þ ½F2 � p � LP�e�2m ð2Þ

where v is the volume of the unit cell; F is the structure

factor; p is the multiplicity factor; LP is the Lorentz

polarization factor; and e-2m is the temperature factor.

The lattice parameter of austenite increases with its

carbon content. The following empirical relationship

from the classical work of Roberts [17] is widely

accepted:
Fig. 1 Schematic of heat treatment schedules employed in the

present investigation
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ac ¼ 0:3548þ 0:0044Cc ð3Þ

where ac is the lattice parameter of austenite in nanometers

and Cc is its carbon content in wt.%. The Bragg angle

obtained from the (111) peak of austenite was used in

estimating the lattice parameter. The carbon content was

then estimated using this value of the lattice parameter in

the above equation.

In estimating the total carbon of the ausferrite it is

assumed that all the carbon is present in the retained

austenite, and that the ferrite is free of carbon. It is further

assumed that the densities of ferrite, austenite and aus-

ferrite are same. Now consider a unit volume of ausferrite.

The volume of retained austenite in it will be Xc. The

mass of ausferrite and retained austenite will be q and

Xc�q, respectively. The mass of carbon is given as

Xc�q�Cc/100. Therefore, the carbon content of the ausfer-

rite in wt.% can be given as (Xc�q�Cc/100)�100/q. Thus the

product XcCc gives the carbon content of the ausferrite in

wt.%.

Mechanical properties

Tensile tests were carried out on a floor model 10T

Instron machine (model 4206) at a cross head speed of

1 mm min-1. Three tests were carried out for each heat

treatment, and the results reported are an average of these

three tests. Yield strength, ultimate tensile strength and

elongation to failure were estimated from the tensile

tests.

Results and discussion

Microstructural studies

On austempering at 300 �C, the samples exhibited a fine

mixture of ferrite and austenite. As the austempering

temperature was raised, the retained austenite content

increased and the ferrite sheaths became broader. This can

be observed in Fig. 2. While the austenite was present as

fine slivers between the ferrite sheaths at 300 �C, it was

present as blocky regions at 400 �C, well separating the

ferrite sheaths from each other. These observations can be

explained on the same basis as done by previous investi-

gators [2, 3, 18, 19].

Stepped austempering resulted in a mixed microstruc-

ture consisting of both upper and lower ausferrites. The

relative amounts of the two depended on the time of the

first step austempering. As this time was increased, the

relative amount of the lower ausferritic constituent

increased. Figure 3 shows a typical set of microstructures

resulting from stepped austempering. Figure 3a shows a

sample in which the first step time was 10 min. The

microstructure shows very broad sheaths of ferrite sepa-

rated by broad areas of retained austenite. The

microstructure looks very similar to that of a sample sub-

jected to conventional austempering at 400 �C. Since the

first step duration is very small, very small amount of lower

ausferrite would have formed and the microstructure would

be almost fully upper ausferrite. As the first step time was

increased to 30 min, the amount of the lower ausferrite

increased while that of the upper ausferrite decreased, as

Fig. 2 Microstructures of

samples subjected to

conventional austempering at

(a) 300 �C, (b) 350 �C, and (c)

400 �C
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shown in Fig. 3b. As the first step time was increased

further, the broad ferrite sheaths of the upper ausferrite

progressively decreased, till, at 60 min of the first step

time, the microstructure resembled that of a sample sub-

jected to conventional austempering at 300 �C (see

Fig. 3c). Existence of a composite microstructure, con-

sisting of upper and lower ausferrite constituents, could be

clearly seen in the samples with the first step times of 20,

30 and 45 min. Figure 4 shows one such microstructure, at

a higher magnification. The sample was subjected to first

step austempering of 20 min at 300 �C. Closely spaced

sheaths of lower ausferrite are visible clearly, and are

marked as ‘b’. Upper ausferrite consisting of broader ferrite

separated from each other by bulky austenite is visible at

‘a’.

