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A mathematical model was developed in the current study to understand the progress of austenitization
process in ductile irons. The austenitization time required to produce homogeneous austenite in a two-
phase region of austenite and graphite has been estimated in terms of (a) time required for transformation
of matrix to austenite and (b) time required for dissolution of graphite in austenite to attain uniform
carbon content, which remains in equilibrium with graphite. The time required been related to the
structural parameters of cast ductile iron-like radius of graphite nodule, radius of austenite cell, volume
fraction of graphite, volume fraction of ferrite in cast matrix, and diffusion constant. The model was used
to determine the minimum austenitization time required to achieve homogeneous austenite in three com-
mercial ductile irons when austenitized at a temperature of 900 °C. The results were compared with those
obtained. The uniformity of the carbon content in austenite of ductile iron was verified indirectly by
measuring microhardness.

Keywords austenitization, diffusion, ductile iron, kinetics,
mathematical model, x-ray diffraction,

1. Introduction

Ductile iron has graphite nodules embedded in a matrix of
ferrite or ferrite and pearlite. A wide range of microstructure
and properties of the ductile iron could be obtained through
heat treatments by the phase transformation of its as-cast ma-
trix (Ref 1, 2). For example, development of Austempered
Ductile Iron by heat treatment has gained wide spread popu-
larity (Ref 3-5). Austenitization of the matrix is a prerequisite
of any such phase transformation, and the analysis of the pro-
cess taking place during the heat treatment is essential for
precise control of structure and properties in heat-treated duc-
tile iron (Ref 6).

In the present investigation, the austenitization process for
ductile irons has been analyzed through mathematical model in
order to estimate the optimum time required to obtain homo-
geneous austenite with carbon content, which remains in equi-
librium with the graphite nodules. The austenitization time has
been related to the variables like austenitization temperature,
initial carbon content of matrix, size of graphite nodules, and
the nodule count, which determines the size of matrix cell
surrounding the nodule. Proper selection of austenitization time
will help the heat-treater to avoid (a) incomplete or inhomo-
geneous austenitization due to lack of austenitization time and
(b) excessive grain growth due to longer austenitization time.

2. Inputs of Model

The symbols and units for various variables used throughout
the paper are defined in Table 1. The ductile iron is considered
to consist of a large number of spherical cells of equal size.
Each cell has a graphite nodule at its center, surrounded by the
matrix structure. It is assumed that all the graphite nodules are
of equal size. The matrix structure surrounding the graphite
nodule in the cell may be ferrite, pearlite, or ferrite + pearlite.
Figure 1 gives a schematic representation of the different forms
of ductile irons. In case of ductile iron with ferrite + pearlite
matrix, a thin ferrite region surrounds the graphite nodule, and
the rest of the cell consists of ferrite as well as pearlite. The
ratio of ferrite to pearlite areas depends upon the initial carbon
content of the matrix. The primary model inputs will be the
radius of graphite nodule rg, radius of each cell rcell, volume
fraction of ferrite f� in the matrix, and the total carbon content
of ductile iron Co.

The model developed outlines the different stages of aus-
tenitization of the matrix of ductile iron in the presence of
graphite nodules. The graphite nodules can act as the reservoir
of carbon from where carbon diffuses out to the matrix aus-
tenite till an equilibrium is established between the austenite
and graphite nodule at a given austenitization temperature.

3. Problem Formulation

In the present model, the time required for the austenitiza-
tion of the matrix of ductile iron has been divided into two
distinct stages. The first stage involves formation of austenite
by dissolution of carbon from the matrix (if it contains pearlite)
as well as from graphite nodule consuming all the preexisting
phases in the matrix while the second stage for the homogeni-
zation of carbon in austenite takes place by dissolution of car-
bon from the graphite nodule located at the center of cell.
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4. Mathematical Modeling

