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COl11parative study of fracture toughness of
austel11pered ductile irons \Nith upper and
10\Ner ausferrite l11icrostructures
P. Prasad Rao and S. K. Putatunda

A ductile iron was austempered at 302 and 385°C for various times to get lower and upper ausferrite microstructures
respectively. The microstructures were characterised by optical microscopy and X -ray diffraction. Plane strain fracture
toughness was determined under all heat treatment conditions. While the austempered ductile iron with lower ausferrite
microstructure showed higher fracture toughness, the one with upper ausferrite microstructure exhibited higher tensile toughness
and strain hardening coefficient. A model was developed relatingfracture toughness to the yield strength ((Jy) volume fraction of
retained austenite (Xy) and the carbon content of the retained austenite (Cy). Experimental results showed excellent agreement
with the prediction of the model that K';c is proportional to (Jy(XyCy)1/2. MST/3897
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Introduction

Austempered ductile cast iron (ADI) is a very attractive
material for many engineering applications because of its
excellent combination of high strength and ductility.1-7
It also exhibits good wear resistance8-10 and fatigue
strength.11-13It is expected that it will replace forged steel
in many applications, especially in the automobile industry.
The remarkable properties of ADI are attributedl-4 to its
unique microstructure of ferrite and austenite rather than
ferrite and carbide as in austempered steels. Because of this
difference in microstructure, the product of austempering
treatment in ductile iron is referred to as ausferrite rather
than bainite. By controlling the austempering time and
temperature, the relative proportions of ferrite and austenite
as well as the fineness of the ferrite can be varied over a
wide range. This results in considerable variation in
mechanical properties.

Fracture toughness, which is a measure of a material's
resistance to crack growth under sustained monotonic
loading conditions, is an extremely important parameter
for structural design. Structural components designed on
the basis of fracture toughness are not expected to fail in
service. Investigations have shown that ADI possesses good
fracture toughness comparable with heat treated low
alloy steels.14-17A good understanding of the influence of
microstructure on fracture toughness of ADI is necessary
in order to optimise the heat treatment parameters. Sev-
eral investigators18-z3 have studied the influence of heat
treatment parameters on the fracture toughness of AD!.
Bartosiewicz et al.18 studied the fracture toughness of two
alloyed ductile irons austempered at four different temper-
atures and found that fracture toughness is a function of
the volume fraction of ferrite and retained austenite.
Fracture toughness peaked at a retained austenite content
of 30 vol.-% in the matrix. They therefore concluded that
for optimum fracture toughness ADI should be austempered
at 280°C. Putatunda and Singh19 found that a peak in
fracture toughness of unalloyed ADI was obtained when
the matrix had rv 22 vol.-% of retained austenite. They
suggested that, in specimens with larger volume fractions
of retained austenite, carbon content may be non-uniform
because of long diffusion distances. In such cases, regions
with lower carbon may be unstable and transform to
martensite during crack propagation, causing lower fracture

toughness. However, these specimens exhibited higher
tensile toughness. Doong et al. zo also examined the influence
of austempering temperature on the fracture toughness of
AD!. Austempered ductile iron with a lower ausferrite
microstructure was found to exhibit better fracture tough-
ness than ADI with an upper ausferrite microstructure.
However, specimens austempered at 400°C had only
5 vol.- % of retained austenite while those austempered at
450°C had none. This suggests that the specimens had been
austempered for too long at these temperatures, so that the
second stage of the austempering reaction had set in. Poor
fracture toughness in these cases may therefore be due to
extensive carbide precipitation. Doong and Chenz1 also
showed that ADI with a lower ausferrite microstructure
had better fracture toughness than ADI with upper
ausferrite. They concluded that the optimum austempering
temperature is between 300 and 350°C.

Thus it is generally observed that fracture toughness
initially increases with increasing austempering temper-
ature, reaches a maximum value and then decreases with
further rise in temperature. The maximum fracture tough-
ness is observed at rv 300°C. An ADI with a lower ausferrite
microstructure generally has better fracture toughness than
one with an upper ausferrite microstructure. While the
retained austenite content had been estimated in all the
studies discussed above, no attempt had been made to
correlate it with fracture toughness. The carbon content of
the retained austenite is an equally important parameter,
yet apparently no work had been done on its relation to
fracture toughness. Nor had any quantitative correlation
between the fracture toughness and these microstructural
parameters been developed. The present work was there-
fore undertaken to address these issues, and to develop a
model relating the fracture toughness and microstructural
parameters.

