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1.0%), the austenite is stable in room temperature and hence the
resulting microstructure consists of ferrite and high carbon and
stable austenite. This is the desired microstructure in ADI. How-
ever, if the austempering reaction is carried out for too long, a
stage II or second reaction sets in during which the high carbon
austenite (gHC) can further decompose into ferrite and carbide.
This reaction is undesirable because of the embrittling effect[2] of
carbides. Therefore, best mechanical properties are obtained in
ADI after completion of the first reaction but before the onset of
the second reaction. This time interval between the completion of
the first reaction and the onset of the second reaction is known as
the process window. The process window can be enlarged by the
addition of alloying elements such as nickel and molybdenum.
Therefore, conventional ADI has some nickel (1.5%) and molyb-
denum (0.3%) present in it. The microstructure of ADI depends
on the austempering temperature and time. The important mi-
crostructural features are the morphology of ferrite, retained
austenite content, carbon content of austenite, and presence or ab-
sence of carbides in austenite or ferrite.

Successful application of ADI as a structural component re-
quires optimization of its mechanical properties, especially frac-
ture toughness. Fracture toughness is a measure of a material’s
resistance[13] to crack growth under sustained monotonic loading
condition. Fracture toughness is therefore an extremely impor-
tant parameter for structural design, since structural components
designed on the basis of fracture toughness are not expected to
undergo catastrophic failure in service. Several investigators[14–22]

in the past have studied the influence of heat treatment parame-
ters on the fracture toughness of ADI. However, most of these
studies have been carried out on ADI of conventional composi-
tion, i.e.,ductile cast iron containing alloying elements such as
nickel and molybdenum and relatively high manganese content

1. Introduction

Austempered ductile iron (ADI) has attracted considerable in-
terest in recent years because of its excellent mechanical proper-
ties such as high strength with good ductility,[1–3] good wear
resistance,[4,5] and good fatigue properties.[6–9] It is therefore con-
sidered as an economical substitute for wrought or forged steel in
several structural applications, especially in the automotive in-
dustry.[10–12] The remarkable properties of ADI are attributed to
its unique microstructure consisting of high carbon austenite
(gHC) and ferrite (a). Ductile or nodular cast iron when subjected
to austempering heat treatment produces a microstructure con-
sisting of ferrite (a) and high carbon austenite (gHC). This is dif-
ferent from steel. When steel is austempered, the resulting
microstructure consists of fine dispersion of carbide in a ferritic
matrix called bainite. In ductile cast iron, the presence of a large
amount of silicon suppresses the carbide formation. Because of
this difference, austempered structure in ductile cast iron is often
referred to as “ausferritic” rather than bainitic. When ferrite forms
within the austenite during the austempering process of nodular
or ductile cast iron, the carbon is rejected from these regions and
goes into solution in the surrounding austenite. As more and more
ferrite forms, the carbon content of the austenite increases. Since
the carbon content of this austenite is very high (in excess of
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(Mn = 0.4%). Recent studies by some investigators[23,24] have
shown that alloying elements such as manganese and molybdenum
promote segregation in ADI. These segregated regions draw large
amounts of carbon, and during austempering, these regions may
transform into martensite and lead to poor mechanical properties.
Therefore, ductile cast iron and without any alloying elements and
low manganese content may provide better mechanical properties
as a result of austempering heat treatment process. However, very
little information is available in the literature on the effect of
austempering on the microstructure and mechanical properties of
such alloys (unalloyed ductile cast iron and with low manganese
content). The present investigation was therefore undertaken to
examine the influence of austempering heat treatment on the
microstructure and the mechanical properties of an unalloyed duc-
tile cast iron with low manganese content. A predominantly fer-
ritic as-cast (solidified) structure was chosen for this investigation
because most of the studies[14–22] so far on ADI have been carried
out on ductile cast iron with pearlitic as-cast structure. However,
cooling rate and alloying elements can significantly affect the
as-cast microstructure. It is of great interest to examine the heat
treatment response of nodular cast iron with ferritic as-cast mi-
crostructure. In two previous publications by these authors,[25,26]

the influence of austempering temperature[25] and austenitizing
temperature[26] on the mechanical properties of this unalloyed low
manganese ADI with ferrite as-cast structure has been discussed.
The present paper is a continuation of the above study, where the
influence of austempering time in the upper and lower bainitic re-
gions on the microstructure and mechanical properties (including
fracture toughness) of the above alloy has been examined.