4.1 Formation of Austenite

Austenite may be presumed to develop surrounding the
graphite nodule when a ductile iron with carbon content Co is
austenitized at austenitization temperature T�. At this tempera-
ture, no equilibrium exists between ferrite and graphite. Aus-
tenite can exist in equilibrium with graphite as well as with
ferrite at this temperature. Two dissolution processes will ac-
company the process of austenitization: (a) the dissolution of
matrix carbide if the matrix contains pearlite and (b) the dis-
solution of carbon from the graphite nodule since overall ma-
trix composition is lower than saturation carbon level C�g of
austenite, which is in equilibrium with graphite. Because the
carbide lamellae in pearlite have larger surface area and are
relatively thin, it may be presumed that the dissolution of ma-
trix carbides may take place in relatively short time. The for-
mation of austenite is controlled by dissolution of carbon from
the graphite nodules involving diffusion over large distances.
The analysis is carried out below for an individual cell.

The total amount of the carbon in a cell TCcell is:

TCcell =
4

3
�rcell

3 �oCo (Eq 1)

where �o is the density of the ductile iron. The total carbon
content of the cell is distributed in the graphite nodule and the
matrix. The amount of carbon in graphite nodule TCnodule is
given by:

TCnodule =
4

3
�rg

3�g (Eq 2)

where �g is the density of graphite nodule of radius rg. The
amount of carbon in the matrix of the cell TCmatrix may be
obtained by subtracting TCnodule from TCcell as:

TCmatrix =
4

3
�rcell

3 ���oCo� − �g� rg

rcell
�3� (Eq 3)

When the equilibrium is attained between austenite and the
graphite nodule at the end of austenitization at a temperature
T�, the carbon content of austenite should be C�g. The addi-
tional amount of carbon that is required by the matrix to attain
this state is:

TCADD =
4

3
��rcell

3 − rg
3��mC�g − TCmatrix (Eq 4)

where, �m is the density of the matrix and Cmatrix is the carbon
content of the matrix. The shrinking size of graphite nodule due
to dissolution has been neglected. This additional amount of
carbon TCADD is supplied to the matrix by dissolution of car-
bon from the graphite nodule located at the center of the cell,
resulting in progressive thickening of the layer of austenite
around the graphite nodule. If l� is the thickness of the austenite
layer at time t and one assumes that a steady concentration
profile may be established within the austenite layer, the fol-
lowing approximation can be made:

C� = C�g −
�rg + l��

r × l�

× �r − rg� × �C�g − C��� for rg � r � rg + l�

(Eq 5)

where C� is the carbon content in the austenite layer at a
distance r from the center of the cell. C�g is the saturation
carbon content of austenite, in equilibrium with graphite, and
C�� is the carbon content of austenite, in equilibrium with
ferrite in the matrix.

Figure 2 gives the schematic representation of the concen-
tration profile in a cell at any time t during this process. The
total carbon content in the austenite-layer of thickness l� and
density �� is TC� and it is given by:

TC� = �� �
rg

rg+l�

4�r2 drC� (Eq 6)

Table 1 Symbols and units used in the model

Symbol Variable Units

Co Total carbon in the ductile iron wt.%
TCcell Total amount of carbon in the cell wt.%
TCnodule Total amount of carbon in the graphite nodule wt.%
TCmatrix Total amount of carbon in the matrix of the cell wt.%
TC� Total carbon content in austenite layer of thickness l� wt.%
TC(s) Total amount of carbon in austenite cell as a function of diffusion distance s wt.%
TC(b) Total amount of carbon in austenite cell as a function of carbon content in austenite at the cell boundary wt.%
�o Density of ductile iron gm/cm3

�m Density of the matrix ductile iron gm/cm3

�g Density of graphite gm/cm3

�� Density of austenite gm/cm3

rcell Radius of cell mm
rg Radius of graphite nodule mm
C�g Carbon content in austenite at the graphite/austenite interface wt.%
C�g Carbon content in ferrite at the graphite/ferrite interface wt.%
C�� Carbon content in austenite at the austenite/ferrite interface wt.%
l� Thickness of austenite which dissolves carbon from the graphite nodule during austenitization mm
l �

m Maximum possible value of l� in a given ductile iron mm
J Flux of carbon per unit time atoms/cm2/s
D�

C Diffusion coefficient of carbon in austenite mm2s−1

f� Volume fraction of ferrite in cast matrix
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TC� =
2�

3
��l��C�grg�3rg + l�� + C���3rg

2 + 5rgl� + 2l�
2�� (Eq 7)

For sustaining a growth of dl�/dt of the austenite layer, the
required rate of carbon accumulation in the layer is dTC�/dt as
given below:

dTC�

dt
=

2�

3
���C�grg�3rg + 2l�� + C���3rg

2 + 10rgl� + 6l�
2��

dl�

dt
(Eq 8)

It may be reasonably presumed that all the carbon that is
able to diffuse through the �-layer to �/� interface is for the
transformation of � to � for the thickening of �-layer.

Under steady state, the carbon diffusing through austenite is
reaching �/� interface, and the flux of carbon at �/� interface
at r � rg + l� is estimated following Fick’s first law as:

J1 = −DC���4�r2
dC�

dr
= 4�DC���

rg

l�

�rg + l���C�g − C��� (Eq 9)

As the thickness of the austenite layer around graphite nod-
ule increases, the flux of solute comes down. It has already
been argued that to sustain growth of austenite at the rate of
dl�/dt, one has to have dTC� /dt, and so the rate of growth has

to reduce with increasing thickness of the austenite layer as to
satisfy,

J1 =
dTC�

dt
(Eq 10)

Substituting from Eq 8 and 9 in Eq 10,

4�DC���

rg

l�

�rg + l���C�g − C��� =
2�

3
���C�grg�3rg + 2l��

+ C���3rg
2 + 10rgl� + 6l�

2��
dl�

dt
(Eq. 11)

Rewriting the above equation and integrating one gets,

6DC� �
0

t

dt =
C�g

�C�g − C��� �
0

l� �3 −
l�

rg + l�
� l�dl�

+
C��

�C�g − C��� �
0

l� �3l� +
7l�

rg
−

l�
3

rg�rg + l��
� dl�

(Eq 12)

since at t � 0, l� � 0. At any time t the austenite layer grows
to a thickness l�.

For short time t, when l� � rg, one may ignore higher order
terms in l� and arrive at the following approximate equation:

6DC�t =
3

2
×

�C�g + C�a�

�C�g − C�a�
l�
2 (Eq 13)

Thus, l� may grow with time following parabolic t1/2 be-
havior for a short period of austenitization.

When l� � rg, one may rewrite Eq 12 as:

6DC� �
0

t

dt =
C�g

�C�g − C��� �
0

l� �2 −
rg

l�

−
rg

2

l�
2�l�dl�

Fig. 1 Schematic representation of different types of ductile irons

Fig. 2 Schematic representation of carbon concentration profile at
any time, t, when austenite layer has grown to a thickness, l�, sur-
rounding graphite nodule
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+
C��

�C�g − C��� �
0

l� �4l� − 7rg +
6l�

2

rg
�dl� (Eq 14)

Retaining only up to (rg)0 terms,

6DC� t =
C�g

�C�g − C���
l�
2 +

C��

�C�g − C���
× 2l�

2� l�

rg
+ 1� (Eq 15)

The maximum thickness, l�
m possible in a given ductile iron

may be related to the volume fraction of austenite formed by
the dissolution of carbon from the graphite nodule. Let us
consider a ductile iron, which contains f� volume fraction of
ferrite in the matrix excluding that in pearlite. It may be ex-
pected that the volume fraction of pearlite in the matrix of
ductile iron i.e., (1 − f�) will transform to austenite relatively
faster, where as the ferrite of the matrix may even transform till
the time when carbon content of austenite reaches the limiting
composition of C��.

