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A novel process on production
of thin wall austempered ductile
iron heat-treated in the mold

In this study, the production of thin wall austempered ductile iron, heat treated in the mold
and in the presence of Ni and Mo was investigated. The base iron was melted in an induction
furnace and treated at 1450 °C by plunging and sandwich methods. Ductile irons were cast in
two molds: one was a strip metallic mold with the thickness of 3 mm and another cylindrical
mold with diameter of 2.5 cm. After casting, the specimens were austempered at 350 °C for
1 h. Then the microstructures of the specimens were examined by optical microscopy. Results
indicated that the ausferrite microstructure can be achieved by the control of the cooling rate
within temperature range between 280-400 °C. Austempering time about 1 h resulted in no
trace of martensite and the structure was only composed of bainitic-ferrite and high carbon
retained austenite.

Ali Reza Kiani-Rashid, Abolfazl Babakhani, Sayed-Mohammad-Reza Ziaei, Mashhad, Iran

1 Introduction

Thin walled austempered ductile iron has been widely used
to improve the strength to weight ratio of machine parts.
Nevertheless, thin walled sections promote microstructur-
al changes such asimportant increase in nodules count and
the high cooling rate suffered by thin wall parts, promoting
carbide precipitation [1].

As the section size of the casting decrease so does the dif-
ficulty of producing satisfactory microstructures. For exam-
ple, decreasing the section size increases the cooling rate
which will result in carbide precipitation or white iron mi-
crostructure [2]. Defects like degeneration of graphite and
formation of eutectic carbides can also occur. Apart from che-
mical composition and casting parameters, austempering pa-
rameters including austempering time and temperature play
an important role in the resulting microstructure [2].

The interesting properties of ADI are related to its unique
microstructure that consists of ferrite and high carbon au-
stenite (y,). Nodular cast iron is subjected to an isothermal
heat treatment process known as “austempering”. Conven-
tional austempering process (referred to as single step aus-
tempering) consists of austenitising the casting parts in the
temperature range of 871-982 °C (1600-1800 °F) for suffici-
ent time to get a full austenite (y) matrix, and then quen-
ching it to an intermediate temperature range of
260-400 °C (500-752 °F). The casting is maintained at this
temperature for 2-4 h. A schematic of the conventional sin-
gle-step austempering process is shown in Figure 1. During
austempering, a two-stage phase transformation reaction
takes place in ADL. In the first reaction, austenite decom-
poses into ferrite and high carbon or transformed austenite
(V) [3-7]
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Figure 1: Schematics of thin wall specimen of 3 mm thickness
after casting and heat treatment
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If the iron is held at the austempering temperature for too
long, a second reaction occurs, which causes further decom-
position of the high carbon austenite into ferrite and tran-
sition carbides such as e-carbide:

Yne = o+ e-carbide )]

It has been well established that the best combination of
mechanical properties (tensile strength and ductility) is ob-
tained in ADI after the completion of the first reaction but
before the onset of the second reaction. The time period bet-
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the second reaction is termed as “process window”. One im-
portant function of the alloying elements added to ADI is
to enlarge this process window [4]. When ADI is austem-
pered at lower temperatures, e. g., 260 °C, it has finer ferrite
and austenite. On the other hand, when ADI is austempered
at higher temperatures, e. g., 371 °C (700 °F), it has coarser
or feathery ferrite and austenite.

2 Relevance of present investigation

This is the dearth of information on the production of ADI
with heat treatment in mold. This has promoted us to em-
bark upon a series of experiments to determine the ability
of production of ADI, austempered in the mold. The other
principal aim of this investigation was to survey possibility
of replacing a carburized carbon steel machine part in shape
of pitchfork with 3 mm thickness for each heckles with aus-
tempered ductile iron microstructure. For several years, a
machine part have been produced via casting carbon steel
in shape of pitchfork and then carburized at higher temper-
atures for improving surface hardness and wear contact re-
sistance. At this temperatures, some heckles warped and
therefore the part unprofitable further. For get rid of this
problem (warped heckles of part), we decide to contrive a
special heat treatment to austemper ductile iron in mold
during solidification. In this way due to eliminating the aus-
tempering heat treatment after solidification to room tem-
perature, we'll be able to reach a sound and unwrapped part.
Because there are presently no published data in this issue
the present search is intended to fill this void. Also it is very
important to note that production of ADI to get ausferrite
in mold is a very risky process because of the need to con-
trol the rate of cooling. As clearly stated, an increase in the
cooling rate results in martensitic microstructure whereas a
decrease in the cooling rate results in ferritic-pearlitic struc-
tures. Therefore to compensate this, we employed some tips
in this investigation.