2. Experimental Procedure

2.1 Material

The chemical composition of the nodular cast iron used in the
present investigation is reported in Table 1. The material was
sand cast in the form of slabs (370 × 100 × 140 mm). The mi-
crostructure of the as-cast material is shown in Fig. 1. The as-
cast microstructure was predominantly ferritic (in excess of 80%)
in nature. The presence of graphite nodules can also be seen in
this microstructure.

Round cylindrical tensile samples were prepared from cast
slabs per ASTM standard E-8.[27] In addition, compact tension
specimens for fracture toughness tests were fabricated per
ASTM standard E-399.[13] The details of the compact tension as
well as tensile specimens have been reported elsewhere.[20–22]

After fabrication, these specimens were initially austenitized at
927 °C for 2 h and then subsequently austempered at 260 and
371 °C for 30 min, 60 min, 2 h, 3 h, and 4 h, respectively. The
austempering temperatures were so selected because 260 °C was

expected to produce a lower bainitic (lower ausferritic) micro-
structure, while 371 °C was expected to result in an upper
bainitic (upper ausferritic) microstructure. Different austemper-
ing time was selected to obtain a variation in carbon content of
retained austenite at each of these temperatures.

2.2 X-ray

The microstructures of the heat treated samples were studied
by optical microscopy after etching with 2% nital solution. The
volume fraction of retained austenite and its carbon content in
all these samples were determined by X-ray diffraction follow-
ing the procedure of Rundman and Klug.[28] X-ray diffraction
profiles were obtained on a Rigaku rotating head anode diffrac-
tometer at 40 kV and 100 mA using copper K radiation. The
samples were scanned in the angular 2U range of 42 to 46 deg
and 70 to 105 deg. The profiles were analyzed in a computer to
obtain peak positions as well as the integrated intensities. Vol-
ume fraction of the austenite was determined by direct compar-
ison methods[29] using integrated intensities of (210) and (211)
peaks of ferrite and (111), (220), and (311) peaks of austenite.
The carbon content of the austenite was determined using the
following relationship:[30]

(Eq 1)

where ag is the lattice parameter of austenite in nanometers and
Cg is its carbon content in weight percent. (111), (220), and (311)
peaks of austenite were used in estimating the lattice parameter
of austenite.

2.3 Mechanical Testing

Fracture toughness testing was carded out per ASTM standard
E-399[13] using a servohydraulic MTS-810 (MTS System, Min-
neapolis, MN) test machine. The specimens were precracked in
fatigue at a ∆K level of 15 MPa √m

—
to produce a 2 mm long sharp

reproductable crack front. The specimens were then loaded in ten-
sion and the load displacement diagrams were obtained using a

a Cγ γ= +0 3548 0 0044. .

Table 1 Chemical composition of the material (wt.%)

C 3.44
Si 2.41
Mn 0.15
S 0.007
P 0.015
Mg 0.164

Fig. 1 Microstructure of the material in as-cast condition. Magnification
1000X
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clip gage at the crack mouth of the specimens. The PQ values were
calculated using the 5% secant deviation technique, and these
were used for calculating the KQ values using, the standard inten-
sity factor calibration function for compact tension specimens.[13]

Five identical samples were tested from each heat-treated condi-
tion. Values reported here are average values from these five tests.
Since the KQ values satisfied all the conditions of a valid KIC test,
these are all valid KIC values.

Tensile tests were carried out per ASTM standard E-8[27] at a
constant engineering strain rate of 4*10−4 s−1 on an MTS 810 ser-
vohydraulic test machine. Five samples were tested in each case
and load displacement diagrams were obtained on an X-Yplot.
From these load displacement diagrams, yield strength, ultimate
tensile strength, and percentage elongation were calculated. The
average values from five test samples are reported here.

Fractographic examinations were carried out on the fracture
surfaces of the fracture toughness samples on a Hitachi S-2400

(Tokyo, Japan) scanning electron microscope to identify the
fracture mode.