Experimental work

The chemical composition of the ADI used in the present
work was Fe-3·5C-2·65Si-0·4Mn-0·OlS-0·021P-0·035Mg-
0·55Cu-l·6Ni-0·3Mo (wt-%). Cylindrical tensile specimens
and compact tension specimens machined from cast slabs
were austenitised at 871°C for 2 h. These were subsequently
austempered at 302°C and 385°C for 15 min, 30 min,

Materials Science and Technology December 1998 Vol. 14 1257



1258 Prasad Rao and Putatunda Fracture toughness of austempered ductile irons

Results and discussion

where ay is the lattice parameter of austenite in nanometres
and Cy is its carbon content (wt_%). The (111), (220), and
(311) peaks of austenite were used to estimate the lattice
parameter. '

Tensile tests were carried out according to ASTM
Standard E-8 (Ref. 27) at a constant engineering strain
rate of 4 x 10-4 S-1 on an MTS 810 servohydraulic
machine. Specimen dimensions are shown in Fig. 1a. Three
specimens were tested in each case and the values reported
are an average of these. Fracture toughness testing was
carried out according to ASTM Standard E- 399 (Ref.
28), and also on an MTS 810 servohydraulic machine.
Dimensions of the compact tension specimens are shown
in Fig. lb. Five identical specimens were tested for each
heat treatment condition. Values reported are averages of
these five tests. Fracture surfaces of the tensile specimens
as well as the fracture toughness specimens were examined
on a Hitachi S-2400 scanning electron microscope.
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Optical microscopy
Some typical microstructures are shown in Fig. 2. Specimens
austempered at 302°C showed acicular ferrite characteristic
of the lower ausferrite microstructure, while those austemp-
ered at 385°C showed the broad feathery type of ferrite
characteristic of upper ausferrite microstructure. Specimens
austempered for only 15 min, at both temperatures, showed
incomplete transformation, evidenced by regions free of
ferrite in the intercellular regions. Unstabilised austenite
which exists in these regions transforms to martensite on
quenching.

microscopy to establish the morphology of ferrite. X-ray
diffraction analysis was carried out to ascertain the amount
of retained austenite and its carbon content.

a tensile; b compact tension

Schematic diagram of test specimens: dimensions in
millimetres

X-ray diffraction
The volume fraction of retained austenite and its carbon
content, as estimated by X-ray diffraction, are shown in
Fig. 3a and b. The retained austenite is found to increase
with increasing austempering time at both temperatures,
and reach a saturation value after about 60 min. While the
maximum amount of retained austenite was 39 vol.-% at
385°C, it was only about 26 vol.-% at 302°C. At the higher
austempering temperature the diffusion of carbon from
regions transforming into ferrite to the surrounding austen-
ite is greater than at the lower temperature. Thus at a
given austempering time, there is more retained austenite
at the higher temperature.

At the austempering temperature of 302°C, the carbon
content of the austenite rose gradually from a low value of
1·04wt-% at 15 min to 1·7wt-% at 90 min and remained
practically constant thereafter. However, at 385°C, the
carbon content was found to be high at 1·63wt-% even
after only 15 min; it rose only gradually with increasing

. (1)ay = 0·3548 + 0·0044Cy

60 min, 90 min, and 2 h. The austempering temperatures
were so selected that 302°C was expected to give a lower
ausferrite microstructure, while 385°C was expected to give
an upper ausferrite microstructure. Different austempering
times were selected so as to get a variation in the amount
of retained austenite at each temperature.

