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The effect of different contents of alloying additions and austenitizing temperature on the transformation
kinetics of austenite in a ductile iron austempered at 300 and 400 8C has been investigated in the present
study. X-ray diffraction, optical microscopy, and hardness measurements were used to determine the
transformation kinetics of low Ni iron, low Mo iron and low Ni, Mo iron during austempering at 300 and
400 8C for 1 to 480 min after austenitizing at 850 and 930 8C for 120 min. Nickel and molybdenum in
used contents are shown to delay the bainitic transformation without the undesirable features. Decreasing
the autenitizing temperature is shown to increase the driving force for stage I of reaction but to have only
a small effect on stage II kinetics. This shifts the position of the processing window to short periods of
time and leads to opening of the processing window, which is closed for higher autenitizing temperatures.
A more uniform austempered microstructure can be obtained with a decrease of autenitizing temperature.
Decreasing the autenitizing temperature has the disadvantage of reducing the austemperability.

machining and heat-treatment facilities become available inKeywords ADI microalloying, ductile iron
more foundries.

1. Introduction
2. Reaction of Austempering

Heat treating the ductile cast iron produces austempered
Heat treatment of austempering basically consists of autenit-ductile irons (ADI), which have outstanding mechanical proper-

izing ductile iron in the temperature range 850 to 950 8C,ties that can be varied over a wide range by varying the heat
quenching to the austempering temperature in the range 250treatment parameters. They show an excellent combination of
to 400 8C for a controlled time, and then cooling to roomstrength, fracture toughness, and wear resistance for a wide
temperature (Fig. 1).variety of applications in automotive, rail, and heavy engi-

During autenitizing, the as-cast matrix structure transformsneering industries.[1–5]

either into austenite or a mixture of proeutectoid ferrite andThe processing of ADI may give rise to significant economic
austenite. The autenitizing step in the treatment of ductile ironadvantages in the production of manufactured components. Aus-
differs from that in a steel because the austenite carbon contenttempered ductile iron is used to replace case-hardened steel forg-
in an iron (0.6 to 1.1%) depends on the iron composition anding for the manufacture of rear axles and has been reported to
autenitizing temperature.produce a 50% energy saving; i.e., more energy is required to

During the austempering process, ADI undergoes a two-produce a steel forging (even without heat treatment) than is
stage transformation process.[4,5] In the first stage, the austeniterequired for the casting and austempering of a ductile iron compo-
(g) decomposes into bainitic ferrite (a) and carbon-enrichednent. Machining costs are also generally lower because of the
austenite (ghc), a product known as ausferrite. This reaction canunique microstructure due to less tool wear and increased machine
be expressed asshop capacity. Overall, a cost reduction of 30% is expected from

the replacement of forged steel crankshafts by ADI.
g → a 1 ghc (Eq 1)With these economic advantages, it is not surprising that

ADI is being used, worldwide, for an increasing range of high-
performance applications. If the casting is held at the austempering temperature for

At present, this relatively new material is only a small frac- too long, then the carbon enriched austenite (ghc) further decom-
tion of the ductile iron market but is expected to grow, as poses into ferrite (a) and carbide.

ghc → a 1 carbide (Eq 2)
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Lower austenitizing temperatures may be specified for cast-
ings which are to be machined after austempering. Lowering the
autenitizing temperature lowers the volume of untransformed
austenite. Under the higher pressures involved in machining,
the untransformed austenite would transform to martensite, thus
reducing machinability. On the other hand, a decrease in autenit-
izing temperature frequently results in incomplete austenitiza-
tion and associated microstructural and low property problems.

The main objective of the present work is to study the
effect of alloying additions (Ni and Mo) when they are added
particularly or in combination and the effect of austempering
parameters on austemperability, transformation kinetics, and
the processing window.