3. Results and Discussions

3.1 Microstructure

Some of the representatives of the microstructures of the
samples austempered at two different temperatures for different
time periods are shown in Fig. 2 and 3. While Fig. 2(a) to (d) re-
port microstructures of samples austempered at 260 °C, Fig. 3
(a) to (c) report the microstructures of the samples after austem-
pering at 371 °C for different time periods. When comparing the
microstructures at a fixed time period, it is evident that the sam-
ples austempered at lower temperature (260 °C) showed acicu-
lar ferrite characteristics of (lower bainitic) lower ausferritic

Fig. 2 (a)Microstructure of the material austempered at 260 °C for 30 min. Magnification 400X. (b) Microstructure of the material austempered at
260 °C for 1 h. Magnification 400X. (c) Microstructure of the material austempered at 260 °C for 3 h. Magnification 400X. (d) Microstructure of the
material austempered at 260 °C for 4 h. Magnification 400X

(a) (c)

(b) (d)



microstructure, while those austempered at 371 °C showed broad
feathery-type ferrite characteristics of (upper bainitic) upper aus-
ferritic microstructure. Or, in other words, as the austempering
temperature has increased from 260 to 371 °C, both the ferrite
and austenite has coarsened as a result of austempering process.
Microstructures also reveal some coarsening of the ferrite and
austenite as the austempering time increases. However, the rate
of coarsening was greater at higher temperature (371 °C) than at
lower temperature (260 °C). The volume fraction of austenite as
well as its carbon content was determined by X-ray diffraction.
These are reported in Fig. 4 and 5 for both upper and lower aus-
ferrite microstructures. Figure 4 reveals that for the same time
period of austempering, the austenite content was higher at
higher austempering temperature (371 °C) than at 260 °C. While
the austenite content was between 30 and 36% at 371 °C, it was
only 12 to 18% at 260 °C. During the austempering process, fer-
rite forms out of austenite by nucleation and grain growth
process.[2,18,20]Since at lower austempering temperature (260 °C)
super cooling is larger, the nucleation rate is greater and, conse-
quently, more ferrite is nucleated at lower temperature. As a re-
sult, the ferrite content, is greater or, in other words, the austenite
content is lower at lower austempering temperature (260 °C). On
the other hand, at higher austempering temperature (371 °C)
super cooling is lower, and hence less ferrite is nucleated. Con-
sequently, the microstructure contains a lower volume fraction
of ferrite, i.e., a larger volume fraction of austenite. Further-
more, as ferrite forms, carbon has to diffuse out for ferrite to
grow. Since diffusion of carbon depends on temperature, at
lower austempering temperature (260 °C), the diffusion of car-
bon from regions transforming into ferrite to the surrounding
austenite is lower than that at higher temperature (371 °C). Con-
sequently, ferrite needles are finer at lower temperature (260 °C),
but both ferrite and austenite are coarser at the higher temper-
ature (371 °C). This is clearly evident in the microstructures 
reported in Fig. 2 and 3.

An estimate of the mean particle size of ferrite, d, was deter-
mined from the breadth of the (211) diffractometer peak of the
ferrite using the Scherrer formula:[29]

where d is the mean particle size, l is the wavelength, U is the
Bragg angle, and b is the peak breadth at half-height in radians.
Figure 6 reports the d values of all the samples after austemper-
ing for different time periods at two austempering temperatures.
The mean particle size d is a measure of mean free path of dis-
location motion within this ferrite phase. Figure 6 shows that d
values are smaller at lower austempering temperature and are not
significantly affected by austempering time. However, at higher
austempering temperature (371 °C), d values are much larger
than at 260 °C and they increase significantly with an increase in
time. This increase in d values at 371 °C is indicative of rapid
grain coarsening at this temperature.

Figure 4 also shows the variation in volume friction of austen-
ite with time. The volume fraction of austenite was found to de-
crease at 260 °C with an increase in austempering time. This
gradual decrease in austenite content is due to increased carbon
diffusion with time. As the carbon diffuses out of ferrite, the
ferrite needles continue to grow and, consequently, the ferrite

d = 0 9. cosλ /β θ
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Fig. 3 (a)Microstructure of the material austempered at 371 °C for
30 min. Magnification 400X. (b) Microstructure of the material
austempered at 260 °C for 1 h. Magnification 400X. (c) Microstructure
of the material austempered at 371 °C for 3 h. Magnification 400X

(a)

(b)