The microstructures of the heat treated specimens were
studied by optical microscopy after etching with 20/0nital.
The volume fraction of retained austenite and its carbon
content in all the specimens were estimated by X-ray
diffraction using the technique of Rundman and Klug.24

X-ray diffraction profiles were obtained on a Rigaku
rotating head anode diffractometer at 40 kV and 100 rnA
using crystal monochromated Co Ka1 radiation. The
specimens were scanned in the angular 28 ranges of 42-46°
and 70-105°. The profiles were computer analysed to
obtain the peak positions as well as the integrated
intensities. The volume fraction of the retained austenite
Xy was determined by the direct comparison method25

using integrated intensities of the (110) and (211) peaks of
ferrite, and the (111), (220), and (311) peaks of austenite.
The carbon content of the austenite was determined using
the relationship26

MICROSTRUCTURE
There are significant differences between austempering
reactions in ductile iron and in steel. When steel is
austempered, the resulting microstructure consists of a fine
dispersion of carbides in a ferritic matrix. However, in
ductile iron, the presence of a large amount of silicon
suppresses the carbide formation. When ferrite forms within
the austenite the carbon ejected from these regions goes
into solution in the surrounding austenite. As more and
more ferrite forms the carbon content of the austenite
increases. Since this high carbon austenite is stable at room
temperature, the resulting microstructure consists of ferrite
and retained austenite. This is the desired microstructure.
However, if the specimen is held for too long at· the
austempering temperature, the austenite may decompose
into ferrite and carbide, which is not desirable because of
the embrittling effect of the carbide. Therefore, the micro-
structure of an ADI depends on the austempering temper-
ature and time. The important microstructural features are
the morphology of the ferrite, the retained austenite content,
the carbon content of the retained austenite, and the
presence or absence of carbide in the austenite or ferrite.

The specimens austempered for different times at the two
temperatures in the present· work were studied by optical

Materials Science and Technology December 1998 Vol. 14
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a 302°C for 15 min; b 302°C for 90 min; c 385°C for 15 min; d 385°C for 90 min

2 Microstructures of austempered specimens

austempering time. Beyond 60 min a gradual drop was
observed which suggested that the second stage of the
austempering process had been initiated, where the austenite
decomposes into ferrite and carbide. The X-ray diffraction
profiles, however, did not show any peaks corresponding
to the carbide. This may be because either the amount of
carbide is too small to give any appreciable intensity to its
peaks, or, since the two strongest peaks of carbide are very
close to the (111) peak of austenite and the (110) peak of
ferrite, they may have merged.

The maximum carbon contents of f"V 1·7wt-% at 302°C
and 385°C in retained austenite reported in the present

investigation are lower than the values often reported in
the literature.29 The lower carbon content in the present
work is because of the higher amount of retained austenite
in the present specimens, which is caused by the higher
alloy content. When ferrite forms at the higher austenitis-
ing temperatures, all the carbon in the region that
transformed to ferrite is ejected into the surrounding
austenite. At the end of the stage I reaction, therefore,
the retained austenite of the ausferrite will contain all the
carbon in the original austenite. The total carbon in the
retained austenite is given by the parameter XyCy, which
is 0·64 for a specimen austempered at 385°C. The carbon
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content of the original austenite can be estimated from the
following relationship30

Table 1 Tensile toughness (MPa) of specimens after
austempering for given times at temperatures
of 302 and 385°C

where (Jy and (Ju are the yield strength and tensile strength
respectively, while cr is the fracture strain. The estimated
values are reported in Table 1. It can be seen that at all

. . (4)

austempering times, except at 15 min, specimens austemp-
ered at 385°C have better tensile toughness than those
austempered at 302°C. It was also found that specimens
austempered at 385°C had higher strain hardening
coefficients than those austempered at 302°C. The strain
hardening coefficient was estimated using the Hollomon32

relationship

where (J is the true flow stress, c is true strain, n is the
strain hardening coefficient and k is the constant of
proportionality. A plot of In (J agianst In c yielded a straight
line as shown in Fig. 4d for the specimens austempered for
60 min at the two temperatures. The strain hardening
coefficient n, which is the slope of the straight line, was
estimated as 0·09 at 302°C and 0·21 at 385°C. There was
no significant variation in n with austempering time. The
higher austenite content and higher carbon content of the
retained austenite at the higher austempering temperature
results in higher strain hardening capability.