Quantitative information on the microstructures, such as

the amount of the retained austenite, its carbon content and

the total carbon content of the ausferrite, were obtained

through X-ray diffraction. The influence of the austempering

temperature on the amount of the retained austenite and its

carbon content is shown in Fig. 5. As the austempering

temperature was increased, the amount of the retained aus-

tenite increased from 32 vol.% at 300 �C to 48 vol.% at

400 �C. However, its carbon content decreased from about

2.1 wt.% at 300 �C to about 1.7 wt.% at 400 �C. These

results are in good agreement with those of earlier investi-

gators [2, 3, 18, 19], and can be explained on the same basis.

As the austempering temperature is raised diffusion of car-

bon from the regions transforming to ferrite to the

surrounding austenite will be higher. This will lead to

increasing stability of the austenite, and therefore to

increasing amount of the retained austenite, as the austem-

pering temperature is raised. In order to understand the

decreasing carbon content with increasing austempering

temperature, one has to look at the total carbon in the aus-

tenite, which is given by the product XcCc, where Xc is the

volume fraction of the retained austenite, and Cc is its carbon

content. This product can have a maximum value of Cco, the

Fig. 3 Microstructures of

samples subjected to stepped

austempering. First step times

are (a) 10 min, (b) 20 min, (c)

30 min, (d) 45 min, and (e)

60 min

360 J Mater Sci (2008) 43:357–367

123



initial carbon content of the austenite immediately after

austenitising. The value of Cco can be obtained from the

following equation [20]:

Cco ¼ ðTc=420Þ � 0:17ðSiÞ � 0:95 ð4Þ

where Tc is the austenitising temperature in degrees Cel-

sius, and Si is the silicon content of the ductile iron in

wt.%. Though the carbon content of the retained austenite

is lower at higher austempering temperatures, the total

carbon will be higher. These values are 0.62, 0.76 and 0.79

at the three austempering temperatures of 300, 350 and

400 �C, respectively. It can be seen that the total carbon is

almost equal to the maximum possible value as given by

the Eq 4. Therefore, the lower carbon content of the

retained austenite is due to the increased amount of

retained austenite, and not because less carbon is finding its

way into the retained austenite.

The quantitative values of the microstructural features

were estimated in the samples subjected to stepped aus-

tempering also. Figure 6 shows the influence of the first

step time on the retained austenite content and its carbon

content. As the first step austempering time was increased,

the retained austenite content decreased steadily from a

value close to that of conventional austempering at 400 �C

to that similar to conventional austempering at 300 �C.

Similar trends were observed in the case of the carbon

content of the retained austenite as well. These confirm the

earlier conclusion drawn from the optical microscopic

studies that, at the two extremes of stepped austempering,

the samples are similar to those of conventional austem-

pering, while for the intermediate durations of first step

austempering, the samples exhibit a composite micro-

structure. As the first step time is increased, the

microstructure changes from that characteristic of con-

ventional austempering at 400 �C to that characteristic of

conventional austempering at 300 �C.

Fig. 4 Microstructure of sample subjected to stepped austempering,

first step time of 20 min. ‘a’ indicates upper ausferrite region while

‘b’ indicates lower ausferrite region

Fig. 5 Influence of the austempering temperature on the volume

fraction of retained austenite and its carbon content during conven-

tional austempering

Fig. 6 Influence of first step time on the retained austenite content

and its carbon content during stepped austempering
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Mechanical properties

Mechanical properties are known to be a function of the

microstructure. Since the microstructure of the ADI chan-

ges markedly with heat treatment, profound changes in the

mechanical properties too can be expected with changes in

heat treatment. Hardness and tensile properties, such as

yield strength, ultimate tensile strength and elongation to

failure together with strain hardening behaviour, were

studied in detail under different heat treatment conditions

to understand the influence of the heat treatment and the

microstructure on them.

The tensile studies revealed that strength values were

higher when austempered at 300 �C than at 400 �C. Duc-

tility, as revealed by percentage elongation, showed the

opposite effect. The results are presented in Fig. 7. The

increasing strength with decreasing austempering temper-

ature can be attributed to the finer microstructure and lower

retained austenite content at the lower temperatures.