3. Experimental

3.1 Casting ProcedureFig. 1 Schematic diagram of the austempering process for cast iron

Three alloys of ductile iron used in the present work were
produced in a medium frequency induction furnace of 100 kg

The second reaction produces carbides, which makes the mate- capacity. The charge consisted of 50% pig iron ingot and 50%
rial very brittle. This reaction is, therefore, undesirable and low manganese steel scrap. The melt was treated with 1.8% of
must be avoided. The time period between the end of stage I magnesium ferrosilicon alloy using the sandwich technique.
and the onset of stage II is called the processing window. The melt was then inoculated with 0.67% foundry grade Fe-

An important parameter in the austempering process is the Si containing nominally 75% Si and cast at 1400 8C into a
chemical composition. The maximum section size that can be standard Y-block mold, which ensured a sound casting.
austempered without the formation of eutectoid and proeutec- Image analysis techniques were used to measure the volume
toid products depends primarily on the alloying additions. fraction of ferrite, pearlite, carbides, graphite, and the nodule

Although sufficient alloying additions can be made to pro- count in the as-cast structures.
vide adequate austemperability, their presence can influence The segregation profiles for alloying elements (silicon, man-
the austempering kinetics adversely, leading to reduction in ganese, nickel, and molybdenum) between the intercellular
mechanical properties. The main problem is associated with region and the nodule, were measured, using scanning electron
the strong segregation of alloying elements in the intercellular microscope (SEM) with energy dispersive x-ray spectroscopy
regions during solidification. These segregations are not (EDAX).
removed during the period of autenitizing and produce heteroge-
neity of the structural matrix. Previous studies have shown that
alloying elements postpone at the beginning of the stage I 3.2 Austemperability
reaction.[4–6] This can lead to closure of the processing window

The effects of alloying additions and autenitizing tempera-and a reduction in mechanical properties. In practice, limiting
tures on austemperability (critical bar diameter that can bethe alloying additions has minimized the problem.
austempered without pearlite formation) were investigated inIn ductile iron, tight control of the autenitizing temperature
a present work. Austemperability has been examined by Voightis imperative if consistent properties are to be maintained. The
and Loper,[6] who suggest the following regression function forvariations in autenitizing temperature shift the processing win-
calculating the critical bar diameter:dow over which optimum properties can be attained. In general,

increasing the autenitizing temperature delays the austempering
transformation and shrinks the size of the processing window. Dc 5 124C8g 1 27(%Si) 1 22(%Mn) 1 16(%Ni)

The autenitizing temperature has a significant effect on the
1 25(%Mo) 1 1.68 3 1024T 2

a 1 12(%Cu)(%Ni)austemperability and transformation behavior at higher temper-
atures: the matrix carbon content increases and the austenite

1 62(%Cu)(%Mn) 1 88(%Ni)(%Mo)
grain size is enlarged. This increase increases austemperability
and reduces the rate of reaction, thus permitting larger castings 1 11(%Mn)(%Cu) 1 127(%Mn)(%Mo)
to be treated or less efficient quenching baths to be used.[7]

2 20(%Mn)(%Ni) 2 137 (Eq 3)The autenitizing temperature should be selected to ensure
sufficient carbon transfer from the graphite nodules to the aus-
tenite matrix. The carbon solution process is both time and where C8g is the C content in the matrix austenite at the autenitiz-

ing temperature and Ta is the austempering temperature. Thetemperature dependent; thus, high autenitizing temperatures
shorten the time necessary to attain a uniform carbon content austenite C content depends on the autenitizing temperature Tg

and iron composition. This dependence is frequently describedin the matrix structure. However, scaling and casting distortion
may result if autenitizing is carried out at higher temperatures.[8] by the approximate expression
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Table 1 Chemical composition of treated ductileC8g 5 Tg /420 2 0.17(%Si) 2 0.95 (Eq 4)
irons, wt.%

3.3 Heat Treatment
Alloy %C %Si %Mn %P %S %Cu %Cr %Ni %Mo

Test specimens were initially austenitized for 2 h at 850 and
I 3.19 2.59 0.07 0.023 0.002 0.02 0.13 0.80 0.01930 8C in a muffle furnace and then imminently austempered
II 3.21 2.59 0.08 0.023 0.003 0.02 0.13 0.07 0.25in a molten salt bath at 300 and 400 8C for, 1, 10, 30, 60, 120,
III 3.20 2.67 0.07 0.022 0.003 0.02 0.12 0.80 0.25

240, 360, and 480 min and finally air-cooled to room
temperature.

