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In the current study, an unalloyed ductile iron containing 3.50 C wt.%, 2.63 Si wt.%, 0.318 Mn wt.%, and
0.047 Mg wt.% was intercritically austenitized (partially austenitized) in two-phase regions (o + y) at
different temperatures for 20 min and then was quenched into salt bath held at austempering temperature
of 365 °C for various times to obtain different ausferrite plus proeutectoid ferrite volume fractions. Fine
and coarse dual matrix structures (DMS) were obtained from two different starting conditions. Some
specimens were also conventionally austempered from 900 °C for comparison. The results showed that a
structure having proeutectoid ferrite plus ausferrite (bainitic ferrite + high-carbon austenite (retained or
stabilized austenite)) has been developed. Both of the specimens with ~75% ausferrite volume fraction
(coarse structure) and the specimen with ~82% ausferrite volume fraction (fine structure) exhibited the best
combination of high strength and ductility compared to the pearlitic grades, but their ductility is slightly
lower than the ferritic grades. These materials also satisfy the requirements for the strength of the quenched
and tempered grades and their ductility is superior to this grade. The correlation between the strain-
hardening rates of the various austempered ductile iron (ADI) with DMS and conventionally heat-treated
ADI microstructures as a function of strain was conducted by inspection of the respective tensile curves. For
this purpose, the Crussard-Jaoul (C-J) analysis was employed. The test results also indicate that strain-
hardening behavior of ADI with dual matrix is influenced by the variations in the volume fractions of the
phases, and their morphologies, the degree of ausferrite connectivity and the interaction intensities between
the carbon atoms and the dislocations in the matrix. The ADI with DMS generally exhibited low strain-
hardening rates compared to the conventionally ADI.
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1. Introduction

With increasing applications as a substitute for forged steels
in manufacturing industries, austempered ductile iron (ADI) has
vital importance in the evaluation of the strain-hardening
behavior of ADI. In many applications, ADI components
undergo substantial plastic strains (e.g., fatigue, wear). The
mechanical behaviors of these components are, therefore,
influenced by the strain-hardening characteristics of the material.

To correlate the strain-hardening behavior with microstruc-
tures, the flow curve during the uniform plastic deformation is
commonly analyzed with the aid of some idealized mathemat-
ical stress-strain equations. The most common of them is the
Holloman equation, ¢ = K¢", or Log o =1log K+ nlog ¢
which is widely used to describe the strain-hardening behavior
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of metals and alloys under the plastic deformation. (Here o
stands for the true stress, € the true strain, K the strength
coefficient, and # is the strain-hardening exponent (or » value)
of the material.)

The strain-hardening behavior can be evaluated by deter-
mining the n value of the ductile iron. The strain-hardening
exponent of an alloy is an important parameter because it
defines the strain-hardening capacity of the material when it is
plastically deformed. A high » value indicates a more uniform
strain distribution which results in a greater resistance to
necking. When the materials display a single value of n up to
necking, which corresponds to the UTS, » should be equal to
the true strain at necking. A log-log plot of true stress and true
strain up to maximum load will result in a straight line with » as
slope. Accordingly, double logarithmic plots are frequently
used as a measure of the suitability of particular mathematical
stress-strain equation to describe the strain-hardening behavior.

Using the Holloman equation, Yang et al. (Ref 1) analyzed
the strain-hardening behavior of ADI subjected to a novel two-
step austempering process. They showed that the strain-
hardening exponent values of ADI with two-step austempering
process resulted in a lower ductility and the strain-hardening
exponent values, compared to the conventional single-step
austempering process. This result was attributed to a function of
amount and morphology of microstructural constituents and the
interaction intensities between carbon atoms and dislocations in
the matrix.
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In the complex structures, the relationship between the
tensile stress (o) and the strain (¢) is, in general, no longer well
described by a single exponent Holloman-type equation,
particularly, when one of the phases such as austenite is
unstable during the deformation (Ref 2).