(c)



volume fraction increases. Therefore, the austenite volume frac-
tion decreases. On the other hand, at higher temperature (371 °C),
austenite content remains more or less constant from 30 min to
2 h of austempering and then starts to decrease. Since carbon con-
tent of austenite does not change with time at this temperature
(Fig. 5), the austenite volume fraction remains more or less con-
stant at 371 °C with time. The decrease in austenite content at
371 °C after 3 h indicates that probably the stage II reaction has

set in or, in other words, the carbide precipitation reaction has just
initiated. However, the X-ray plot did not show any carbide peak,
which indicates that the amount of carbide is probably too small
for detection. Since the “process window” decreases with austem-
pering temperature, 3 h at 371 °C was most probably outside of
the process window, while this was not the case at 260 °C.

Figure 5 shows the variation of carbon content of austenite as
a function of austempering time in lower and higher bainitic
temperature ranges. At the austempering temperature of 260 °C,
the carbon content of austenite rises steadily from a low value
of 1.1 wt.% at 30 min to 1.7 wt.% after 2 h and continues to in-
crease, although it does so rather slowly. However, at 371 °C,
the carbon content was found to be as high as 1.8 wt.% even after
a short period of 30 min, increased to about 2% after an hour, and
remained practically constant beyond that period. This means
two interesting things. First of all, this is an experimental proof
that indeed austenite can hold up to 2.0% carbon; and, second,
carbon saturation of austenite occurs at 371 °C even at a short
duration of time of 1 h, whereas even after 4 h at 260 °C, austen-
ite has not reached the solubility limit of 2% carbon at 260 °C.
Carbon enrichment of austenite occurs by diffusion and diffu-
sion is both a time- and temperature-dependent process. How-
ever, temperature has a greater influence on diffusion than does
time. Therefore, at 260 °C, the temperature being low, diffusion
of carbon was very slow, and consequently, carbon content of
austenite did not reach the solubility limit of 2% even after 4 h.
On the other hand, at 371 °C, a faster diffusion rate of carbon re-
sulted in rapid saturation of austenite with carbon. Present test
results also indicate that there is no need to austemper at 371 °C
for more than an hour.

For a fixed austempering temperature, the carbon content of
austenite (Co) is constant. The carbon content of austenite at a given
austenitizing temperature is given by the following equation:[31]

Journal of Materials Engineering and Performance Volume 9(2) April 2000—197

Fig. 4 Influence of austempering time on the volume fraction of
austenite

Fig. 5 Influence of austempering time on the carbon content of
austenite (wt.%)

Fig. 6 Influence of austempering time on the mean particle size (d)



(Eq 2)

If we calculate the carbon content of austenite for the present
case at 927 °C, it comes out to be Co = 0.85. Out of this, the carbon
in the austenite (after austempering) can be taken as XgCg, where
Xg is the volume friction of austenite and Cg is the carbon con-
tent of austenite. Figure 7 is the plot of XgCg against austem-
pering time at two different temperatures. For the samples
austempered at 260 °C, the product XgCg remains practically
constant and has a much lower value (XgCg = 0.26). This means
that the rest of the carbon (0.59%) has remained in ferrite. Part
of this will precipitate within the ferritic needles, and the rest of
it will produce a super saturated solid solution of bcc ferrite with
carbon. The latter carbon will diffuse into austenite given suf-
ficient time and temperature. Therefore, at 260 °C, as the time
increases, more carbon diffuses into austenite and, consequently,
the carbon content increases. As the carbon content increases, the
austenite volume fraction also decreases. Hence, the product XgCg
remains more or less constant. This precipitation of carbide will
cause significantly higher strength at this temperature, because
it will lock up the dislocations in ferrite. It has been recently
shown[32] that ADI microstructure contains dislocations and the
dislocation density increases with a decrease in the austemper-
ing temperature. Therefore, lower austempering temperature has
caused not only large dislocation density but also more carbon
precipitation within the ferrite. On the other hand, at 371 °C, the
product XγCγ is of the order of 0.75 after an hour of austem-
pering. This means that after 1 h of austempering, nearly the
entire amount of carbon is in the austenite, i.e.,very little carbon
is precipitated within the ferrite. This has contributed to the lower
strength at this temperature. This is also indicative of the fact that
a saturation stage has been reached at 371 °C after 1 h of austem-
pering, i.e., nearly the entire carbon is in the austenite at this
temperature. Therefore, the carbon content remains more or less
constant at this temperature (371 °C) after 1 h. There is a small in-

C To Si= − ( ) −γ / . % .420 0 17 0 95 crease in carbon content from 30 min to 1 h at 371 °C, because the
XgCg product at 371 °C after half an hour was low (about 0.66).

