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The Optimization of the Isothermal Transformation Dwell with Emphasis
on the Matrix Structural Mixture of Austempered Ductile Iron
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The studied austempered ductile iron (ADI) was obtained by the heat treatment of an unalloyed nodular cast iron
consisting of austenitization (900 °C/ 1h), an isothermal transformation at 380 °C and water cooling at the end. To study
matrix composition changes during the isothermal transformation, the dwell at the transformation temperature was
chosen in very wide range of 2 min to 540 min. The isothermal transformation starts by a creation of bainitic ferrite
needles resulting in an enrichment of the non-transformed austenite by carbon which increases its stability. For short
dwells (2, 5 and 10 min) the stabilization of the austenite is not sufficient yet, therefore the partial martensitic
transformation during cooling occurs. With increasing dwell the amount of the stabilized austenite increases and reaches
its maximum for the transformation dwell of 60 min. With further dwell lengthening the amount of the stabilized
austenite decreases again as a consequence of its continuing transformation into the bainitic ferrite. The maximum
fraction of the bainitic ferrite is reached for the longest dwells, i.e. for 270 min and 540 min. For the same dwells iron
carbides on the austenite/bainitic ferrite interface have been found.
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INTRODUCTION

The high-strength variant of the nodular cast iron, ADI
(Austempered Ductile Iron), belongs to prospective
structural materials and it has been already applied in all
important branches of the machine industry [1 —4]. It is
produced from a nodular cast iron by the isothermal heat
treatment which includes austenitization, isothermal trans-
formation at temperatures in the bainitic belt, and water
cooling. The resulting microstructure of the ADI matrix
consists especially of the bainitic ferrite and the stabilized
austenite. However, in dependence on the transformation
dwell some amount of the martensite or carbides, which
cause a degradation of mechanical properties, can appear
as well [5, 6]. During the isothermal transformation the
material goes through three stages [5]. Within the first
stage the bainitic ferrite creation causes enriching the non-
transformed austenite by carbon. This leads to the gradual
stabilization of austenite, so that it can survive in the
structure even after cooling. However, in this stage its
partial martensitic transformation during cooling can
occur, because the stability of the austenite is not sufficient
yet. In the second stage the concentration of the carbon in
the non-transformed austenite reaches its maximum,
therefore the martensitic transformation during cooling is
not possible. This stage is characterized by the maximum
amount of the stabilized austenite in the matrix. In the third
stage the amount of the stabilized austenite starts to
decrease as a consequence of its further transformation into
the bainitic ferrite. In this stage carbides on the
austenite/bainitic ferrite interface can start to precipitate
[5]. In practice most often the conditions that provide the
highest values of the plasticity and the toughness are
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applied. These conditions coincide with the second stage of
the transformation which is called heat treatment
processing window [6].

The aim of this work was to determine the optimum
range of transformation dwells with emphasis on the
matrix structural mixture of unalloyed ADI obtained by the
isothermal transformation at temperature of 380 °C.

EXPERIMENTAL

An unalloyed nodular cast iron with the bull’s-eye
matrix structure was studied. Its chemical composition is
given in the Table 1.

Table 1. The chemical composition [wt. %].

C Si Mn P S Mg

3.56 2.24 0.25 0.02 0.004 0.054

The choosen material was heat treated according to the
scheme in Fig. 1.

Regarding the initial matrix structure, the austenitiza-
tion took 1 hour and was performed in the NaCl salt bath at
the temperature of 900 °C. The isothermal transformation
was performed in the AS 140 salt bath at temperature of
380 °C. Considering the aim of this study, dwells at the
isothermal transformation temperature 7, =2, 5, 10, 25, 60,
120, 270 and 540 min were chosen. All transformation
dwells were finished by water cooling.