FRACTURE TOUGHNESS
Fracture toughness values after austempering for differ-
ent durations at the two austempering temperatures are
presented in Fig. 4e. When austempered at 302°C the
fracture toughness increased rapidly from 15 to 60 min,
and then remained nearly constant beyond that. The
fracture toughness values are comparable to those of
hardened and tempered low alloy steels. At the higher
temperature of 385°C, fracture toughness increased gradu-
ally from 15 to 90 min, and then decreased with further
increase in time. The results clearly show that an ADI
with a lower ausferrite microstructure has superior fracture
toughness to an ADI with an upper ausferrite micro-
structure. The former also has much higher strength than
the latter. Thus we have a material with higher strength
and higher fracture toughness.

We can now estimate the defect tolerance of the material.
For an infinite plate containing a sharp crack of length 2a,
the critical value of fracture toughness K1C is given as31

K1C=(JY(nac)1/2 • (5)

where Y is equal to unity. Nominal applied stress (J depends
on the appropriate design code. Here, a value of half the
yield strength is assumed for illustrative purposes. Figure
4f shows the critical crack length ac values at different
austempering times for the two austempering temperatures.
Most of these are longer than 3 mm and therefore are
easily detectable by conventional NDT techniques. From
the fracture design point of view ADI can easily be used
for structural applications. As in Fig. 4e, the 385°C plot
reaches a peak, while the 302°C plot rises with increasing
time until 60 min and remains nearly constant beyond that.
However, now the curve at 385°C is above the curve 302°C.
This should not be taken as indicating higher fracture
toughness of the ADI with upper ausferrite structure. The
critical defect size is larger only because the nominal stress
is lower. For example, if the specimen austempered at
302°C for 60 min is stressed to 306 MPa, as was the
specimen austempered for 60 min at 385°C (see Fig. 4f),
the critical crack length is 12·9mm, more than twice the
critical crack length of the upper ausferrite structure.

Fractographic studies were carried out on the fracture
toughness specimens. These are shown in Figs. 5 and 6
for specimens austempered at 302°C and 385°C. When
austempered for a short time (15 min), an intergranular
cleavage fracture was observed at both temperatures (Figs.
Sa and 6a). With short periods of austempering some
martensite is formed in the intercellular regions, as noted
above. This brittle phase provides the preferential path for
the propagation of cleavage fracture. These specimens had

. (2)

. (3)

Co = ('1;/420) - 0·17[Si] - 0·95

(Jy + (Ju
tensile toughness = ---cr

2

where Co is the carbon content (wt-0/0), '1; the austenitising
temperature in °C, and [Si] is weight per cent silicon in
the iron. Under the present conditions this works out to
be 0·67 wt_%. Thus, nearly all this carbon is found in the
retained austenite. When austempered at the lower temper-
ature of 302°C, the total carbon in the retained austenite is
found to be only 0·44 wt_%, showing that a significant
amount of carbon is present in the ferrite, probably as
carbides. The results of the present investigation correlate
well with those of Rouns and Rundman.29 They have
studied the microstructures of several ductile irons subjected
to different austempering treatments in detail. Their results
show that increasing alloy content increases Xy and
decreases Cy• For an unalloyed ductile iron austenitised at
871°C and austempered at 371°C, the retained austenite
and its carbon content were reported as 26 vol._%
and 1·98wt-% respectively, while for an alloyed ductile
iron containing 1·5wt-%Ni and 0·3 wt-%Mo, these were
34 vol.-% and 1·87wt-% respectively. Since the present
ductile iron has a high alloy content, Xy is high at
44 vol._%, while Cy is relatively low at 1·63wt-%. The
parameter Xy Cy is a better indicator of the carbon content
of the retained austenite.

TENSILE PROPERTIES
The variation of yield strength, tensile strength, and
percentage elongation with austempering time at the two
temperatures is shown in Fig. 4a-c. The lower austempering
temperature gave much higher strength values than the
higher temperature. For specimens treated at 302°C the
ductility is low and does not vary much with time. But for
the specimens treated at 385°C, it is very sensitive to
austempering time, rising from a low 2% at 15 min to a
high value of 10% at 2 h. The tensile properties can be
directly correlated with the microstructure. The acicular
ferritic structure resulting from the low austempering
temperature leads to higher strength. However at this
temperature, the small variation in austenite content with
austempering time (Fig. 3a), results in a small variation in
ductility. When austempered at 385°C, the austenite content
shows a large increase with austempering time which
in turn leads to a large increase in ductility. This high
austenite content and the broad feathery needles of ferrite
characteristic of upper ausferrite give high ductility and
tensile toughness, while the low austenite content and fine
acicular ferrite characteristic of lower ausferrite results in
much lower tensile toughness.