The volume fractions of austenite formed in the present
alloy at 260 and 371 °C after 2 h of austempering are lower
than the values reported in the literature on conventional ADI.
This is because of the absence of any alloying elements in the
ductile iron used in this investigation. Alloying elements, par-
ticularly manganese, tend to promote more austenite in the ma-
trix. Since the present alloy did not have any alloying elements
and manganese content was also low (0.15%), this has resulted
in a lower volume fraction of austenite in the matrix. Rouns
and Rundman[33] have studied in detail the microstructure of
several ductile irons subjected to different austempering heat
treatments. Their results show increasing alloy content increases
Xg (volume fraction of austenite) and decreases Cg (i.e., the
carbon content of austenite). For an unalloyed ductile iron
austenitized at 871 °C and austempered at 371 °C, they found
retained austenite content at 26 vol.% and carbon content 1.98%.
Considering our austenitizing temperature is slightly higher
than theirs (927 °C vs 871 °C), our values are in close agree-
ment with their test results.

3.2 Tensile Properties

The influence of austempering time on yield strength at two
different austempering temperatures is reported in Fig. 8, whereas
Fig. 9 reports the effect of austempering time on tensile strength
of the material at 260 °C and 371 °C, respectively. Lower austem-
pering temperature resulted in much higher strength than that
achieved at higher temperature. Like conventional and alloyed
ADI, this unalloyed and low manganese ADI also shows that
lower ausferrite structure produces higher strength than upper
ausferrite structure. While the yield strength increased signifi-
cantly from a low value of 825 MPa after 30 min of austemper-
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Fig. 7 Influence of austempering time on the austenitic carbon (XgCg)
Fig. 8 Influence of austempering time on the yield strength of low
manganese ADI



ing at 260 °C to a value of 1350 MPa after 4 h, the increase in
yield strength was marginal at 371 °C. Table 2 reports the per-
cent elongation of the material as a function of austempering time,
at the two austempering temperatures. Though there is some scat-
ter in the data, the trend is obvious. Ductility is higher at higher
austempering temperature. This is because the matrix contains
more austenite at higher temperature. Because austenite is a
tougher phase, when more of it is present, it increases the duc-
tility of the material. However, time has no significant effect on
ductility in either upper or lower temperature.

The higher yield and tensile strength at the lower bainitic
temperature of 260 °C is directly related to several factors. First
of all, at this temperature, both ferrite and austenite are very fine
in nature. This fine ferrite and austenite causes higher strength
by providing a greater barrier to dislocation motion via a Hall-
Perch type mechanism.[34,35] Second, as the austempering time
increases, the carbon content of the austenite increases. This in-
creases the toughness of the austenite. The higher the carbon
content, the tougher will be the austenite because the carbon con-
tent will increase its strain hardening rate.[20] Consequently, the
strength of the material increases with increasing austempering
time at 260 °C. Third, as mentioned earlier, there is a significant
amount of carbon precipitation within ferrite at lower termpera-
ture, and at this temperature, there also is a large dislocation den-
sity in ferrite.[32] Locking up of all these dislocations with carbon
will increase the strength of the material. This indeed happens
because dynamic strain aging has been reported in ADI. On the
other hand, the ferrite and austenite are both very coarse in na-
ture at 371 °C. This causes a reduction in strength of this material
at 371 °C. Furthermore, there is very little carbon precipitation
within ferrite at this temperature because nearly all of the carbon
is in the austenite. Moreover, the dislocation density is also lower.
Hence, the strength is lower and no significant increase in strength
with time is observed at this temperature. Present test results

support the authors’ earlier observations[18,20–22] in conventional
high manganese ADI, that for high strength, ADI must have the
following:

• very fine ferrite and austenite,
• a carbon content of austenite as high as possible, and
• a lower value of d.

