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Abstract
This work concerns microstructural and mechanical properties of an austempered
ductile cast iron (ADI). The ductile iron material was produced by the sand mould
casting technique. Afterwards, austempering heat treatment was applied to the
specimens at two different temperatures of 250°C and 350°C. Austempered Ductile
Irons (ADIs) were produced successfully by different two-stage heat treatments, to
obtain favorable microstructure and hardness. The microstructure and hardness obtained
by such variable heat treatments were compared. The austempering temperature and
time were found to be decisive parameters in obtaining a desired ADI microstructure.
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Introduction
Austempered ductile iron (ADI) is considered as a new kind of engineering
material and shows good combinations of high strength, ductility, toughness, fatigue
strength and wear resistance. Considerable research have been conducted on
microstructure and mechanical performance of austempered ductile iron[1,2]. The
attractive properties of ADI are due to its unique microstructure which consists of high
carbon austenite and bainitic ferrite with graphite nodules dispersed in the matrix.
Nowadays, it has been used to manufacture many equipments, tools and components
such as gears and crankshafts. ADI was first developed for heavy load gear wheels in
Finland in 1973[3]. With the development of ADI, standards for ADI have also been
published. In ASTM standard 897 M-06, there are 6 grades of ADI according to the
ultimate tensile strength [4, 12]. However, researches on ADIs are related primarily to
the austempering process parameters, viz., austempering time and temperature, rather
than to the standard ADI strength grade, which can be confusing to the designer of ADI
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structures [5-7]. Thus, microstructure and properties of ADI with different strength
grades should be studied in detail to supply useful information for the ADI makers and
component designers.
In this study, four ADIs samples were prepared; the microstructure was analysed,
and hardness tests were conducted and correlated with austempering parameters.

Experimental work
Materials
The composition of the ductile iron (S G iron) used in this study is shown in
Table 1. The ductile iron was cast in solid cylindrical shape by sand casting technique.
The dimensions of the ductile iron specimen used in our experiments are as shown in
Fig.1.
Table 1. Composition of examined SG iron specimen
Element
Wt.%

C
3.86

Si
3.04

Mn
0.73

P
0.03

S
0.05

Cr
0.02

Mo
<0.02

Ni
<0.06

Fe

ф30
280 mm

Fig. 1. Dimensions of ADI specimen

Methodology
The production of ADI in general, is constituted by a two stage heat treatment
cycle. In the first stage of heat treatment, the specimen is heated in a furnace up to a
little above the austenitizing temperature (i.e) 980°C and soaked at that point for
120min., to ensure that the entire cross section of the specimen has uniform
microstructure. Austenitization is followed by the second stage, (i.e) austempering,
which consists of rapidly transferring the specimen from the furnace into a salt bath
wherein isothermal transformation of austenite occurs over a period of time specified by
the soaking time. Subsequently the specimen is allowed to cool down to room
temperature, and this rate of cooling is not a significant issue for cast irons.
The two stage heat treatment cycle followed in producing ADI has been
summarized in Table 2. In this study, the austenitizing condition is the same for all
specimens. But, the isothermal transformation is allowed to occur at two specific
temperatures viz., 250°C and 350°C, extending either upto 60 min. or upto 120min.
After the heat treatments, samples for microstructure observation, hardness test, were
taken from the bottom of those blocks.
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The samples were etched in 4% nital solution at room temperature after being
polished, and then they were observed by an optical microscope. The graphite
morphology was rated for the nodularity and nodule count in accordance with the
ASTM standard A247.
Brinell hardness tests were carried out in the Brinell hardness testing machine
with a load of 187.5kg and 2.5mm WC ball indentor. For each specimen, 5 readings
were taken and averaged to represent the hardness values in BHN.
Table 2. Heat treatment plan for the production of four ADI specimen

Specimen 1
Specimen 2
Specimen 3
Specimen 4

Stage 1: Austenitization
Soaking time,
Temperature, °C
min
930
120
930
120
930
120
930
120

Stage 2: Austempering
Soaking time,
Temperature, °C
min
250
60
250
120
350
60
350
120

Results and discussions
Microstructure
The microstructures of the samples observed by optical microscope are shown in
Fig. 2. All the austempered microstructures show a matrix consisting of a two-phase
mixture of a dark etching bainitic ferrite, which is needle shaped, and the bright etching
stabilized austenite with graphite nodules dispersed in it. The length of the ferrite
needles was found to decrease with the increasing of austempered temperature and time.
Austempering at 350⁰C is likely to produce a mixed ADI structure, due to early
formation of pearlite caused by reacted austenite [8]. The microstructure of sample 1, in
Fig. 2, shows well preserved tempered nodular graphite in the matrix mostly consisting
of bainite and ferrite structure, having nodularity – 40% and nodule count – 30%. The
microstructure of sample 2 is characterized by well-preserved tempered nodular
graphite in the matrix mostly consisting of bainite and ferrite structure, having
nodularity – 30% and nodule count – 25%. The microstructure of sample 3 is shows
well preserved tempered nodular graphite in a matrix mostly consisting of bainite and
ferrite, having nodularity – 40% and nodule count – 50%. The nodularity is rather low,
known to be influenced by the charge quality and melting technique [9].
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Sample 1(100X) processed at 250°C, 1hr

Sample 2(100X) processed at 250°C, 2hr

Sample 3(100X) processed at 350°C, 1hr

Sample 4(100X) processed at 350°C, 2hr

Fig.2 The effect of heat treatment parameters on the microstructure of ADI
Hardness
The hardness of ADI specimen is shown in Table 3, with the corresponding
austempering parameters. It can be seen that with the increase of austempered
temperature the hardness of ADI decreases, however for increasing austempered time
hardness increase at 250°C but decreases at 350°C. Therefore, as the stabilized austenite
content increases the hardness decreases. High austempering temperature prevents the
formation of martensite, a hard phase, usually formed in case of low austempering
temperature [10]. When the austempering temperature decreases from 350°C to 250°C,
the morphology of bainitic ferrite changes from upper to lower. Therefore, the
austempering temperature and time are found to be decisive parameters and hence need
to be optimized.
The hardness value specified by ASTM 897M -06 for ADI Grade 750/500/11 is
241BHN at the minimum and is greater for higher grades [12]. The ADI specimens
produced in this study, have their hardness in the range of 198-213BHN. The lower
value could be related to the initial composition of the ductile iron raw material. Further,
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it is to be noted that a section size greater than 19mm would require alloying
additions(of Cu, Ni, Mo) to improve the hardenability [13].
Table 3. Effect of austempering conditions on the hardness of ADI
Specimen No.
1.
2.
3.
4.

Austempering condition
250°C 1hr
250°C 2hr
350°C 1hr
350°C 2hr

Hardness
209 BHN
212 BHN
213 BHN
198 BHN

Conclusion
Considering the results of this study, the following conclusions can be made:
1. The austempering temperature and time have significant influence on
microstructures of ADIs. When the austempering temperature decreases from 350°C
to 250°C, the morphology of bainitic ferrite changes from upper to lower.
2. As the austempered temperatue decreases from 350°C to 250°C, the hardness
increases.
3. As the time increases for 350°C, from 1 hour to 2 hour hardness decrease and for
250°C, from 1 hour to 2 hour hardness increases.
4. High austempering temperature prevents the formation of martensite usually formed
in low austempering temperature.
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