To specify the influence of the heat treatment on the
matrix structural mixture, metallographic cuts and two-
stage collodion-carbon replicas were prepared from testing
specimens. The microstructure was then observed and
evaluated using the Olympus GX 71 light microscope
(LM) with the Olympus DP 11 camera and using the
PHILIPS CM-12 transmission electron microscope (TEM)
with the Mega View Il camera. Amounts of stabilized



austenite and martensite, 4y and M, were determined by the
imaging quantitative analysis that uses the LUCIA
software of the Laboratory Imaging Comp. and the ACC
software of SOFO Comp.
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Fig. 1. The scheme of the isothermal heat treatment

Because of the fact that increasing concentration of the
carbon causes the increase of austenite cell parameter size
a, the changes of the carbon concentration Cy in the solid
solution y during the isothermal transformation were de-
termined on the base of the measurements of austenite cell
parameter size a. Its measurement was performed by X-ray
analysis by the means of the D 500 diffraction arrange-
ment. The concentration of carbon dissolved in austenite
was approximately determined by the equation (1), which
was proposed by Stransky (Brno University of Technol-
ogy, Faculty of Mechanical Engineering, Department of
Materials Science and Engineering):

a=0.00514Cy +0.3556 , (D

which is numerically valid for @ in nm and Cy in wt. %.

RESULTS AND DISCUSSION

The measured size of the austenite cell parameter, the
approximate concentration of the carbon in the solid
solution y and the amounts of stabilized austenite as well as
martensite are given for studied dwells in Table 2.

Two following figures show the dependence of the
austenite cell parameter size (Fig.2) and the stabilized
austenite amount (Fig. 3) on the transformation dwell. In
Fig. 3 there are also approximate carbon concentrations in
the solid solution y for studied transformation dwells.

Results given in Table 2 and in Figs 2 and 3 show that
in the beginning of the isothermal transformation the con-
centration of the carbon in the austenite was 0.7 wt. %
approximately. It corresponds to the cell parameter size
3.59 A. The transformation continues by the bainitic ferrite
needles nucleation and growth (Fig. 4). Lower solubility of
carbon in bainitic ferrite causes the diffusion of carbon
atoms from the areas of bainitic ferrite creation into aus-
tenite areas and, therefore, carbon concentration in the
solid solution y increases, namely from 0.7 wt. % to
1.5 wt. % (see Table 2 and Fig. 2). With increasing carbon
content the cell parameter increases, namely in the trans-
formation dwell range of 2 min to 25 min from 3.59 A up
to 3.63 A (see Table 2). Gradual increase in the carbon

concentration corresponds to the stabilized austenite frac-
tion increase (see Fig. 3). As the stabilization of austenite
was not sufficient in this dwell range yet, the partial
martensite transformation of the austenite occurs. The
extent of martensitic transformation depends on the dwell
at the transformation temperature (see Table 2 and Fig. 3).
When the transformation dwell of 25 min is reached, the
solid solution y already contains nearly the saturated con-
tent of carbon (approximately 1.5 wt. %) and also the
saturated value of the cell parameter size (namely 3.63 A)
is reached. At this transformation dwell the martensitic
transformation did not already occur during cooling (see
Table 2). When the dwell of 25 min is exceeded, the car-
bon concentration in the solid solution y does not change
markedly (see Fig. 2). In the transformation dwell range
from 25 min to 60 min the ADI matrix contains very high
amount of the stabilized austenite, its maximum equal to
34.8 vol. % was reached for the transformation dwell of
60 min (see Table 2 and Fig. 3). The microstructure with
maximum austenite content is shown in Fig. 5.