It may not be out of place to point out here the possibility of
stress-induced martensite formation in ADI. Because of the high
carbon content of austenite, the austenite is highly stable since
the higher the carbon content of austenite, the lower is the 
Ms temperature.[35] For a carbon content of 1.1%, the Ms temper-
ature will be −100 °C. Hence, austentie formed during the
austempering process here is expected to be stable at room tem-
perature. There are suggestions in the literature,[36,37] however,
that stress-induced martensite forms in ADI and this causes
higher strength at lower austempering temperature. Present test
results contradict the above suggestions of previous investi-
gators,[36,37] because samples austempered at 260 °C for 30 min
had austenite with a carbon content of about 1.1%, whereas
samples austempered for 4 h had a carbon content of 1.8%. That
means stress-induced martensite is most likely to form in the
samples austempered for 30 min. If that is the case, then these
samples should have lower fracture toughness since stress-induced
martensite will result in a decrease in fracture toughness, mak-
ing the material more brittle. It is well known that the higher the
carbon content of martensite, the more brittle the martensite be-
comes. Therefore, martensite formed by transformation of such
high carbon austenite will definitely make the material brittle
and, consequently, will reduce the fracture toughness. As dis-
cussed later, the present test results show no significant effect of
time on fracture toughness (at 260 °C) even though carbon con-
tent of the austenite has increased significantly (Fig. 12). More-
over, microhardness measurement along the fracture surfaces
did not show any evidence of martensite being present. Hence,
our test results indicate that the higher strength at lower austem-
pering temperature is because of the combination of the fol-
lowing: (a) very fine ferrite and austenite being present at this
temperature—the grain size effect; (b) increase in carbon con-
tent of austenite, which will increase the strain hardening rate of
austenite and its toughness; (c) lower mean free path of disloca-
tion motion; and (d) higher dislocation density together with
large carbon precipitation within this ferrite.
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Fig. 9 Influence of austempering time on the tensile strength (MPa)

Table 2 Influence of austempering time on the hardness
and percentage elongation of low manganese ADI

Austempering Austempering Elongation Hardness
temperature (°C) time (h) (%) (Rc)

260 0.5 1.58 46.5
1 1.60 47.8
2 0.95 48.2
3 1.28 48.0
4 1.25 48.9

371 0.5 8.20 31.5
1 2.65 30.3
2 5.42 33.1
3 2.84 29.7



3.3 Fracture Toughness

Fracture toughness values after austempering for different
durations at the two austempering temperatures (260 and 371 °C)
are presented in Fig. 10. It is evident that when austempered
either at lower or upper bainitic temperatures the fracture
toughness remains practically constant, i.e., time has no sig-
nificant influence on fracture toughness. The fracture tough-
ness values are also comparable to those of hardened and tempered
low alloy steels. Test results reported in Fig. 10 show another
interesting feature. It is evident that upper ausferritic microstruc-
ture provides higher fracture toughness in unalloyed low man-
ganese ADI, whereas the opposite has been found to be true[18–26]

in the case of conventional alloyed ADI with higher Mn content.
Dorazil and Holzman[38] studied the fracture toughness of un-
alloyed and low alloyed ADI after austempering at two tem-
peratures, 300 and 400 °C. These results also show higher
fracture toughness for upper ausferrite microstructure in unal-
loyed ADI, while the reverse is found to be true in the case of
alloyed ADI. The present test results are therefore in agreement
with the observations of Dorazil and Holtzman[38] and other 
investigations.[18–26]

Retained austenite content is an extremely important factor.
Analysis of the test results of the previous investigators[20,21,22]

shows that the optimum austenite content for fracture tough-
ness is in the range of 30 to 40%. The results of the present in-
vestigation agree well with this. Figure 11 is a plot of austenite
content against fracture toughness. The high fracture toughness
was obtained in this material when austempering was done 
at 371 °C in which case the austenite content was between 30
and 36%. Because austenite is a tougher phase, when a fairly
large amount of austenite is present, an improvement in the
fracture toughness of the material can be expected. Interest-
ingly, if one plots the data of the author’s previous study[21] on

conventional ADI in the form of austenite content vs fracture
toughness, as shown in Fig. 12, that curve also shows that high
fracture toughness is obtained when the austenite content is
about 30%. While low manganese ADI showed a higher fracture
toughness at 371 °C, the conventional ADI had a higher fracture
toughness at 302 °C, but both occurred when austenite content
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Fig. 10 Influence of austempering time on the fracture toughness of
low manganese ADI