Thus, the volume fraction of austenite formed through dis-
solution of carbide of pearlite in the matrix in austenite f �

C may
be related to the volume fraction of pearlite (1 − f�) of the
matrix as:

f
�
C = �1 − f�� ×

0.68

C��

(Eq 16)

The remaining matrix volume in the cell may transform to
austenite only by dissolution of carbon from the nodule, and it
is given by (1 − f �

C). This volume fraction of austenite formed
by the dissolution of carbon from the graphite nodule may be
written in terms of the maximum thickness of the austenite
region l�

m formed around the graphite nodule. This gives:

�1 − f
�
C��r cell

3 − rg
3� = ��rg + l �

m�3 − rg
3� (Eq 17)

On simplification of Eq 17, the maximum thickness of the
austenite layer forming around the graphite nodule by the dis-
solution of carbon from the graphite nodule of cell l�

m may be
written in terms of rg, rcell, and f �

C:

l �
m = �rcell

3 × �1 − f
�
C � + f

�
C × rg

3�1�3 − rg (Eq 18)

The time t� when the entire matrix of the ductile iron has
transformed to austenite may be estimated approximately from
Eq 15 by substituting l� � l�

m as:

t� =
C�g

�C�g − C���

�l�
m�2

6DC�
+

C��

�C�g − C���

�l�
m�2

3DC�
�l�

m + rg

rg
� (Eq 19)

At time t�, the austenite formed by the dissolution of carbon
from nodule has grown to the maximum thickness of l�

m. The
concentration profile in the austenite may be given schemati-
cally, as shown in Fig. 3.

4.2 Homogenization of Austenite

Once the austenite layer growing around graphite nodule
reaches the maximum thickness of l�

m, there is further dissolu-
tion of carbon from the graphite nodule to enrich and homog-
enize austenite matrix in the cell. One may presume two dis-

tinct phases of homogenization of concentration of carbon in
austenite, in a two-phase region of austenite and graphite by
dissolution of carbon from the graphite nodule located at the
center of the cell: (a) increasing the diffusion distance from rg

to rcell and (b) increasing the level of carbon at rcell, eventually
reaching the saturation level when a homogeneous matrix of
austenite is achieved in the two phase region of austenite and
graphite.

4.2.1 Homogenization of Austenite: Phase (a). The
schematic profile of carbon concentration at any time during
phase (a) of homogenization of austenite is given in Fig. 4. The
carbon concentration profile given in Eq 5 could be linear-
ized and may be written as:

C� = C�g −
�C�g − C���

s
�r − rg� for rg � r � rg + s (Eq 20)

where C� is the carbon content in the austenite cell at a distance
r from the center of the nodule during phase (a) of homogeni-
zation of austenite, and s is the diffusion distance at a given
time. The concentration gradient is given as:

dC

dr
= −

C�g − C��

s
(Eq 21)

where dC/drs is the concentration gradient at any distance r �
rg + s from the center of the nodule,

Total carbon in the austenite cell TC(s), which is a function
of diffusion distance s is given by:

TC�s� =
4

3
����rcell

3 − rg
3�C�� + 4��� �

rg

rg+s

�C� − C���r2dr (Eq 22)

where l�
m � s � rcell − rg.

Putting the value of C� from Eq 20 in Eq 22, one gets:

TC�s� =
4

3
����rcell

3 − rg
3�C�� + 4��� �

rg

rg+s

�C�g − C����r2 −
r − rg

s
r2�dr

=
4

3
����rcell

3 − rg
3�C�� +

���

3
�C�g − C����s3 + 4rgs

2 + 6rg
2 s�

(Eq 23)

Fig. 3 Schematic representation of carbon concentration profile at
any time, t�, when austenite layer has grown to a thickness, l �

m, sur-
rounding graphite nodule
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Now the rate of increase of diffusion distance with time, ds/dt,
determines the rate of accumulation of carbon in austenite,
dTC(s)/dt, as given by Eq 23.

dTC�s�

ds
=

���

3
�C�g − C����3s2 + 8rgs + 6rg

2� (Eq 24)

The rate of change in total carbon with time, dTC(s)/dt is equal
to the flux of carbon entering austenite from graphite nodule at
the center of the cell. The flux of carbon through austenite per
unit time for the given concentration profile may be estimated
following Fick’s first law as:

J2 = −DC�4�r2��

dC

dr
= DC�4�r2��

C�g − C��

s
(Eq 25)

