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Abstract Austempered ductile iron is a heat treated form

of as-cast ductile iron. The heat treatment process-

austempering, was developed with the intent of improving

the strength and toughness of ferrous alloys. It offers a

range of mechanical properties superior to those of other

cast iron, and shows excellent economic competitiveness

with steels and aluminum alloys. The main aim is to ana-

lyze the mechanical properties and microstructural char-

acteristics of as-cast ductile iron austenitized at 900 �C for

90 min and afterward austempered over a range of tem-

peratures to obtain distinctive microstructures. The samples

were austempered for durations of 60, 90 and 180 min at

each austempering temperature of 340, 360, 380, and

400 �C. The influence of these austempering temperatures

and times on the microstructure and tensile properties were

investigated at room temperature.
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1 Introduction

Spheroidal Graphite iron (SG iron) since its invention has

undergone various developments for the last six decades.

Compared to malleable iron, ductile iron is less expensive

and its processing costs are lower. Due to the above

advantages, ductile iron has been widely used in various

industrial applications such as automotive and machine

parts, tubes, and even nuclear waste containers [1–5]. SG

grades are used to withstand fatigue stresses developed in

components like crankshafts, of automobiles. Heat treat-

ment of SG irons can be employed for further improvement

of mechanical properties like tensile strength, hardness and

wear resistance and to reduce weight of the casting. Heat

treating the ductile cast iron produces austempered ductile

irons, which have outstanding mechanical properties that

can be varied over a wide range by varying the heat

treatment parameters. A number of forged steel compo-

nents have now been replaced by austempered ductile iron

(ADI) casting, especially in automobile applications [6–

10]. This ADI process is very economical process for heat

treating the ductile cast.

The austempering process was first developed in the

early 1930’s as a result of work by Bain, conducted on the

isothermal transformation of steel [11]. Heat treatment of

austempering basically consist of austenitizing ductile iron

in the temperature range of 850–950 �C, quenching to the

austempering temperature in the range 250–400 �C for a

controlled time and then cooling it to room temperature.

During austenitizing, the as-cast matrix structure trans-

forms either into austenite or a mixture of proeutectoid

ferrite and austenite. The austenitizing step in the treatment

of ductile iron differs from that of steel because the

austenite carbon content in iron depends on the iron com-

position and austenitizing temperature. At last it forms a

bainite structure at room temperature. Ductile iron has

good machining qualities and is used for heavy duty gears,

pistons, and rolls for rolling mills, gear cases, valves, tubes

and door hinges.

The main aim of the present investigation is to study the

mechanical properties and microstructural characteristics
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of as-cast ductile iron, austenitized at 900 �C for 90 min

and austempered over a range of temperatures.

2 Materials and Methods

The material was as cast as round and hollow bar with

60 mm external diameter and 30 mm inner diameter across

with 300 mm length. The chemical composition of the

material is shown in Table 1 and the initial microstructure of

the ductile iron is shown in Fig. 1. The microstructures show

the nodular graphite surrounded by a matrix of ferrite and

pearlite. The composition of ferrite is 62 % and pearlite is

38 %. Ferrite is the softest constituent in the matrix of

ductile iron and as a result exhibits the best machinability.

But the increase in fineness of pearlite affects machinability

and decreases the hardness. The austempering process is

schematically shown in Fig. 2. In austempering process, the

materials were first austenitized at 900 �C for 90 mins. At

this stage carbon got dissolved in austenite structure.

Quenching quickly to the temperature range of 230–400 �C

allowed the formation of ausferrite to begin and isothermal

transformation was allowed for various duration of time. In

the present study the material was austempered for durations

of 60, 90 and 180 mins at 340, 360, 380 and 400 �C to

obtain distinctive microstructures (Table 2).

Tensile specimens were machined from the hollow bar.

Tensile specimens were cut by in the longitudinal direction

parallel to the direction of the longest extension of the

specimen. The dimensions of the specimen were, 50 mm in

gauge length, 12.5 mm in gauge width and a specimen

thickness of 15 mm. Tensile tests were carried out in a

electro-mechanical controlled universal testing machine

(Make: FIE, India; Model: UTE) at a nominal speed of

0.05 mm/min. The mechanical properties evaluated from

the tensile tests were yield strength, tensile strength and

percentage elongation. Metallographic specimens from the

various austempered specimens were polished and etched

with 2 % nital etchant to reveal the microstructure. An

optical microscope (MEJI, Japan; model MIL-7100)

encompassing image analysing software was used to con-

duct the microstructural examination.

Table 1 Measured chemical composition (wt%)

C Si Mn P S Mo Mg Ni Cu

3.65 2.8 0.32 0.031 0.012 0.2 0.035 1.29 0.53

Ductile material(polished) Ductile material(etched)

Fig. 1 Ductile iron structure

(9100)

Fig. 2 Austempering process
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3 Results and Discussions

3.1 Microstructure of ADI

The typical microstructures of austempered ductile iron for

durations of 60, 90 and 180 mins at 340, 360 and 380 �C
are shown in Figs. 3, 4, and 5 respectively. The micro-

graphic features show the bainite as gray areas, untrans-

formed austenite as the white areas and region between

bainite and martensite as dull region. These micrographs

demonstrate that the amount of the austenite is decreased

by increasing both the austempering time and temperatures.