Austempering using surface grinding removed any decarbu-
rized skin that may have formed during heat treatment. In

Table 2 Microstructural characteristics of as-cast
order to avoid the transformation of any metastable austenite

ductile irons
to martensite, the grinding speed was kept as low as practical.

Graphite Pearlite Ferrite Carbide Nodule count
3.4 Kinetic Study Alloy (vol.%) (vol.%) (vol.%) (vol.%) (mm22)

Specimens for the kinetic study of the treated ductile irons
I 13 38 48 0.01 130

were machined from the test section of the Y-block. The cutting II 14 33 52 0.1 140
operation was carried out slowly and under liberal cooling to III 12 37 50 0.08 128
minimize heating and machining stress. The specimens were
ground to 1200 grade using water-lubricated silica carbide paper
and etched in 90% hydrogen peroxide plus 10% concentrated
sulfuric acid for 10 to 15 min. This technique removed the 4. Results and Discussion
work-affected surface and at the same time minimized the
occurrence of the textured structure.

4.1 Characteristics of As-Cast IronsIn order to determine the volume fraction of retained austen-
ite, x-ray diffraction analysis was carried out with Cu Ka radia- The chemical compositions and microstructural characteris-
tion at 40 kV and 20 mA. The diffractometer was equipped tics of the three irons are given in Tables 1 and 2, respectively.
with a strip chart recorder in the angular 2u range of 20 to The as-cast structure was of the typical bull’s-eye type with
1208. The profiles were computer analyzed to obtain the peak ferrite surrounding the graphite nodules in pearlitic matrix with
positions as well as the integrated intensities. The volume frac- some carbides in the intercellular boundaries. The results in
tion of retained austenite Xg was determined by the direct Table 2 are the averages from various locations in the discs of
comparison method using integrated intensities of the (110) different thickness.
and (211) peaks of ferrite and the (111), (220), and (311) peaks The line scans were made to show the solute distribution
of austenite. The carbon content of the austenite was determined between graphite nodules (Fig. 2). Line scans show that Si and
using the relationship[9] Ni segregate negatively during solidification; that is, more Si

and Ni are found in areas close to graphite nodules in the center
ag 5 0.3548 1 0.0044 Cg (Eq 5) of the eutectic cell. On the other hand, Mo and Mn segregate

positively during the solidification and more Mn and Mo are
where ag is the lattice parameter of austenite in nanometers found in the last areas to solidify, the intercellular boundary area.
and Cg is its carbon content (wt.%). The (111), (220), and (311) The austemperability is presented in Fig. 3 as the critical
peaks of austenite were used to estimate the lattice parameter. bar diameter that can be austempered without pearlite formation.

For microstructural analysis, samples were taken from the Combined Ni and low Mo additions achieve a significant
impact test specimens at positions far from the fractured area. increase in austemperability. A 23 mm diameter bar Ni iron,
Specimens for light microscopy were prepared by the standard 21 mm diameter Mo iron, and 51 diameter Ni-Mo iron can be
metallographic technique. austempered at 400 8C after autenitizing 930 8C, without pearlite

The heat tinting the prepared samples after light etching in formation. These diameters are increased to 35, 33, and 61 mm,
2% nital improved phase identification. Heat tinting was respectively, on reducing the austempering temperature to 300
achieved by heating in an oven with no atmosphere protection 8C, resulting in a higher quenching rate. The autenitizing tem-
at 260 8C for 5.5 h and cooling to room temperature. With this perature can also be seen to have a strong effect on austem-
technique, the various phases appear in different vibrant colors. perability. This is related to the influence of the autenitizing
These colors are as follows: untransformed austenite, light blue; temperature on the origin carbon content. Decreasing the aute-
reacted high carbon austenite, light brown; ferrite, beige; eutec- nitizing temperature reduces austemperability.
tic carbide, white or cream; and martensite, dark blue.