Using the Holloman equation, Aranzabal et al. (Ref 2)
analyzed deformation behavior of conventional ADI. In their
work, In ¢ vs. In (g) was adopted, and a single or double n
method & was used to describe the experimental data. They
found a TRIP effect increasing the strain-hardening, which
produces a change in the slope of the Holloman equation.

Apart from the Holloman relationship, the other mathemat-
ical expressions have also been used for detecting transition in
deformation behavior, because they reflect discontinuities in the
curvature of the stress-strain curve. One such expression is the
Crussard-Jaoul analyses based on Ludwik equation:
6 = 0, + K¢, or log (do/de) = log K + log n + (n—1) log .
(Here o stands for the true stress, €, the true strain, c,, K, and n
are constants).

In these analyses, n and K values are determined from the
slope of a log do/de, against log € curve.

Very limited works related to the strain-hardening charac-
teristics of conventional ADI are available in the literature (Ref
1, 2) and, moreover, the strain-hardening behavior of ADI with
dual matrix structure (DMS) (it is also called the newly
developed iron) (Ref 3-16) has not been reported yet. In the
newly developed ductile cast iron with DMS, the structure
consists of proeutectoid ferrite, and martensite or ausferrite
(bainitic ferrite and austenite). Therefore, it is also called the
DMS.

Recently, it has been shown that the proof and tensile
stresses of the newly developed iron are significantly higher
than the pearlitic and ferritic grades. The ductility is lower than
the ferritic grades, but it remains adequate for the most
applications (Ref 11-13). ADI with DMS is an attractive
material for some applications such as automotive suspension
parts where a good combination of high strength and ductility is
required (Ref 5).

The aim of the current investigation is to examine how the
variation in the microstructural parameters affects the strain-
hardening behavior of ADI with DMS and conventionally heat-
treated ADIL.

2. The Experimental Procedure

The chemical composition and microstructure of as cast
unalloyed ductile iron used in the present study is given in
Table 1. Two different starting microstructures were obtained
by as cast and oil quenching following austenitization at
900 °C for 20 min. As-cast material had ferrite + graphite
structure (Fig. 1). This microstructure was labeled as “A” for
further reference. Oil quenching produced a microstructure that
was almost wholly martensitic (Fig. 2). This was labeled as
“B”. The microstructures of specimens A and B were the

starting point for the subsequent austempering heat treatment.
As-cast samples were also heat-treated at the conventional
austenitizing temperature of 900 °C in single-phase region (y)
and then austempering was carried out at the austempering
temperature of 365 °C for comparison. Figure 3 provides a
summary of the heat treatments.

Those starting microstructure of series A and B were
intercritically austenitized (partially austenitized) in two-phase
regions (o + y) at various temperatures of 795, 815, and
830 °C for 20 min and then quenched into salt bath held at
austempering temperature of 365 °C for various times to obtain
various ausferrite volume fractions and their morphologies. The
details of casting, heat treatment procedure, x-ray analysis,
specimen preparations, and testing methods are given else-
where (Ref 15, 16).

The specimens were coded according to the starting
microstructure and intercritical austenitizing temperature
(ICAT). For example, in specimen code A815, A stands for
the starting microstructure and 815 for the ICAT. On the other
hand, the conventionally heat-treated sample is coded as C900.
The results of phase proportions are listed in Table 2.

Fig. 1 Starting microstructure of as-cast ductile iron. Etchant: 2%
Nital

Fig. 2 Starting microstructure of quenched sample from 900 °C.
Etchant: 2% Nital

Table 1 Chemical composition of unalloyed ductile iron used (wt.%)

C Si Mn P S Mg

Cu Ni Cr Mo Al Fe

3.5 2.63 0.318 0.019 0.009 0.0471

0.0552 0.0423 0.031 0.0421 0.003 Rest
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Fig. 3 Summary of heat treatments

3. Results and Discussions

3.1 The Heat Treatments and Microstructures

The austempering at the 365 °C for 120 min from the
conventional heat treatment temperature of 900 °C produced a
typical ausferritic structure throughout the specimen C900
(Fig. 4).