At lower austempering temperature, fine needles of ferrite,

are obtained with a small amount of retained austenite in

the middle. This is in the light of the fact that at a low

austempering temperature, because of high under cooling,

a high nucleation rate brings about a substantial number of

fine fruit needles.

The relation between the nodule counts in the samples

as a function of austempering time is shown for various

austempering temperatures as shown in Fig. 6. After

austempering, nodule count lies between 84 to 92 nodules/

mm2. At 60 min ageing, nodule count increases slowly. As

the austempering temperature increases, the nodule count

starts decreasing, further increase in austempering tem-

perature results in the increase in nodule count. While

ageing for 90 min, nodule count increases up to 380 �C
temperature and then decreases rapidly. With 180 min

ageing nodule count is maximum at lower temperature.

The nodule count increases with increase in high carbon

reacted austenite. The nodule count plays a vital role in

improving tensile strength and fatigue properties. Optical

microscopic images of the different parts of the specimen

show that nodularity is 90–100 % and the nodule count per

unit area are between 80 and 90 nodules/mm2.

3.2 Tensile Test

Tensile tests of all these specimens were done according to

ASTM standard E-8 [12]. From the tensile tests yield

strength, ultimate tensile strength, and % elongation values

are determined. Figure 7 shows the variation of tensile

strength as a function of austempering temperature for

various austempering times.

For austempering temperature 340, 360 and 380 �C the

strength is higher for ageing at 60 min than for ageing at

90 min. Ageing for 180 mins gives an intermediate

strength. While austempering at 400 �C for 180 min, gives

a higher strength than ageing at the other two temperatures.

The tensile properties vary with the matrix type. Tensile

strength increases depending on the pearlite content of the

matrix. As the holding time for austempering increases, the

tensile strength initially increases and then decreases [13].

The increase in nodule count decreases the pearlitic con-

tent, ultimately influencing the strength and elongation. If

nodule count increases, tensile strength and ductility

improve by reducing the volume fractions of chill carbides

and segregation carbides [14]. Maximum tensile stress is

obtained at austempering temperature of 380 �C and

austempering time for 60 min and also the minimum ten-

sile stress is obtained at austempering temperature of

400 �C and austempering time for 60 min. Tensile stress

values lies between 510–90 MPa.

Figure 8 shows the variation of yield strength with

austempering temperature as a function of austempering

time. The trend is similar to the variation of tensile

strength. With increasing temperature, bainitic ferrite

becomes coarser and the amount of retained austenite

increases. These factors lead to drop in strength but there is

an increase in ductility [15]. Low nodule count, reduce the

mechanical properties and second stage annealing time is

Table 2 Austempering heat treatment process parameters

S.NO Austenitizing temperature (�C) Time (min) Austempering temperature (�C) Time (min)

1 900 90 340 60

2 360

3 380

4 400

5 900 90 340 90

6 360

7 380

8 400

9 900 90 340 180

10 360

11 380

12 400
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unnecessarily long. From graph of Fig. 8, maximum yield

stress is obtained at austempering temperature 380 �C and

austempering time for 60 min and also the minimum yield

stress are obtained at austempering temperature 400 �C and

austempering time for 90 min. Yield stress values lie

between 420–680 MPa.

The variation of percentage elongation as a function of

austempering temperature at various austempering times is

shown in Fig. 9.

For 60 min ageing, ductility of the material decreases

with austempering temperature and then increases showing

a minimum at the austempering temperature of 380 �C. For

Fig. 4 Microstructure of ADI

at 360 �C with a 60 min

b 90 min c 180 min

Fig. 5 Microstructure of ADI

at 380 �C with a 60 min

b 90 min c 180 min

Fig. 7 Austempering temperature versus tensile stress

Fig. 6 Austempering temperature versus nodule count

Fig. 3 Microstructure of ADI

at 340 �C with a 60 min

b 90 min c 180 min
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90 min ageing, ductility decreases initially and then remain

independent of austempering temperature. For 180 min

ageing, ductility is very low and initially the ductility is

independent of the austempering temperature and shows a

tendency to decrease at higher austempering temperature.

It has been reported that at lower austempering times, the

tensile strength and elongation increases initially, and then

decreases. With further increase in treatment time, it attains

a steady state [13]. When austempering temperature

exceeds a certain value between 350 to 400 �C, the amount

of retained austenite reduces and corresponding ductility

decreases [16]. The unique properties of ADI are closely

related to the retained austenite which is controlled by

austempering temperature and time [17].

4 Conclusion

Metallographic results demonstrate that the austempering

delivers a special microstructure comprising of bainitic

ferrite and austenite. The amount of the austenite and

martensite in the austempered ductile iron are decreased by

increasing austempering time and temperature. Moreover

well defined nodules are formed which thereby increases

the overall properties of as-cast ductile iron.

The austempering temperature and time duration are

found to affect the mechanical properties. Yield strength

and tensile strength shows similar variation with austem-

pering temperature and time showing maximum strength at

intermediate austempering temperature (380 �C) for ageing
durations of 60 and 90 min. For ageing duration of

180 min, the strength shows a minimum at the austem-

pering temperature 360 �C. Ductility is found to decrease

with ageing time at the lowest austempering temperature

(340 �C) and increases with decreasing ageing time at the

austempering temperature (400 �C).
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Fig. 8 Austempering temperature versus yield stress

Fig. 9 Austempering temperature versus % elongation
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