3 Experimental procedure

The base iron melted in a medium frequency coreless induc-
tion furnace and treated at 1450 °C by plunging and sand-
wich method using FeSiMg (5 %). For sandwich treatment
the magnesium alloy is placed in a pocket in the bottom of
the ladle and covered with CO, sand. Then the molten me-
tal stream is directed away from the pocket. And for plun-
ging treatment the alloy is plunged into the ladle using a
plunger bell and combined with a ladle cover. This treat-
ment was followed by inoculation with ferrosilicon before
pouring. Ductile iron was cast in metallic mold of thickness
3 mm (Figure 1) and another round cylindrical bar of 2.5 cm
diameter (Figure 2). After casting, the specimens rapidly
transferred to an electrical furnace at austempering tempe-
rature of 350 °C and held there for 1 h, then air cooled to
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Figure 2: Schematics of round cylindrical bar of 2.5 cm diameter
after casting and heat-treatment

melt at 1450 °C
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Figure 3: A schematic diagram of the conceived austempering
heat treatment

room temperature. A schematic diagram of austempering
heat treatment is shown in Figure 3. The holding time at
the austempering temperature was determined from the
curves for rates of transformation to bainite (which were
used to construct the respective IT diagram) and correspond
to the period when the reaction rate dropped to 0.01%/h.
For microstructural investigation, specimens were section-
ed from the longitudinal axis of the mold during casting
and prepared using standard metallographic technique and
etched with 2% nital for 15 seconds. Then the microstruc-
tures of the specimens were examined by optical microsco-
py. The chemical composition is indicated in Table 1.

C Si Ni Mn Mo

Chemical elements, content, wt %

cr P s Mg Fe

3.80 2.50 2.50 0.50 0.30

0.05 <0.08 <0.04 0.05 balance
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4 Results and discussion

4.1 Inoculation

Figures 4 and 5 show general distribution of the graphite
nodurality. The graphite nodules were not as uniform as
might have been. This is likely due to the comparatively
small size of the cast. The other possibility for the observed
structures could be high sulfur base iron contaminated with
deleterious trace elements. Two methods for spherodizing
have advantages and disadvantages. But comparing the re-
sults shows that plunging method is more effective. Also in
some regions the graphite structure is flake. This structure
can become even more pronounced, depending on the Mg
content in the iron versus contaminant level in the sand.
High contaminant and/or low Mg produce relatively more
flake. Also in general, graphite shape in ADI is not perfect-
ly spheroidal. Depending on cooling rate and chemical com-
position, significant deviations from the true spheroidal
shape can be obtained (various nodularities). In a melt of
sufficient purity, or when increasing cooling rate, the hig-
her degree of under cooling may allow graphite spheroids
can form [8-10].

Figure 4: Optical micrograph showing shape, size and dis-
tribution of graphite nodules produced by sandwich treat-

Figure 5: Optical micrograph showing shape, size and dis-
tribution of graphite nodules produced by plunging treat-
ment in austempered ductile cast iron before etching
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4.2 Microstructures and graphite growth during
solidification