The austempering from different ICAT of 815 or 795 °C
produced a DMS consisting of ausferrite and proeutectoid
ferrite at the specimens with different ausferrite volume
fractions (AFVF) restricted to eutectic cell boundaries and to
an isolated or continuous network of ausferritic structure along
the eutectic cell boundary formed depending on AFVF
(Fig. 5a-e). The eutectic cell boundaries are the potent sites
for the austenite nucleation. In series B, specimen with
martensitic starting microstructure, ausferrite structure is more
uniformly and finely distributed along the eutectic cell bound-
aries (Fig. 5d, e¢) when compared with series A specimens
(Fig. 5a, b) under the same austempering conditions. The
martensitic starting microstructure has a number of precipita-
tion sites such as the plate interfaces, plate colony boundaries
and prior austenite grain boundaries for the austenite to form,
and thus, a more finely dispersed austenite is obtained (Ref 11,
17).

The notable feature of the intercritical austenitizing heat
treatment compared with the conventional austenitizing heat
treated ones is that in the austenite + ferrite region, the
austenite volume fraction and its carbon content depend on
the ICAT. When the ICAT increases, the austenite volume
fraction and its carbon content increase, and proeutectoid ferrite
volume fraction (PFVF) decreases as defined by the lever rule
(Ref 15, 16).

Before the austempering from ICAT, this feature provides
the adjustment of the parent austenite volume fraction and its
carbon content, and proeutectoid ferrite volume fraction at the
ICAT. The parent austenite carbon content has an effect on
high-carbon austenite stabilization during the austempering.
Therefore, in the intercritically austenitized materials, the
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Time

potential exists to influence the austenite stabilization during
the austempering. At the constant 120 min austempered time,
the variation of carbon content in the austenite with the
austenitizing temperature obtained by X-RD analyses is given
in Fig. 6. The austenite carbon content increased with the
increasing austenitizing temperature. This result is in good
agreement with the existing literature (Ref 18, 19).

Some examples of the result of quantitative metallographic
analysis of series A, B, and C are shown in Fig. 7a-c in the
form of quantitative microstructure maps. The austempering
times and phase proportions in all specimens are given in
Table 2. In all the series, increasing the austempering time
caused the displacement of martensite with the bainitic ferrite
and high-carbon austenite.

The details of the results and discussions of the heat
treatments and microstructures and quantitative metallographic
analysis are given elsewhere (Ref 15, 16).

3.2 The Tensile Properties

Since the maximum properties in the austempered samples
were achieved at times corresponding to the processing window
(Fig. 7a-c and Table 2), the discussion was focused on the
structure-tensile property relationships in the samples austem-
pered for 120 min.

The stress-strain curves of samples austempered for 120 min
are shown in Fig. 8. The variation in the 0-2% proof and the
tensile strength and uniform and total elongation with AFVF
are given in Fig. 9 and 10. The conclusions of the tensile
properties are briefly outlined as follows:

— The ADI with the DMS exhibits much greater ductility
than the conventionally ADIL

— The proeutectoid ferrite and the ausferrite volume fractions
can be controlled to influence the strength and the ductility
of the ADI with the DMS.

— For a wide combination of intercritical austenitizing and
austempering times, the tensile strength and ductility can
be satisfactorily optimized.
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#A full test program would have required 30, 60, 120, and 180 min austempering for A 830 and B 830 specimens. In practice, material constraints limited the 30, 60, 180 min austempering for A 830

specimen and 30, 60, 120, and 180 min austempering for B830 specimen were missing from the dataset

Fig. 4 Microstructure of conventionally heat-treated specimen
C900 showing a typical ausferritic structure after austempering for
120 min. Etchant: 2% Nital

— The new ferrite is an identifiable, controllable parameter
and influences the tensile behavior in an unalloyed ductile
cast iron.

— The new ferrite formation depends on the prior (parent)

austenite dispersion at ICAT and the austempering time.

Only the coarse parent austenite dispersion produces the

new ferrite during the austempering.

The new ferrite volume fraction increases with the increas-

ing ICAT and the austempering time.

— The finer parent austenite dispersion produces more high-
carbon austenite than the coarse one for the same austem-
pering time.