As the carbon diffuses through austenite, s shifts to a longer
distance in the austenite matrix, away from around the graphite
nodule, thereby decreasing the slope of concentration profile
around the graphite nodule and consequently, the flux of car-
bon. To sustain increasing diffusion distance at a rate of ds/dt,
one has to have dTC(C)/dt, which should satisfy,

J2 =
dTC�C�

dt
=

dTC�C�

ds
×

ds

dt
(Eq 26)

Substituting dTC(s)/ds and J2 from Eq 24 and 25, respectively,
in Eq 26, one gets:

DC�4�r2��

C�g − C��

s
=

���

3
�C�g − C����3s2 + 8rgs + 6rg

2�
ds

dt

=
���

3
�C�g − C����3s2 + 8rgs + 6rg

2�
�s

�t1

(Eq 27)

Therefore, the time required for carbon to diffuse into austenite
from the graphite/austenite interface to result in a diffusion
distance s is given as:

�t1 =
3s3 + 8rgs

2 + 6rg
2s

12DC
�rg

2 � �s (Eq 28)

where �s = r − rg − l�
m.

4.2.2 Homogenization of Austenite: Phase (b). This
phase of homogenization of austenite starts after attaining s �
l�

m at the end of phase (a) of homogenization. The schematic
profile of carbon concentration at any time t, during homog-
enization of austenite is given in Fig. 5. The carbon concen-
tration profile for phase (b) in austenite may be written as:

C� = C�g −
C�g � Cb

rcell − rg
�r − rg� for rg � r � rcell (Eq 29)

where C� is the carbon content in the austenite cell at distance
r from the center of the nodule and Cb is the concentration of
carbon in austenite at the cell boundary. The concentration
gradient may be given as:

dC

dr
= −

C�g − Cb

rcell − rg
(Eq 30)

The total amount of carbon TC(Cb) in the austenite cell of
radius rcell is a function of carbon concentration Cb at the cell
boundary and is estimated from Eq 29 as:

TC�Cb� =
4

3
����rcell

3 − rg
3�Cb + 4��� �

rg

rcell

�C�g − Cb��1 �
�r − rg�

�rcell − rg�
� r2dr� (Eq 31)

where C�� � Cb � C�g. After integration, Eq 31 becomes:

TC�Cb� =
4

3
����rcell

3 − rg
3�Cb +

���

3

�C�g − C���

�rcell − rg�
�rcell

4 − 4rg
3rcell + 3rg

4�

=
4

3
����rcell

3 − rg
3� Cb +

���

3
�C�g − Cb�

�rcell
3 − 4rcell

2 rg + rcellrg
2 − 3rg

3� (Eq 32)

Fig. 4 Schematic representation of concentration profile of carbon in
austenite during phase (a) of the homogenization of austenite

Fig. 5 Schematic representation of concentration profile of carbon in
austenite during phase (b) of homogenization of austenite

578—Volume 14(5) October 2005 Journal of Materials Engineering and Performance



For a carbon enrichment rate of dCb/dt at the cell boundary, the
corresponding rate of accumulation of carbon in the austenite
matrix is dTC(Cb)/dt and it may be evaluated from Eq 32.

dTC�Cb�

dCb
=

4

3
����rcell

3 − rg
3� −

���

3
�rcell

3 + rcell
2 rg + rcellrg

2 − 3rg
3�

=
�

3
���3rcell

2 − rcell
2 rg − rcellrg

2 − rg
3� (Eq 33)

The flux of carbon J3 from the graphite nodule to the austenite
matrix per unit time for the given concentration profile in Eq 20
may be estimated using Fick’s first law as:

J3 = −DC
�4�r2��

dC

dr
= DC

�4�rg
2��

C�g − Cb

rcell − rg
(Eq 34)

The rate of change of total carbon in austenite with time,
dTC(C)/dt, is equal to the flux of carbon atoms entering aus-
tenite across graphite/austenite interface; therefore:

J3 =
dTC�Cb�

dt
=

dTC�Cb�

dC
=

dC

dt
=

dTC�Cb�

dC
�

�C

�t
(Eq 35)