Fig. 11 Influence of volume fraction of austenite on the fracture tough-
ness of low manganese ADI

Fig. 12 Influence of austenite content on fracture toughness of con-
ventional ADI[21]



was about 30 to 36%. Thus, it appears that the optimum austenite
content for maximum fracture toughness in ADI should be in
this range irrespective of the starting (as-cast) microstructure.
The highest fracture toughness in this low manganese ADI was
found to be about 70 MPa√m, whereas in conventional ADI,
the highest fracture toughness was found to be about 60 MPa√m
(Fig. 12). This indicates some improvement in fracture tough-
ness in this alloy.

Increasing the toughness of the retained austenite can also
lead to increased fracture toughness of the ductile iron as a
whole. Increasing carbon content of austenite will increase its
toughness as it will result in greater interations[39] between dis-
locations and carbon atoms. Austenitic carbon (XgCg) therefore
should be another important factor for fracture toughness of
ADI. This parameter (XgCg) is a measure of the total carbon con-
tent of austenite, which is an indirect measure of the toughness
of the austenite phase. Since toughness of austenite will increase
with an increase in carbon content, it is expected that fracture
toughness should follow a similar relationship. In Fig. 13, the
fracture toughness of this material has been plotted in terms of
KIC against XgCg. It is obvious that the fracture toughness of low
manganese ADI increases with an increase in austenitic carbon
(XgCg), and higher fracture toughness is produced when the
product (XgCg) is high.

The fracture toughness of ADI should also be dependent on
both the (a) austenitic carbon content and (b) mean free path of
dislocation motion. Higher austenitic carbon (XgCg) will in-
crease its strain hardening rate and, consequently, will increase
its fracture toughness. The lower mean free path of dislocation
motion will also increase fracture toughness because a smaller
grain size is beneficial for fracture toughness.[34,35] Earlier we
developed a model[26] that indicates that fracture toughness
should be proportional to (XgCg/d)1/2. In Fig. 14, the fracture
toughness has been plotted against this parameter. Obviously,

a increased fracture toughness is obtained as the parameter
(XgCg/d)1/2 increases at both of the austempering temperatures.

3.4 Fractrography

Fractrographs of the samples austempered for different time
periods at 260 and 371 °C are shown in Fig. 15 (a) to (d). At
lower austempering time, the fracture mode was completely
cleavage type, indicative of the brittle fracture as the presence of
cleavage facets suggests. On the other hand, at the upper bainitic
temperature (371 °C), the fracture mode was mostly ductile
since a significant number of dimples appeared on the fracture
surface. When fracture surfaces of the samples austempered for
different durations were studied, no significant difference in
fracture mode was observed. Thus, the fracture mode remained
predominantly cleavage type at lower austempering tempera-
ture, but at higher temperature, the fracture mode remained
mixed (ductile plus cleavage). Since the fracture mode was
mostly ductile at higher austempering temperature, this resulted
in higher fracture toughness at this temperature (371 °C).

4. Conclusions

• The fracture toughness of unalloyed and low manganese
ADI with as-cast ferritic structure was higher with upper
ausferritic structure than with the lower ausferritic structure.

• A retained austenite content of 30 to 36% is necessary for
optimum fracture toughness. Increasing the austempering
time at 260 °C increased the yield strength of ADI.

• Lower ausferritic structure produced higher yield and ten-
sile strengths but lower ductility. On the other hand, upper
ausferritic structure resulted in lower yield and tensile
strength but greater ductility in low manganese ADI.
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Fig. 13 Influence of austenitic carbon on the fracture toughness of low
manganese ADI Fig. 14 Influence of (XgCg/d)1/2 on the fracture toughness
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(a) (c)

(b) (d)

Fig. 15 (a) Fractograph of the material austempered at 260 °C for 30 min. (b) Fractograph of the material austempered at 260 °C for 2 h. (c) Fracto-
graph of the material austempered at 371 °C for 30 min. (d) Fractograph of the material austempered at 371 °C for 2 h

• Fracture toughness of this unalloyed low manganese ADI
was higher when the austenitic carbon content was high.

• Fracture toughness increases with an increase in the param-
eter (XgCg/d)1/2.
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