— The specimen with ~47.2% ausferrite volume fraction
(coarse structure) exhibited the best combination of
high strength and ductility. The strength and ductility
of this material is much higher than the ferritic grades
and its strength is at the same level as the pearlitic
grades, but the ductility is almost four times as high as
the pearlitic grades.

— Compared to the pearlitic grades, both of the specimens
with ~75% ausferrite volume fraction (coarse structure)
and the specimen with ~82% ausferrite volume fraction
(fine structure) exhibited the best combination of high
strength and ductility, but their ductility is slightly low-
er than the ferritic grades. These materials also satisfy
the requirements for the strength of the quenched and
the tempered grades and their ductility is superior to
this grade.

3.3 The Strain-Hardening Behavior

The correlation between the strain-hardening rates of the
ADI with various dual matrix microstructures and convention-
ally heat-treated ADI as a function of strain was conducted by
inspection of the respective tensile curves. For this purpose, the
Crussard-Jaoul (C-J) analysis was employed. C-J plots are
presented in Fig. 1la-c.

Figure 11 shows that while as cast specimen and series A
specimens with DMSs exhibited three stages of hardening
(Fig. 11a) and series B specimens with DMSs (Fig. 11b) and
conventionally austempered specimen (Fig. 11c) exhibited two
stages of hardening with the stages covering (1) ~0.03-0.06; (2)
~0.06-0.15; and (3) ~0.15-0.24% total strain. With respect to
these hardening stages, intercept and slope values were
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Fig. 5 The microstructures of specimen (a) A795 (17AFVF), (b) A815 (47.2AFVF), (c) A830 (75 AFVF), (d) B795 (50.5 AFVF) and (e) B
815(65 AFVF) austempered for 120 min. Etchant: 2% Nital. oy, + yp.: Ausferrite (bainitic ferrite + high carbon austenite), o,: Proeutectoid ferrite
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Fig. 6 At the constant 120 min austempering time, X-RD analyses
of specimens showing the variation of austenite carbon content with
austenitizing temperature

determined by linear regression analysis. The results of this
analysis are given in Table 3.

As can be seen from Fig. 11a, the strain-hardening rate in
series A specimens decreased in three stages. The most rapid
decrease in strain-hardening rate occurred in Stage 1, and Stage
1 continued to higher strains.

The most notable feature of Fig. 11a, b is that Stage 2
started at a lower strain-hardening rate and at a higher strain,
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and decreased more slowly with increasing strain for each dual
matrix microstructural condition, and this decrement was
higher in series A specimens (Fig. 11a and Table 3) compared
to series B specimens (Fig. 11b and Table 3).

The strain-hardening rate of series A specimens in Stage 3
decreased very slowly with strain and converged to low values.

The strain-hardening phenomenon in DMS of ferrous alloys
generally has been found to be a function of the microstructure
and the volume fraction of the second phase (Ref 1, 2, 20, 21).
It was generally agreed that the mean free path of dislocation
motion controls strain-hardening behavior.

In the first stage, the rate at which the strain-hardening rate
decreased with respect to strain was mainly dependent on the
microstructural variations in ADI with DMSs (i.e., the effect of
proeutectoid, new and bainitic ferrites and high-carbon austen-
ite contents and their morphologies and degree of ausferrite
connectivity on the homogeneity of deformation behavior) and,
therefore, the stress-strain curves were different at low strains.

When the strain-hardening rate of series A and B specimens
austempered from the same ICAT were compared with each
other (i.e., A795 and B795), series B specimens had higher
strain-hardening rate in Stage 1 than series A specimens. These
results may be attributable to the absence of high deformable
new ferrite and less proeutectoid and bainitic ferrite and high-
ausferrite volume contents and fine structure in series B
specimens. In ADI with DMS having fine ausferrite morphol-
ogy, strain-hardening rate was found to be dependent on
starting microstructure. Fine starting microstructure results in
fine ausferrite structure and fine parent austenite dispersion

Journal of Materials Engineering and Performance
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Fig. 9 The relationship between ausferrite volume fraction and
0.2% proof and tensile strengths of series A specimens after austem-
pering for 120 min
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Fig. 10 The relationship between ausferrite volume fraction and
uniform and total elongations of various series A specimens after
austempering for 120 min

produces higher-carbon austenite than coarse ones following
austempering for a given time from ICAT range (Ref 15, 16).