In order to understand completely the influence of the

microstructure on the tensile behaviour, the strain-harden-

ing nature under different heat treatment conditions was

studied. In order to do this, it was assumed that the fol-

lowing relationship due to Holloman [21] is obeyed:

r ¼ K � en ð5Þ

where n is the strain-hardening coefficient and K is the

strength factor. If the above relationship is obeyed, a plot of

ln r against ln e should result in a straight line, the slope of

which will give the strain-hardening exponent n. If there is

a change in strain-hardening mechanism during the defor-

mation process, the plot will show a change of slope.

Figure 8 shows the plot of ln r against ln e at the three

austempering temperatures of 300, 350 and 400 �C. The

sample austempered at 300 �C shows a single straight line

with an n value of 0.14. However, the sample austempered

at 350 �C shows a change of slope, with n values of 0.14

and 0.18 for the two stages. A close examination of the plot

for the sample austempered at 400 �C reveals that it is

curved. This curvature indicates a continuous change in the

strain-hardening behaviour from an early stage as the

sample is strained. However, two straight lines are drawn

through the data points as an approximation. From these

the n values were taken as 0.17 and 0.21, respectively for

the two stages.

Thus the above results indicate that there is no change in

the strain-hardening behaviour of the samples austempered

at 300 �C, when strained to fracture. However, the samples

austempered at 400 �C do show pronounced increase in

strain-hardening tendency as they are increasingly strained.

This indicates that certain changes are taking place in the

microstructure as the material is deformed. To understand

this, the material adjacent to the fracture surface was

examined by optical microscopy as well as X-ray diffrac-

tion. The fracture surface was ground, polished and etched

to reveal the microstructure in an area severely deformed

just prior to fracture. Figure 9a shows the microstructure

Fig. 7 Tensile properties of samples subjected to conventional

austempering

Fig. 8 Strain-hardening behaviour of samples subjected to conven-

tional austempering
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Fig. 9 Microstructures of

fracture surfaces of samples

subjected to conventional

austempering: (a) 300 �C, (b)

350 �C, and (c) 400 �C. M

indicates regions of martensite

Fig. 10 Microstructures of

samples subjected to

conventional austempering at

400 �C and deformed by (a)

0%, (b) 3%, (c) 5%, (d) 7%, and

(e) 9%
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adjacent to the fracture surface of the sample austempered

at 300 �C. These are not different from those in Fig. 2a, of

the undeformed samples under identical heat treatment

conditions. Figure 9c shows the microstructure adjacent to

the fracture surface of the sample austempered at 400 �C.

This shows marked differences with those in Fig. 2c under

identical heat treatment conditions. Considerable formation

of martensite is observed, which is marked as M at several

locations. These are the strain-induced martensite formed

from the retained austenite during the deformation. Indeed,

X-ray diffraction studies showed that the retained austenite

content had dropped to 24 vol.% from the original values

of 48 vol.%. In the samples austempered at 400 �C soft

ductile austenite is being replaced by hard and brittle

martensite which provides greater resistance to the move-

ment of dislocations. This is the cause of increasing strain

hardening in these samples. Strain-induced martensite

formation is observed in the samples austempered at

400 �C, and not in those austempered at 300 �C. This may

be attributed to the lower stability of the retained austenite

in the former than in the latter. Carbon content of the

retained austenite in the samples austempered at 400 �C

was lower than that in the samples austempered at 300 �C

as seen in Fig. 5. As indicated in Fig. 9b, and as revealed

by microscopic and diffraction studies, the samples

austempered at 350 �C showed a behaviour intermediate to

Fig. 11 Variation of retained austenite content with amount of

deformation. Conventional austempering at 400 �C Fig. 12 X-ray diffraction profiles of samples after 3% and 9%

deformation

Fig. 13 Tensile properties of samples subjected to stepped

austempering
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those austempered at 300 �C and 400 �C. This is to be

expected since they have retained austenite content and its

carbon content intermediate of those of the other two.

In order to confirm the strain dependence of martensite

formation, a set of samples were austenitised at 950 �C and

then austempered at 400 �C for 2 h. These were strained on

the Instron machine to different levels of 3, 5, 7 and 9%.

The samples were unloaded after the above levels of strain,

removed from the machine, and cut in the centre of the

gauge length to study the microstructure. Optical micro-

structures are shown in Fig. 10. Increasing amount of

martensite with increasing strain can be clearly observed.