Substituting Eq 33 and 34 into 35, one gets:

DC
�4�rg

2��

C�g − Cb

rcell − rg
=

���

3
�3rcell

3 − rcell
2 rg − rcellrg

2 − rg
3�

�C

�t2

(Eq 36)

The time required for austenite to achieve a given carbon con-
centration of Cb is given by:

�t2 =
3rcell

4 − 4rcell
3 rg + rg

4

12DC
�rg

2 � �C where �C

= Cb − C�� for Cb 	 C�� (Eq 37)

4.3 Total Time Required for Complete Austenitization

The total time t required for complete austenitization pro-
cess may be given as the sum of the time required for the
transformation to austenite, t� the time required for the homog-
enization of carbon content in austenite, which consists of two
phases (a) the time required for the diffusion distance s to move
up to the boundary of the cell �t1 and (b) the time required for
the carbon concentration at the cell boundary to attain C�g.
Thus:

Total time, t = t� + �t1
�s − l �
m� + �t2
�Cb − C��� (Eq 38)

where 
(x) is a step function and


�x� = �0, for x � 0
1, for x � 0�

The total time of austenitization t given in Eq 38 may be
written explicitly from Eq 19, 28, and 37 as:

t = A
1

DC
�

(Eq 39)

where

A =
C�g � l�

m2

6�C�g − C���
+

C�� � l�
m2

� �l�
m + rg�

rg�C�g − C���
+

3s3 + 8rgs
2 + 6rg

2s

12rg
2 � �s

+
3rcell

4 − 4rcell
3 rg + rg

4

12rg
2 � �C (Eq 40)

Table 2 Composition of irons used in present work

Element

Composition, wt.%

Iron I Iron II Iron III

C 3.43 3.60 3.48
Si 3.02 2.20 2.028
Mn 0.287 0.40 0.22
P 0.016 0.02 0.05
S 0.007 0.003 0.004
Cr … 0.017 0.05
Mo 0.43 0.06 0.33
Cu … 0.40 0.60
Ni 1.160 0.07 0.016
Ti … … 0.04
Mg 0.12 0.04 0.04
Sn … … 0.0079
V … … 0.012
Al … … 0.02
Fe Remaining Remaining Remaining

Table 3 Microstructural characteristics of ductile irons

Characteristics Iron I Iron II Iron III

Equivalent ASTM grade 450/10 500/7 600/3
Nodule count, mm−2 100 150 250
Amount of ferrite in the cast matrix, % 99 20 5
Amount of pearlite in the cast matrix, % 1 80 95
Average radius of graphite, rg, mm 0.02 0.014 0.01
Average size of the cell, rcell, mm 0.07 0.04 0.03
Initial Matrix hardness, Hv20 188 245 260

Fig. 6 Variation of time of austenitization with austenitization tem-
perature
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Since D�
C � Doexp−Q/RT, the time t may be rewritten as:

t =
A

Do
e+Q�RT (Eq 41)

Taking log on both sides, one may write:

ln�t� = ln
A

Do
+

Q

RT�

(Eq 42)

The logarithm of the time of austenitization t is plotted as a
function of reciprocal of austenitization temperature T�. The
straight-line relationship between the time and temperature of
austenitization, with slope of +Q/R and the intercept of the
logarithm of A/Do on the y-axis, from Eq 42 is evident and is
shown in Fig. 6.

5. Calculations of Austenitization Time Period

Using the above model, one could estimate the time re-
quired to achieve equilibrium carbon content in austenite on
austenitization of a particular ductile iron at a given tempera-
ture. The predictions of this model were tested on three ductile
irons prepared in a commercial foundry using an induction-
melting furnace and cast in the shape of one in Y blocks. Their
compositions are given in Table 2. The microstructural char-
acteristics of these irons are given in Table 3. The specimens
(55 × 10 × 10) mm3 machined from the leg part of Y block
castings have been austenitized in a salt bath at 900 °C for
different time periods of 2-120 min before quenching in water.
To follow the austenitization kinetics, the change in carbon
content of the matrix austenite (martensite on quenching) has
been determined by the x-ray diffraction method using Cu K�

radiation on powder samples of water quenched specimens
(Ref 7). The average carbon content of austenite in a two-phase
region of austenite and graphite (transformed to martensite and
graphite on quenching) reaches an equilibrium value of 0.75%,
0.82%, and 0.85% after 35, 10, and 2 min of austenitization at