The increment in the volume fraction of new ferrite could
cause more inhomogeneous deformation due to its higher
deformability than proeutectoid ferrite (Ref 22-28). The effect
of new ferrite, in series A with dual matrix microstructures, on
reducing the strain-hardening rate might result from its effect in
increasing ductility. New ferrite has been reported to be free of
precipitations (Ref 23). Recently, it has been shown that new
ferrite in ADI with DMS is an identifiable, controllable
parameter and influences tensile behavior and new ferrite
formation depends on prior (parent) austenite dispersion at
ICAT and austempering time. Only coarse parent austenite
dispersion produces new ferrite during austempering and new
ferrite volume fraction increases with increasing ICAT and
austempering time (Ref 15, 16).

As defined by lever rule, parent austenite volume fraction
and its carbon content decreases with decreasing ICAT. As a
consequence, AFVF and connectivity between ausferrite par-
ticles in ferrite matrix decreases with decreasing ICAT after
austempering for a given austempering time from ICAT range.
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of (a) series A, (b) series B and (c) conventionally austempered
specimen

In the specimens austempered from lowest ICAT of 795 °C, the
volume fraction of ferrite (proeutectoid + new and bainitic
ferrite) in series A specimens and proeutectoid and bainitic
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ferrite in series B specimens was considerably larger than high-
carbon austenite volume fraction. Therefore, ductile ferrite may
play a dominant role to control the strain-hardening behavior as
a matrix structure.

As mentioned before, in this study, austempering from
different ICAT produced ausferritic structure with different
AFVF restricted to eutectic cell boundaries and an isolated or
continuous network of ausferritic structure along the intercel-
lular boundary depending on AFVFs. In specimens with the
higher degree of ausferrite connectivity, ferrite around graphite
nodules were completely surrounded by ausferritic structure as
shown in Fig. 5b-e. In those microstructures, high-strength
ausferritic structure may restrict deformation of low-strength
ferrite under tensile loading and ductility decreases with
increasing continuity of ausferritic structure along eutectic cell
boundaries (Ref 15, 16). In this case, uniform plastic flow is
expected to occur in a smaller fraction of the total volume of the
ferrite matrix, causing more inhomogeneous deformation.
Likewise, in the present work, the strain-hardening rate in
Stage 1 decreased with a decreasing degree of ausferrite
connectivity and increasing proeutectoid, new and bainitic
ferrite contents.

The strain-hardening is believed to be as a consequence of
dislocation multiplication and interaction. It has been shown
that the ferrite laths in ADI contain dislocations (Ref 29). In
addition to dislocations, interactions solute atoms should also
contribute to the strain-hardening effect. For this reason, both
the interactions between dislocations and carbon atoms in
ferrite may have contributed to the strain-hardening effect in
ADI with DMS.

Austempering from higher ICAT resulted in high volume
fraction of ausferrite for a given austempering time and more
bainitic ferrite grain boundaries existed in ausferritic structure
behaving as a dislocation source, so the total dislocation
densities were higher. In such structure, the interactions
between dislocations and carbon atoms are expected to be
high compared to those specimens austempered from low ICAT
and this has contributed to the relatively higher values of strain-
hardening exponent in ADI with DMS.

On the other hand, in the present study, coarser bainitic
ferrite and austenite particles were formed in series A
specimens (Fig. 5b) compared to series B specimens (Fig. 5e)
leading to decrease in the interface areas and an increase in the
mean free path of dislocation in the large bainitic ferrite particle
size in series A specimens. During deformation, the interfaces
between particles serve as an obstacle for dislocation motion
and dislocation sources. With the decrease in the interface areas
in series A specimens, reduced numbers in dislocation sources
and obstacles to dislocation motion compared to series B
specimen with fine ausferrite structure have led to weaker
interactions between carbon atoms and dislocations. As a result,
strain-hardening rate decreased.