Table 2. Austenite cell parameter a, carbon concentration Cy in
solid solution y, stabilized austenite Ag and the marten-
sitt M amounts in the ADI matrix for studied
transformation dwells
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7; [min] a[A] Cy[wt.%] | As [vol.%] | M [vol.%]
2 3.594 0.7 18.3 66.8
5 3.615 1.2 28.5 34.4
10 3.628 1.4 31.6 4.8
25 3.633 1.5 33.8 0
60 3.634 1.5 348 0
120 3.634 1.5 31.9 0
270 3.633 1.5 254 0
540 3.631 1.5 17.7 0
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Fig. 2. The dependence of the austenite cell parameter size on the
transformation dwell

In the following transformation dwell range of 60 min
to 540 min the decrease of the stabilized austenite fraction
occurs, as a consequence of continuing transformation into
the bainitic ferrite (Fig. 3). When the transformation dwell
of 120 min is exceeded, the stabilized austenite cell



parameter starts to slightly decrease as well (Table 2). This
decline could be an indication of iron carbides
precipitation on the bainitic ferrite/austenite interface. Iron
carbides were found by the means of TEM for
transformation dwells of 270 min and 540 min (Figs 6, 7).
It is possible to say, that the reason of the precipitation of
carbides is local supersaturation of the y solid solution with
carbon, which is caused by continuing diffusion of carbon
atoms into the non-transformed austenite during further
transformation of austenite with the lowest carbon content
into bainitic ferrite.

The results of the studied ADI matrix analysis have
been confronted with the results of previous works [3, 4, 6].
It has confirmed that the range of isothermal
transformation dwell is possible to divide into three
different stages.

In the first stage the bainitic ferrite needles start to
nucleate and grow (Fig. 4). It results in enriching non-
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Fig. 4. The bainitic ferrite needles (see the arrow), 7 =2 min, the
two-stage collodion-carbon replica, TEM
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Fig. 5. The ADI matrix microstructure, 7, = 60 min, 34.8 vol.% of
the stabilized austenite (bainitic ferrite — the white arrow,
stabilized austenite — the black arrow)

Fig. 6. The carbide situated on the bainitic ferrite/austenite
interface (see the arrow), 7 = 270 min, the two-stage
collodion-carbon replica, TEM

transformed austenite by carbon and its stabilization, so
that the amount of stabilized austenite in the ADI matrix
increases. However, the stability of austenite is insufficient
in this stage so that its partial martensitic transformation
during sequent cooling happens.

When the transformation dwell of 25 minutes was
reached, the martensite did not already occur in the final
matrix structure, which is now created only by bainitic
ferrite and stabilized austenite. For that reason this
transformation dwell could be specified as the dividing
limit between the first and the second transformation
stages (see Fig. 8).

When the transformation dwell of 25 min is passed
over, the amount of stabilized austenite increases until the
transformation dwell of 60 min is reached. For this dwell
the maximum content of stabilized austenite was obtained.
With following elongation of transformation dwell the
amount of stabilized austenite starts to decrease and the
carbides on the austenite/bainitic ferrite interface start to
appear (Figs. 6,7). The maximum content of stabilized



austenite as well as the start of carbide creation are the
arguments that the transformation dwell of 60 min as the
limit between the second and the third transformation
stages can be considered (Fig. 8).

Fig. 7. The carbide situated on the bainitic ferrite/austenite
interface (see the arrow), 7 =540 min, the two-stage
collodion-carbon replica, TEM
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Fig. 8. The approximate division of isothermal transformation
dwells into stages for studied ADI

CONCLUSIONS

Regarding analysis results it is possible to say, that the
heat processing window of the ADI obtained by the
isothermal transformation of the unalloyed nodular cast

iron at the temperature of 380°C is situated in the
isothermal transformation dwells range from 25 min to
60 min. In this range the highest values of the plasticity
and the toughness should be reached. But the content of the
stabilized austenite in the matrix increases in this dwell
range and its maximum (34.8 vol. %) is reached for the
transformation dwell of 60 min (Table 2). Considering the
results of previous works, where the relations between
microstructure and mechanical properties have been
already studied [5 — 9], it is possible to say that, requiring
the highest values of the plasticity and the toughness of the
studied ADI, the transformation dwell of 60 min could be
specified as optimum.
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