During point counting, at last 2000 points were counted at 4.2 Austempering Kinetics
magnification of 500 times. The number of counts was increased
with the decreasing volume fraction of untransformed austenite Both effects of autenitizing temperature, on the driving force

of the stage I reaction and austemperability, must be takento maintain a low standard deviation.
Hardness measurements were made using a standard Vickers into account when selecting the autenitizing temperature for

alloyed irons.pyramid hardness tester with a load of 10 kg. Each measurement
represents the average of ten indentations. The volume fraction of retained austenite Xg, the average
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Fig. 3 Critical bar diameter above which pearlite forms during cool-
ing from an autenitizing temperature of 850 and 930 8C for Ni, Mo,
and Ni-Mo ductile irons

One of the most complex but most important aspects of
austempering is the role of individual alloying elements and
their interactive effects.[10]

4.3 Austempering Kinetics at 400 8C

Hardness measurements are used to determine the average
stage I kinetics. We measured the time needed for the hardness
to fall to 100 units above the minimum plateau level. The
obtained value represented the time necessary for 60–80% of
stage 1 reaction. These times are shown in Fig. 5 as a function
of austempering temperature. Figure 5 shows that Ni and Mo
delay the stage I reaction, which agrees with previous works.[11]

The effect of changing the autenitizing temperature from
850 and 930 8C can be measured in terms of the change in
austenite carbon content. This autenitizing temperature changeFig. 2 As-cast microstructure Ni-Mo ductile iron and line scans

between two graphite nodules in the present irons increases the carbon content. These changes
increase the time for completion of 60 to 80% of stage I reaction.
The austenite carbon content can be controlled by the correct
selection of the autenitizing temperature. Figure 5 shows thataustenite carbon content Cg, the volume fraction of untrans-

formed austenite Xug, and the hardness were measured at 300 increasing the level of alloying elements increases the time for
completion of 60 to 80% of stage I reaction. Previous studies[11]and 400 8C, after autenitizing at 850 and 930 8C for 120 min,

and are shown in Fig. 4(a) to (h). show that the early stages of the bainite transformations proceed
in a manner that does not depend on the alloying elementsThe change in measured parameters at short periods of aus-

tempering time (increase in Xg and Cg and decrease in Xug and present.
The completion of the stage I reaction is very importanthardness) reflects the progress of the stage I reaction. The

change at long periods of austempering time (slight increase because it defines the beginning of the processing window. It
can be followed by the fall in the untransformed austenitein hardness and decrease in Xg) are a consequence of the stage

II reaction. As can be seen, little variation parameters at interme- content. Figure 4(e) to (f) show that untransformed austenite
content decreases sharply initially to a plateau or residual valuediate periods of austempering time in treated alloyed irons are

evident. This has been attributed to solute segregation and its before finally falling to a low level. It has been shown that the
residual level is caused by the delay of the stage I reaction ininfluence on kinetics of bainite transformation. The parameter

changes at intermediate times reflect the completion of the stage the intercellular area and associated with the presence of Mo.
The presence of untransformed austenite in the intercellularI reaction in the eutectic cell, the beginning of the stage II

reaction, and the reduction in blocky austenite areas, which area can be seen in Fig. 6(a). Thus, austenite can be transformed
to martensite during cooling to room temperature (Fig. 6b).form particularly at high autenitizing and high austempering

temperatures. This may be a primary reason for the difficulties in obtaining
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(b)(a)

(d)(c)

(e) (f)

Fig. 4 Austempering kinetic measurements at 300 and 400 8C for Ni, Mo, and Ni-Mo irons austenitized (a), (c), (e), and (g) at 850 8C and (b),
(d ), (f ), and (h) at 930 8C for 120 min. Variation with austempering time of (a) and (b) volume fraction of retained austenite, (c) and (d) carbon
content of austenite, (e) and (f) volume fraction of untransformed austenite, and (g) and (h) hardness (continued on next page)

high ductility in Mo-alloyed irons austempered at high austem- The curves that show untransformed, austenite content as a
function of austempering time for the present irons can bepering temperatures (upper bainite range).[11,12] It is not the

case with the used irons, because they contain small quantities divided into two separate groups of curves, one describing the
stage I reaction in the eutectic cell and the second the stage Iof Mo 0.25%.
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(g) (h)