In the series A and B specimens, the strain-hardening
mechanism is the same. The differences between both series
here is that series B specimen generated higher carbon austenite
under the same austempering conditions (Ref 16); therefore, the
volume fraction of proeutectoid ferrite was lower in series B
specimens. The reduction in proeutectoid ferrite content,
absence of new ferrite and finer ausferritic structure resulted
in higher strain-hardening rates and two stages of strain
hardening for series B specimens.

However, results indicate that among the three dominant
microstructural features of ferrite (particle size, volume
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Table 3 The slope, intercept and strain values according to deformation stages of the specimens in the Swift equation

estimated by the modified C-J analysis

y=mx +n

Stage 1 Stage 11 Stage 111
Specimen New Proeutectoid
code ferrite, %  ferrite, %  Slope (;n) Intercept (n) &, % Slope (m) Intercept (n) &, % Slope (m) Intercept (n) &, %
As cast 89.8 —0.850 2.766 0.066  —0.808 2.816 0.160 —0.830 2.798 0.244
A795 7.7 75.3 —-0.902 2.747 0.065 —0.802 2.865 0.157 -0.826 2.846 0.242
A815 14.6 38.2 —0.866 2.863 0.064 —0.792 2.951 0.134  -0.829 2918 0.204
A830 18.2 21.8 —0.855 3.015 0.047 -0.835 3.041 0.078  —0.865 3.008 0.140
B795 49.5 —-0.861 2.899 0.049 -0.843 2.923 0.128
B815 35 —0.886 2.995 0.048 —0.822 3.080 0.120
C900 —0.903 3.133 0.033 -0.824 3.250 0.114

fraction, and dislocation density), probably the volume fraction
of ferrite is the most predominant factor to control strain-
hardening behavior of ADI.

Further increase in ICAT in series A, specimen caused
substantial reduction in the ferrite volume fraction (Table 2).
Therefore, the dominant effect of ferrite volume fraction on the
strain-hardening rate greatly decreased.

In the case of specimen A830 and B815 austempered from
ICAT of 830 and 815 °C, respectively, the volume fraction of
ausferrite in both specimens became large enough to replace
proeutectoid ferrite matrix to play the dominant role in
controlling strain-hardening behavior of ADI with DMS.
Austenite has a higher strain-hardening capacity than ferrite
(Ref 1). Therefore, the higher strain-hardening capacity of
austenite compensated partly the decrease of strain-hardening
effect of ferrite (Fig. 11). When the ausferrite becomes matrix,
it is reasonable to expect that the contribution to strain-
hardening from the interactions between dislocations and
carbon atoms will be minimum. With increasing volume
fraction of ausferrite, the transition between the respective
deformation stages shifted to earlier strains.

The specimen C 900 exhibited two stages of strain-
hardening Fig. 11c. Austempering for 120 min from conven-
tional austenitizing temperature of 900 °C corresponding to
single-phase region of austenite produced almost ausferritic
structure throughout the specimen (Fig. 4). In this case, larger
volume fraction of high-carbon austenite will result in higher
strain-hardening effect for ADI. Since the carbon content of
parent austenite present at conventional austenitizing temper-
ature is higher than that of austenite present at ICAT range as
defined by the lever rule, austenite becomes coarser in nature,
the interactions between carbon atoms and dislocations will
also have contributions to the strain-hardening rate of ADL

In conventionally austempered samples, in addition to the
contribution of high volume fraction of austenite and its high
carbon content to the strain-hardening rate, strain-induced
martensite transformation during deformation may be contrib-
uted to the strain-hardening rate. Before straining, convention-
ally austempered specimen already contains 5.5% martensite
(Table 2). In addition to this martensite, total martensite content
may further increase by strain-induced martensite during
deformation since high-carbon content austenite may still
transform into martensite depending on efficiency of applied
strain (Ref 30) and causes the hardening of the material (Ref
31-33); thus, strain-hardening rate increases.