Tensile toughness was estimated for all heat treatment
conditions using the relationship31

Time, min 302°C 385°C

15 30·01 17·58
30 34·15 43·20
60 51·02 78·30
90 50·14 74·80

120 46·29 76·10

Materials Science and Technology December 1998 Vol. 14
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a 15 min; b 30 min; c 60 min; d 90 min

5 Fractographs of fracture toughness specimens austempered at 302°Cfor given times

very low fracture toughness. The fracture mode changed to
the transgranular type at both· temperatures after 30 min
(Figs. 5b and 6b). Beyond half an hour, entirely different
fracture modes were observed at the two temperatures.
When austempered for 60 min or longer at 302°C predomi-
nantly dimpled ductile fracture was observed. However, at
385°C the fracture mode continued to be transgranular
cleavage even at the longest duration (120 min) employed
in this work (Figs. 6c and d). It should be noted that the
corresponding tensile specimens showed highly ductile
fracture. Thus the fracture appearance reflects the fracture
toughness of the material.

Austempered ductile iron with a lower ausferrite micro-
structure showed high tensile strength and low ductility.
With relatively low tensile toughness, it had high fracture
toughness. However, ADI with an upper ausferrite micro-
structure exhibited low tensile strength and high ductility,
but low fracture toughness. A possible reason may be
carbide precipitation at high austempering temperatures.33
This was noted in specimens austempered for 2 h at 385°C
because of the small dip in carbon content shown in
Fig. 3b. However, it does not explain the low fracture
toughness of specimens austempered for 30 and 60 min,
both of which had a high retained austenite content and
also high carbon content in the austenite.

A second possible mechanism for the low fracture
toughness is the formation of martensite owing to the
thermal instability of austenite. But at the high level of
carbon content of these austenites, Ms temperatures have
been estimated to be in the region of -150 to - 200°C.
Therefore formation of martensite is very unlikely, unless
there is considerable non-uniformity in the composition of
the austenite. Since carbon has to diffuse into austenite
from regions transforming to ferrite, complete diffusion to
the centre of the austenite region may not occur if the

Materials Science and Technology December 1998 Vol. 14

diffusion distances are long. Thus austenite regions may
have higher carbon near the ferrite interface, and lower
carbon at the centre. The centre may transform to
martensite, and being brittle, provide an easy path
for crack propagation. However, using the diffusion
coefficient of carbon in austenite as D = 1 X 10-5 exp
(-136 OOO/RT) m2 S-1 (Ref. 34) and root mean square diffu-
sion distance as x = (4Dt)1/2, x is calculated to be 2 ~m
at t = 2 hand T = 385°C. This is of the same magnitude
as the distance between the ferrite blade and the centre
of the austenite region. Thus it is reasonable to assume
that the austenite has a uniform composition. Martensite
formation owing to the thermal instability of the austen-
ite can be ruled out as a possible cause of low fracture
toughness. Formation of stress induced martensite is
another possibility that deserves consideration. But such
a transformation would be expected to increase tough-
ness through the transformation induced plasticity (TRIP)
phenomenon,17,35-36 rather than decrease it as observed in
the present work. Also, metallographic examination through
optical microscopy and SEM did not reveal the presence
of any martensite along the edge of the fracture surface.
Therefore the phenomenon of stress induced martensite
formation can also be ruled out in the present case.

In bainitic steels also it is generally found that lower
bainitic microstructures give better toughness than upper
bainitic microstructures. Johnson and Becker37 attributed
this to the presence of large carbides, whose cracking and
debonding along the ferrite carbide interface was responsible
for the lower toughness of the upper bainitic microstructure.
This cannot be valid for ADI since no carbide precipitation
is observed if austempered within optimum limits. Also,
smaller bainitic packet sizes result in smaller cleavage facet
length.38 The smaller the cleavage facet, the more frequent
the high energy tear fracture will be, and the higher the
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a 15 min; b 30 min; c 60 min; d 90 min

6 Fractographs of fracture toughness specimens austempered at 385°Cfor given times

(7)

. (9)