Fig. 4 Continued. Austempering kinetic measurements at 300 and 400 8C for Ni, Mo, and Ni-Mo irons austenitized (a), (c), (e), and (g) at 850
8C and (b), (d ), (f ), and (h) at 930 8C for 120 min. Variation with austempering time of (a) and (b) volume fraction of retained austenite, (c) and
(d) carbon content of austenite, (e) and (f) volume fraction of untransformed austenite, and (g) and (h) hardness

(a)
Fig. 5 Austempering time to fall to hardness of 100 units above the
plateau value as a function of austempering temperature

reaction in the intercellular area at longer periods of austem-
pering time. The completion of stage I reaction in the eutectic
cell can be estimated by extrapolating curves. The extrapolation
shows that stage I reaction in the eutectic cell is completed
(volume of untransformed austenite is 1%) after 17 to 55 mm.
The figure also shows that reducing the autenitizing temperature
to 850 8C reduces the time for the completion of the stage I
reaction in the eutectic cell.

The decrease in untransformed austenite content at longer
periods of austempering time for the same autenitizing and
austempering conditions is shown in Fig. 4(e) and (f). The time
for the completion of the stage I reaction in the intercellular
region shows a strong dependence of autenitizing temperature.

(b)Decreasing the autenitizing temperature at the different austem-
pering temperatures also reduces the level of untransformed Fig. 6 Microstructure after austempering with (a) blocky retained

austenite and (b) martensite within of blocky austeniteaustenite content in the intercellular region before completion
of the stage I reaction.

Although Mo segregates to intercellular areas, it exerts very
little influence on the driving force for stage I of bainitic trans- segregate to intercellular regions and consequently all the curves

in this figure (Fig. 4e and f) show a continuous decrease information in quantities present in this study. Nickel does not
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(a)(a)

(b)

Fig. 8 Variation of total austenite content with austempering time at(b)
300 and 400 8C austempering temperature, after autenitizing (a) 850

Fig. 7 Variation of volume fraction of normalized austenite Xg /Xmax 8C and (b) 930 8C for 120 min, for Ni, Mo, and Ni-Mo ductile irons
with austempering time for given austempering temperatures: austenit-
ized at (a) 850 8C and (b) 930 8C for Ni, Mo and Ni-Mo ductile irons

maximum values of volume fraction of retained austenite) as
a function of austempering time for given austempering condi-

untransformed austenite content, indicating that alloying with tions. It can be seen that the austempering temperature increases
Ni does not delay the completion of the stage I reaction. How- the rate of the stage II reaction, which contributes significantly
ever, the figure does not show that, for three irons, as the to the closure of the processing window at higher austem-
austempering temperature increases, the rate of reduction of pering temperatures.
untransformed austenite content in the later stages of stage I
decreases. This is associated with the formation of the blocky 4.4 Austempering Kinetics at 300 8Caustenite. However, the decrease in untransformed austenite
content is continuous, indicating that longer periods of austem- The measurements presented in Fig. 5 suggest that the stage

I reaction in the eutectic cell is delayed at 300 8C comparedpering time, which promote carbon diffusion, will reduce
untransformed austenite content and eliminate the martensite with higher austempering temperatures. The maximum CgXg

values at 300 8C are much less than those at 400 8C, confirmingfrom the austempered structure.
The stage II reaction can be followed using the decrease in the loss of carbon into carbides as the stage I reaction proceeds

(Fig. 8). This figure also shows that the rate of change of CgXgvolume fraction of retained austenite in Fig. 4(a) and (b). The
stage II reaction is a very sensitive function of the alloy content. in the early part of the stage I reaction is slower at 300 than

400 8C. It is not possible to determine the initial rate of stageIt can be seen in Fig. 7, which shows a normalized austenite
volume fraction (ratio volume fraction of retained austenite/ 1 reaction by conducting an analysis similar to that used for
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(a)
Fig. 9 Time to achieve austenite carbon content of (Cmax

g 1 C8g)/2 as
a function of driving force Cmax

g 2 C8g at austempering temperature
300 8C (irons austenitized at 850 and 930 8C)

400 8C, because the carbide formation invalidates the C mass
balance calculation. This can be overcome by using the carbon
content of austenite at the midpoint between C8g and Cmax

g to
measure the initial rate of transformation in the stage I reaction,
determined from Fig. 9.