Corresponding to Figures 6-8, specimens austempered at
350 °C for 1 h show a typical bainitic microstructure. Hig-
her austempering temperature yields a plate-like morpho-
logy of bainitic ferrite with the higher amount of retained
austenite [10]. It is obvious from Figure 7 that at austempe-
ring time about 1 h no presence of martensite could be de-
tected and the structure consists only of bainitic ferrite. This
may be explained by the fact that at short austempering ti-
me the carbon content is insufficient to retain austenite sta-
ble and, therefore, it transforms to martensite. It has been
well established that the kinetics of bainitic transformati-
onisafunction of austempering temperature. Therefore, if
oneassumes that 1 h s sufficient for completion of austem-
pering at higher austempering temperatures but in other
specimens, in particular, specimens austempered at lower
temperatures, this austempering period seems to be insuf-
ficient. As a consequence of short austempering process at
lower austempering temperature some regions may remain
untransformed. These regions transform to martensite fol-
lowing cooling to room temperature. At longer austempe-
ring times carbon enrichment was sufficient to stabilize au-
stenite even after air cooling. An acicular appearance of bai-
nitic-ferrite in the matrix of retained austenite (with an
average amount of 15 vol %) is also present in the micro-
structure after austempering at 350 °C (Figure 8).

4.3 Primary carbides

ADl is particularly prone to the formation of primary car-
bides. The limited surface area available for graphite precip-
itation during solidification increases the carbide forming
tendency. In addition the principle element added for nod-
ulizing treatment is Mg, known carbide stabilizer. Alsoif the
molten metal is held for an extended period after Mg treat-
ment, both degenerate graphite and primary carbides can
occur. As we experienced, the principle step in control the
occurrence of primary carbides in ADI calls for close atten-
tion to detail concerning Mg treatment, S content and con-
trol the cooling rate during solidification.

4.4 Effects of alloying elements

Nickel is alloying element whose favorable effect on the duc-
tility of austempered ductile iron can be associated with the
limited formation of bainitic carbides in a manner similar
to that of silicon. As can see in the Figure 8 the presence of
about 2.5% Ni in ADI has eliminates eutectic carbides. Ano-
ther effect of Ni is to delay the bainitic reaction. Mo is the
most effective element which results in the formation of
carbides which are stable at high temperature [9, 11]. In this
research Mo level is kept low (0.3 wt %) to avoid structural
heterogeneities. Thin walled ADI casting needs significant
amount of alloying elements to provide the adequate aus-
temperability in order to be able to fully austemper the whole
casting. Hence, it is important to use suitable and optimum
amounts of the alloying elements to obtain the required aus-
temperability and at the same time eliminate or minimize
the segregation of the elements.

Finally, due to austempering ductile iron during solidifi-
cation at 350 °C in the mold and in the presence of Ni and
Mo, we attained a sound and unwrapped part. And also we
could replace this microstructure with prior carburized car-
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Figure 6: Light microscopic image of the microstructure
after heat treatment in the mould. Specimens austem-

pered at 350 °C for 1 h show a typical bainitic microstruc-
ture - etching in 2 % natal.

Figure 7: Light microscopic image of the microstructure
after heat treatment in the mould. Specimens austempered
at 350 °C for 1 h show a typical bainitic microstructure
with an acicular appearance of bainitic ferrite.

Figure 8: Light microscopic image of the microstructure
after heat treatment in the mould. Specimens austempered

at 350 °C for 1 h show a typical b microstructure
with an acicular appearance of bainitic ferrite.
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bon steel microstructure successfully because combination
of mechanical properties such as tensile strength and duc-
tility was obtained with this process. This novel process mo-
reover unravel the problem, offers cost advantages over a wi-
de range of production rates, and this innovative replace-
ment dramatically reduced cost for post heat treatment.

5 Conclusions

1. This novel process moreover unravel the problem (warped
heckles of the machine part due to carburizing at high
temperatures), offers cost advantages over fabrications.
Specimens austempered at 350 °C for 1 h show a typical
ausferrite microstructure and no presence of martensite
could be detected.

. Nickel up to about 2 wt % and molybdenum up to about
0.3 wt% are the usual elements added deliberately to pro-
mote austemperability when heat treatment in mold s to
be used.

. The principle step in control the occurrence of primary
carbides in ADI, as we experience, calls for close attenti-
on to detail concerning Mg treatment, S content and con-
trol the cooling rate during solidification.
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