. (8)

Strain at fracture Gr depends on the microstructure. A
comparison of Figs. 3a and 4c shows that strain at fracture
increases with retained austenite content. Besides austenite
content, strain hardening ability is also an important factor
in influencing Gr through its effect on uniform elongation
Gu• Several investigators41-44 have shown that high strain
hardening in high carbon austenitic steels is a result of
interaction between dislocations and carbon atoms. It has
been shown45 using TEM that ADI microstructures contain

where p is the crack tip radius and Gr is the fracture strain
of the material. Substituting (8) in (7)

2 2EPGrO"y
K1C= -1--2--v

2Vt = 2PGr

where E is Young's modulus and v is Poisson's ratio.
We can write40

ignored, since they have not been used as variables. By
changing the austempering time and temperature, the
amount of ferrite and its morphology have been varied.
Therefore, the variation in fracture toughness should reflect
the variation in these microstructural constituents.

The critical amount of work required to initiate an
unstable fracture is given as40

G1C = 20"y Vt . . (6)

where 2Vt is the critical value of the crack opening
displacement and O"y is the yield strength of the material.
We further have40

2 EG1c 2EO"yVt
K1C= -1--2 = -1--2--v -v

fracture toughness will be. This argument is not wholly
acceptable in ADI because the packet consists of ferrite
and austenite. Therefore, in lower ausferrite structures a
thin layer of austenite separates the ferrite laths. Hence the
packet cannot be treated as a single unit. Also, increasing
austempering temperature gives increasing prior austenite
grain size. This should increase the packet size, and
therefore, should decrease toughness. However, reports14,21

indicate that at 850 to 920°C, increasing austempering
temperature increases fracture toughness.

The results of a study of microstructural aspects of
fracture in austempered ductile iron by Voigt et al.39 are
relevant to the present investigation in interpreting the
fracture mechanism. They showed that crack initiation and
propagation can be divided into several distinct micro-
structural events. Initially there was decohesion at the
graphite/matrix interface well ahead of the propagating
crack. This was followed by plastic deformation in the
matrix, primarily concentrated in ferrite laths. Continued
plastic deformation resulted in initiation of microcracks.
These joined up to form a larger crack, which eventually
joined up with the main crack. The microcracks started
primarily within the ferrite or at the ferrite/austenite
interface, and selected a localised path of least resistance,
avoiding travelling through regions of stabilised austenite
as far as possible. Often the microcracks were temporarily
blunted by regions of austenite. Very similar events were
observed in specimens austempered at 400 or at 300°C.

Thus it is very clear that the crack initiation and
propagation is controlled by the microstructural constit-
uents, namely graphite nodules, ferrite, and austenite. The
size, density, and distribution of graphite nodules are very
important factors with a significant influence on fracture
toughness. In the present work, however, these can be
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heavy dislocation densities. It has also been shown46 that
dynamic strain aging occurs in ADI over a wide temperature
range. Therefore it is quite conceivable that interactions

. (12)

eu oc (xycy)a . . (10)

where a is a constant. Because of the size difference, a
carbon atom in solid solution in iron will produce a misfit
strain field which may interact with the dislocation strain
field. Analysis of the strain field-dislocation interaction47,48

gives an expression for solution hardening that is pro-
portional to the square root of the solute concentration.
Experiments generally show reasonable agreement with
this prediction.48,49 The value of the constant a in
equation (10) is therefore taken to be 1/2. In the present
investigation all the specimens, whether austempered at
302 or at 385°C, failed without necking in tensile tests.
The fracture strain is therefore the same as the uniform
elongation at fracture. A plot of the strain at fracture
against (Xy Cy)1/2 results in a straight line as shown in
Fig. 7a. Therefore

er=C1(XyCy)1/2+C2 . (11)

where C1 and C2 are constants estimated to be 3·36 and
-0'182 respectively from the plot. The plot also suggests
that when XyCy is below 2·7 x 10-3, ductility will be zero.