900 °C for iron I, II, and III, respectively. The microhardness
tests were performed on the matrix of quenched samples be-
tween two nodules from the nodule surfaces in order to verify
the completion of austenitization using Vicker’s hardness tester
using a load of 100 g. The microhardness study ensures the
microhardness value of the matrix between the two nodules is
maximum and uniform corresponding to 35, 10, and 2 min of
austenitization for irons I, II, and III, respectively, before which
the microhardness is not uniform between the two nodules.
Thus, these time periods may be taken as the times of comple-
tion of austenitization for the three ductile irons. Table 4 gives
the variation of microhardness of austenite (martensite on
quenching) of ductile iron with distance from the graphite nod-
ule surface in Iron I. At a short time of austenitization, the
hardness of austenite is higher near the nodule surface than that
away from the nodule surface. However, after 35 min, the
hardness becomes constant and uniform along the distance
from the graphite nodule surface and thus provides an indirect
indication of the evolution of concentration profile.

The mathematical model suggests that uniform carbon dis-
tribution in austenite with the equilibrium carbon content
should be achieved in irons I, II, and III after 29.5, 5.2, and 3.24
min, respectively. Table 5 compares the theoretical as well as
experimental austenitization time periods for austenitization of
the three ductile irons with different initial microstructural
characteristics. A reasonable agreement between estimated
times for austenitization with the experimental results may be
observed. Thus, the assumptions made for the simplification of
the mathematical model are fairly reliable. It may be observed
that the ductile iron with a higher volume fraction of ferrite in
the cast structure requires a longer time for austenitization due
to higher l� and consequently longer t� despite the lower equi-
librium carbon content in the austenite C�g.

6. Conclusions

A mathematical model was developed to estimate the
time required for austenitization of ductile iron leading to
graphite nodules embedded in austenite of carbon content in

Table 4 Variation of microhardness of the austenite (martensite on quenching) of ductile iron with distance from the
graphite nodule surface in Iron I

Sample

Distance from
graphite nodule,

mm

Microhardness after different time periods VHN, 100 g

2 min 5 min 15 min 25 min 35 min

1 0.01 375 463 540 607 635
2 0.02 345 463 540 607 635
3 0.03 303 433 520 597 635
4 0.04 255 403 500 587 635

Table 5 Comparison in the time for complete austenitization in three ductile irons of theoretical and experimental
results

Iron
Equilibrium

content, wt.%

Time of austenitization, min
(as calculated from the model) Time of austenitization,

min (Experimental)t� � t1 � t2 t

Iron I 0.75 1.5 11 17 29.5 35
Iron II 0.82 0.9 3.2 1.1 5.2 10
Iron III 0.85 0.05 2.6 0.53 3.2 2

580—Volume 14(5) October 2005 Journal of Materials Engineering and Performance



equilibrium with graphite. A number of assumptions have been
made in the present work. The ductile iron is assumed to con-
sist of spherical graphite nodules of uniform size. The matrix
has been divided into spherical cells of the same size and
austenitization has been studied in a cell. The austenitization
time required to produce homogeneous austenite with equilib-
rium carbon content has been related to the structural param-
eters like radius of graphite nodule, radius of austenite cell,
volume fraction of graphite, volume fraction of ferrite in cast
matrix, and diffusion constant. The modeling methodology de-
scribed in the present work provides a powerful tool to find the
austenitization time required for complete austenitization in the
two-phase region of austenite and graphite in ductile irons.
Such an estimate of austenitization time helps to restrict the
holding time so there is no significant grain growth in the
resulting austenite. The estimated times for austenitization us-
ing the present model are in good agreement with those ob-
tained through experimental work.
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