The ADI with DMS austempered from ICAT range did not
contain martensite after austempering for 120 min (Fig. 7 or
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Table 2). The advantage of further strain-hardening effect of
higher austenite content was not realized because of their low-
ausferrite content; thus, limited the formation of strain-induced
martensite. In this case, strain-hardening mechanism in austen-
ite by martensite transformation did not function completely.
As can be seen from Table 2 that the maximum ductility
produced by DMS heat treatment process was considerably
higher than the conventionally heat-treated ADI. Therefore, the
strain-induced martensite would be very limited in ADI
samples processed by the current DMS heat treatment process.

It can be concluded that to control strain-hardening behavior
of material, this novel heat treatment process for ADI to
produce DMS has more microstructural variables than conven-
tional austempering process. The strain-hardening behavior of
ADI with DMS can be controlled by varying content of
microstructural constituents such as ferrite (proeutectoid ferrite,
new ferrite, bainitic ferrite, and high-carbon austenite) and their
morphologies. Conventionally heat-treated ADI has no such
advantages.

Other investigators (Ref 24, 34, 35) have used the C-J
analysis to characterize the stress-strain curves of a number of
dual-phase steels. Cribb and Rigsbee (Ref 34) proposed the
existence of three stages of work-hardening behavior. They
determined the limits of stages to be 0.1-0.5, 0.5-4 and 4-18%
strain. With increasing volume fraction of martensite, the
transition between the respective deformation stages shifted to
earlier strains. Matlock et al. (Ref 35) correlated the transition
from a steep, continuous to shallow, discontinuous C-J slope
with a decrease in cooling rate, annealing temperature and
volume fraction of martensite, or an increase in aging time and
grain size. They attributed the presence of distinct inflexion
points to an increase in the degree of inhomogenity in the
deformation of the sample associated with inhomogenity of
dislocation structure produced by varying processing parame-
ters. Lawson et al. (Ref 24) observed similar families of curves
as the cooling rate decreased.

4. Conclusions

A novel heat-treatment process for ADI to produce DMS
was carried out. This heat-treatment process produced remark-
able variations in the proeutectoid, new and bainitic ferrites and
high-carbon austenite contents and strain-hardening behavior at
two levels of microstructural refinement. The most important of
these are briefly outlined as follows:
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1. The strain-hardening rate in series A specimen having
new ferrite and coarse structure decreased with strain in
three stages. On the other hand, the strain-hardening rate
in series B specimen with no new ferrite and fine struc-
ture decreased with strain in two stages. In both series A
and series B structure the strain-hardening rate decreased
most rapidly in the first of these stages, slowly in Stage
2, and more slowly again in Stage 3.

2. Strain-hardening behavior of ADI with DMS is influ-
enced by the variations in the volume fractions of phases,
and their morphologies, the degree of ausferrite connec-
tivity and interaction intensities between carbon atoms
and dislocations in the matrix.

3. Strain-hardening rate increases with increasing ausferrite
volume fraction or decreasing proeutectoid and new fer-
rite volume fractions.

4 .As the proeutectoid ferrite content was increased, Stage 2
started at a lower strain-hardening rate and at a higher
strain, and decreased more slowly with increasing strain
for each dual matrix microstructural condition.

5. In ADI having DMS, the strain-hardening rate decreased
with a decrease in degree of ausferrite connectivity in the
proeutectoid ferrite matrix.

6. The interactions between dislocations and carbon atoms
are influenced by the interface areas. With increase in the
interface areas in the case of series B specimens with fine
ausferritic structure, the interactions between dislocations
and carbon atoms became stronger; consequently, the
strain-hardening rate increased compared to series A
specimens with coarse structures.

7. The effect of new ferrite, in series A with dual matrix mi-
crostructures, on reducing the strain-hardening rate was
responsible for its effect in increasing ductility.

8. To control strain-hardening behavior of material, novel
heat treatment process for ADI to produce DMS has
more microstructural variables than conventional austem-
pering process. The strain-hardening behavior of ADI
with DMS can be controlled by varying content of
microstructural constituents (proeutectoid + new and fer-
rite and high-carbon austenite) and their morphologies
and degree of ausferrite connectivity in the proeutectoid
ferrite matrix.
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