Fig. 14 Strain-hardening

behaviour of samples subjected

to stepped austempering. First

step times of (a) 10 min, (b)

20 min, (c) 30 min, (d) 45 min,

and (e) 60 min
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X-ray diffraction studies showed that the amount of

retained austenite decreased with increasing strain as

shown in Fig. 11. A set of typical diffraction profiles is

shown in Fig. 12.

When subjected to stepped austempering, both the yield

and tensile strengths were found to rise steadily as the first

step time was increased as shown in Fig. 13. The strength

increases with time primarily because of increasing volume

fraction of lower ausferrite. As shown in the case of con-

ventional austempering, the lower ausferrite is stronger

than the upper ausferrite. As a result, the increasing volume

fraction of the lower ausferrite in the microstructure results

in increasing strength.

The strain-hardening behaviour of the samples subjected

to stepped austempering revealed that, at short first step

times, strain-hardening exponent was high, and the plot of

stress against strain on log-log scale indicated change of

slope. At longer first step times, the plot did not show any

change of slope. A set of typical plots is shown in Fig. 14.

As discussed earlier, a change of slope denotes change in

strain-hardening mechanism, and this involves formation

of strain-induced martensite. Similar conclusions may be

drawn in this case also. Thus, when the first step time is

very short, formation of strain-induced martensite may be

expected, while no martensite formation is to be expected

when the first step time is long. This was observed to be so,

through metallographic and X-ray diffraction studies.

Figure 15 shows a set of microstructures of fractured

samples which were subjected to stepped austempering.

Martensite could be clearly observed in abundance in

samples with first step times of 10 and 20 min. Much less

of it was observed in samples with first step time of 30 min,

and hardly any in those with first step times of 45 and

60 min. X-ray diffraction studies on the surface adjacent to

the fracture surfaces revealed decreasing drop in retained

austenite content as the first step time was increased, as

shown in Fig. 16.

Studies with samples subjected to conventional aus-

tempering as well as those subjected to stepped

austempering revealed considerable influence of the

Fig. 15 Microstructures of

fracture surfaces of samples

subjected to stepped

austempering. First step times of

(a) 10 min, (b) 20 min, (c)

30 min, (d) 45 min, and (e)

60 min
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microstructure on the strain-induced transformation of

austenite to martensite. While all of them contained con-

siderable amount of retained austenite, they showed

different tendency with regard to the formation of mar-

tensite on deformation. While the sample subjected to

conventional austempering at 400 �C showed high ten-

dency towards formation of strain-induced martensite, the

sample subjected to conventional austempering at 300 �C,

showed the least. The former showed all the attributes for

low stability of austenite, such as coarse size, lower carbon

content and blocky morphology. The samples austempered

at 300 �C showed opposite features. In addition, these

samples had fine ferrite laths in close proximity to aus-

tenite, which is believed to inhibit martensite formation.

Samples austenitised at 350 �C exhibited microscopic

features in between those of the above two, and exhibited

intermediate tendency towards the formation of strain-

induced martensite. Importance of the microstructural

features detailed above is confirmed further when we

examine the results of the samples subjected to stepped

austempering. This shows a kind of composite micro-

structure, with upper and lower ausferrites as the two

constituents. The tendency of these samples to generate

strain-induced martensite depended on the relative amounts

of the two constituents.

Conclusions

1. Samples subjected to austempering at higher temper-

atures have a greater tendency to produce strain-

induced martensite.

2. This can be attributed to the larger size of the retained

austenite in these samples.

3. At lower austempering temperatures, besides the fine

size of the austenite, the presence of ferrite in large

amount in close proximity to the austenite, also

prevents formation of strain-induced martensite.

4. Stepped austempering results in a microstructure that

is a mixture of lower and upper ausferrite.

5. The proportion of the two constituents depends on the

first step time.

6. Samples subjected to short first step times, exhibit

greater strain-hardening ability, due to the presence of

larger amount of upper ausferrite.

7. Higher strain-hardening ability of ADI is due to strain-

induced transformation of retained austenite.
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