The strong dependence on the driving force in the lower
bainite range is evident. The initial rate of transformation in
the stage I process is determined primarily by the driving force
and is relatively independent of the alloying additions. Figure
5(c) and (d) show that the residual untransformed austenite
content at 300 8C is less than that at 400 8C for the same

(b)autenitizing conditions. This is a consequence of higher driving
force at the lower austempering temperature. Decreasing the Fig. 10 Variation of processing window times t1 and t2 with austem-
autenitizing temperature at a constant austempering temperature pering temperature for irons austenitized at (a) 850 8C and (b) 930 8C
shows the same effect.

It was found that at each autenitizing temperature the stage
I reaction at 300 8C was delayed in the early stages of the

the stage I reaction and the amount of bainitic carbide in the
reaction but occurred more quickly as it proceeded. The stage

stage II reaction.
I reaction in the eutectic cell was found to take longer, particu-

The criterion used to define the beginning of the window
larly for the 930 8C autenitizing temperature. Decreasing the

(t1) is an untransformed austenite volume of 3%, which is
autenitizing temperature lowers the austempering time at which

determined from the relationship between untransformed aus-
the 1% level of untransformed austenite content is achieved in

tenite volume and austempering time measured using quantita-
the intercellular region. This level is achieved at 300 8C before

tive metallography. The criterion used to define the end of the
it is at 400 8C at all autenitizing temperatures.

processing window (t2) is 90% of the maximum volume of
The stage II reaction shows a significant dependence of

retained austenite, measured using x-ray diffraction.[14] The
alloying additions. It can be seen in Fig. 4(a) and (b), which

horizontal line is constructed at a value of 10% below the level,
show that the decrease in retained austenite content is slower

which shows the largest values of retained austenite, intersecting
in Ni-Mo iron than in Ni iron and Mo iron. The stage II reaction

the curve at times tmin and tmax. The value of t2 is then defined by
at 300 8C occurs at a slower rate than at 400 8C. As with the
stage II reaction at 400 8C, there is no clear dependence on

ln t2 5 (ln tmin 1 ln tmax)/2 (Eq 6)autenitizing temperature.

Figure 10(a) and (b) show the variation of t1 and t2 calculated4.5 Processing Window using the above procedure for treated irons as a function
of austempering temperature for different autenitizingThe concept of the processing window was introduced origi-

nally by Rundman[13] to define the austempering time at which temperatures.
Processing windows are relatively wide at 300 8C. Theyoptimum mechanical properties, particularly ductility, were

obtained. The beginning and end of the processing window are narrow and eventually close at 400 8C. Closure occurs at a 300
8C austempering temperature in complex (Ni-Mo) alloyed iron.defined in terms of the amount of untransformed austenite in
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Lowering the autenitizing temperature increases the driving window t1 is defined by measurements of volume fraction of
untransformed austenite and that corresponding to closing offorce for the stage I reaction, moving the processing window

to earlier austempering times, especially for the 400 8C austem- the window is defined based on carbide formation.
Nickel and molybdenum as alloying elements delay thepering temperature.

appearance of the processing window.
Decreasing the autenitizing temperature moves the pro-

5. Conclusions cessing window to an earlier austempering time, which can
open a processing window that is closed at the higher autenitiz-

Irons containing 0.8% Ni, 0.25% Mo, or 0.8% Ni and 0.25% ing temperature.
Mo are shown to have austemperabilities such that a 35, 33,
and 61 mm diameter bar, respectively, can be austempered at References
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