Substituting (11) in (9)

2 _ 2EpC1 1/2 2Ep
K1c - 1_ v2 O"y(XyCy) + 1_ v2 C20"y

do exist between dislocations and carbon atoms. Increasing
the carbon content of the austenite will therefore increase
the strain hardening and the uniform strain eu• The par-
ameter Xy Cy is therefore of special significance. This
parameter is recognised4 as representing the total carbon
in the retained austenite. Figure 4d shows that strain
hardening increases as the austempering temperature is
increased from 302 to 385°C. The former corresponds to
an XyCy value of 0·39 while the latter corresponds to 0·67.
We can, therefore, write

The second term in the above equation should be the value
of Kic when (XyCy) is zero. However, the equation predicts
zero fracture toughness at the XyCy value of 2·7 x 10-3

(the same value for which er is zero). Therefore, the second
term is taken as a constant with O"y = 610 MPa, the
minimum yield strength in the present investigation. The
above equation, then, predicts a linear relationship between
Kic and O"y(Xy Cy)1/2. Linear regression analysis by the
method of least squares resulted in a straight line as shown
in Fig. 7b. The correlation coefficient is 0·993.

Taking E as 207 GPa (Ref. 31), v as 0·3 and a reasonable
value of 50 J.1mfor p, we can rewrite equation (12) as

KIc = 78'60"y(XyCy)1/2 - 2524 . . (13)

The constants in the above equation match well with the
slope of 84·9 and the y intercept of - 2714 for the straight
line in Fig.7b. Fracture toughness values were calculated
for all the heat treatment conditions of the present
investigation using equation (13). These are plotted against
the experimental values in Fig. 7c. The points lie very close
to the 45° line showing very good agreement between the
experimental and predicted values .

According to equation (13), fracture toughness is depen-
dent on yield strength and volume fraction of retained
austenite and its carbon content. Increasing each of these
to the maximum possible value will therefore maximise
fracture toughness. Values of these parameters depend on
austempering temperature. The parameter Xy Cy, which is
a measure of the total carbon in the retained austenite,
increases with increasing austempering temperature,
because of the increasing diffusion of carbon. Even though
Cy decreases with increasing temperature, the large increase
in Xy more than compensates for it. In the present
investigation, the parameter Xy Cy was found to be
0·44 wt-OiOat 302°C and 0·64 wt_% at 385°C. In a previous
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investigation 50 it has been reported that XyCy values were
0'32, 0'35, 0'41, 0'47, 0'64, and 0·63 wt-% at au stemper-
ing temperatures of 260, 288, 302, 316, 357, and 385°C
respectively. It can therefore be concluded that Xy Cy

increases with increasing austempering temperature. But
the yield strength decreases as austempering temperature
increases. It is thus not possible to maximise (Jy and Xy Cy
simultaneously. At an intermediate temperature, both (Jy

and XyCy will have moderately high values, resulting in
high fracture toughness. As the austempering temperature
is increased, the fracture toughness will initially increase,
reach a maximum, and then drop, as reported by several
investigators.18-21

It has been reported that yield strength depends on the
fineness of the ferrite blades. Harrynen et ai.,51 and Ali
et ai.52 have shown that the yield strength of ADI can be
expressed as

(Jy=(Jo+Ad-1/2+BXy • • (14)

where d is the ferrite particle size, Xy is the volume fraction
of austenite and (Jo, A, and B are constants. Both studies51,52

have shown that A is much larger than B. The yield
strength of ADI is primarily decided by the ferrite particle
size. Substituting (14) into (13) we can see that Kic varies
with (XyCyjd)1/2. From the microstructural point of view,
fracture toughness can be maximised by austempering in
such a way as to get very fine ferrite, high austenite content,
and as much carbon as possible in the austenite.

Conclusions

1. Austempered ductile iron (ADI) with lower ausferrite
microstructure has higher fracture toughness than ADI
with upper ausferrite microstructure.

2. Austempered ductile iron with upper ausferrite micro-
structure has a higher tensile toughness and strain harden-
ing coefficient. The latter is related to its high retained
austenite content and the high carbon content of the
retained austenite.

3. It is found that Kic is directly proportional to
(Jy(Xy Cy)1/2. The fracture toughness of ADI can be maxi-
mised by maximising (Jy, Xy, and Cy-

4. Since Xy Cy increases with austempering temperature,
and (Jy decreases, maximum fracture toughness will be
attained at an intermediate temperature. Fracture toughness
will go through a maximum as the austempering temper-
ature is increased.
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