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The effect of segregation of alloying elements on the phase transformation of ductile iron during austem-
pering was investigated. Four heats, each containing 0.4%Mn, 1%Cu, 1.5%Ni, or 0.4%Mo (wt%) sepa-
rately, were melted; then three different sizes of casting bars (3, 15, and 75 mm diameter) were poured
from each heat. The distribution and the degree of segregation of certain elements were quantitatively
analyzed using an electron microprobe. A personal computer (PC)-controlled heat treating system was
used to measure electrical resistivity, and the information on resistivity variations was used to analyze the
effect of segregation on phase transformations during austempering. Also, Charpy impact and Rockwell
hardness tests were performed to determine the effect of segregation on properties.

Results of the electron microprobe analysis showed that the degree of segregation of alloy elements in-
creases with an increase in diameter of the casting bars (i.e., an increase of solidification time of castings).
The degree of segregation of alloy elements, represented by segregation ratio (SR) (the maximum concen-
tration of element in cell divided by the minimum concentration of element in cell), varied linearly with
the casting modulus (M) (volume of casting divided by surface area of casting). Regarding the segregating
tendency among alloy elements, positive segregating elements Mn and Mo showed more segregation than
the negative segregating elements Si, Cu, and Ni. In addition, segregation of Mo was more significant
than Mn, and that for Cu was greater than Ni and Si.

Between the time of finishing the first stage and beginning the second stage of bainite reaction in ductile
irons, there is a significant “processing window,” ∆ti, for austempering to obtain optimum mechanical
properties. From the electrical resistivity data, it was observed that the austempering temperature plays
a major role in the processing window. There was a narrow window at 400 °C but a larger one at 350 °C.
Additionally, the microsegregation of alloying elements led to variation of the time of phase transforma-
tion for various regions in the grain cells of ductile iron which caused the processing window to decrease.
The span of the processing window decreased with an increase in degree of segregation.

There was no significant difference in the hardness of the alloys in various diameter specimens. However,
the impact toughness was significantly affected by the segregation. The impact values in 15 mm speci-
mens with less degree of segregation were greater than those in 75 mm specimens with significant segre-
gation.

The Ni, Cu, and Mn alloys that were austempered to complete the first stage of bainite formation had ap-
proximately the same impact values for all diameter samples. The Mo alloy upon austempering produced
no bainite, but it had much untransformed retained austenite in the intercellular regions and, therefore,
had lower impact values.

1. Introduction

With proper austempering treatment, ductile cast iron, hav-
ing excellent mechanical properties, can have those properties
improved. The austempering heat treatment for ductile cast
iron is similar to that for steel. The cast iron must be held for a
sufficient period of time, first at the austenitizing temperature,
to allow the matrix of ductile iron to be austenitized completely,
followed by quenching to 300 to 400 °C. The cooling rate must
be sufficient to prevent austenite from transforming into proeu-

tectoid ferrite or pearlite. Finally, the ductile iron is held iso-
thermally at that temperature for a proper length of time. Dur-
ing the process of isothermal holding, the following two stages
of bainite reaction occur. In the first stage, the remaining
austenite retained after the high temperature quench decom-
poses into ferrite and carbon-rich austenite. In the second stage,
the high-carbon austenite eventually decomposes to ferrite and
carbide. After completion of the first stage, the microstructure
of the matrix in austempered ductile iron (ADI) contains acicu-
lar ferrite and carbon-rich austenite, giving ADI an outstanding
mechanical property of high strength and good ductility. If the
isothermal holding time is long enough to permit the reaction to
continue to the second stage, the carbon-rich austenite decom-
poses to ferrite and carbide. Since the carbon-rich austenite is
continuously being eliminated, carbide particles constantly
form film on interfaces which provide relatively convenient
crack paths, and ductility decreases. Therefore, the isothermal
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holding time should be limited to the completion of the first
stage, and the reaction of the second stage should be avoided
(Ref 1-6).

Many kinds of experimental techniques, such as quantita-
tive metallography (Ref 7, 8), magnetic change (Ref 9), dila-
tometry (Ref 9, 10), x-ray diffraction (XRD) (Ref 11, 12), and
electrical resistivity change (Ref 13), may be used to measure
the phase transformation during the austempering of ductile
irons. However, by measuring the electrical resistivity, the time
to start and to finish for both stages of reaction can be deter-
mined (Ref 13, 14). Figure 1 illustrates the variation of resis-
tance and volume fraction austenite with austempering time for
a ductile iron austempered at 400 °C (Ref 14). The resistance
curve has three plateaus. In the first plateau, the ductile iron
matrix is supercooled austenite before entering the reaction of
the first stage, so the resistance is constant. Once the bainite be-
gins to form in the first stage, the curve shows the first decrease.
When the first stage is completed, most of the matrix should be
acicular ferrite and carbon-rich austenite, which remains dur-
ing the second plateau. Once the reaction enters the second
stage, the curve again decreases and then exhibits the third pla-
teau upon completing the reaction of the second stage, during
which the structure of ADI becomes stabilized ferrite and car-
bide. The first reaction plateau is reached at approximately
700s, which is the time the reaction of the first stage is com-
pleted. After 10 000s, the curve once again exhibits a signifi-
cant drop, indicating the start of the second stage. 

The amount of retained austenite present after cooling to 25
°C depends on the carbon content of the austenite, which is
greater when the carbon content is higher. In austempering,
during the first stage bainite formation, the amount of bainite
increases, but since the carbon content of the remaining
austenite also increases, then the amount of retained austenite
after cooling to 25 °C increases. In the second stage of bainite
formation, the amount of bainite increases, and the level of re-
tained austenite after quenching decreases. Thus the time be-
tween the end of the first and the beginning of the second stage
produces the maximum amount of retained austenite. This
processing window ∆ti is used in ADI to produce the optimal
mechanical properties (Ref 15-17).

For the successful manufacture of ADI, proper selection and
strict control of the austenitizing temperature, quenching rate,

austempering temperature, and isothermal holding time are
required (Ref 18).

For ADI, particularly in heavy section castings, alloying
elements are frequently added to increase the hardenability to
avoid ferrite or pearlite forming from austenite during quench-
ing and to enhance the austemperability in the process of iso-
thermal treatment. However, it has been shown by a number of
studies that positively segregating elements, such as Cr, Mn,
Mo, and V, tend to segregate at the end of solidification to the
cell boundary region, while those negative segregating ele-
ments, such as Si, Cu, and Ni, are apt to segregate in the early
part of solidification or around the nodular graphite during the
solidification of heavy section ductile iron (Ref 19-22). Mi-
crosegregation of alloying elements during solidification can
cause defects, namely carbides and porosity, in the as-cast
microstructure and can result in different hardenability and
phase transformation rates among the matrix of austenite cells
during austempering, which increases the difficulty in control-
ling the austempering heat treatment and strongly affects the
mechanical properties of ADI (Ref 23-25).

The effect of microsegregation on the phase transformation
during austempering and on the mechanical properties of ADI
was investigated. First, castings containing Mn, Cu, Ni, and
Mo separately were made, and the distribution of each element
was measured quantitatively using the electron microprobe for
determination of the degree of segregation. Then a special vac-
uum heat treating system was used to measure the electrical re-
sistance during austempering, and these results were used to
investigate the effect of microsegregation of alloy elements
upon the austempering transformation. Finally, impact and
hardness tests were performed to compare the toughness and
hardness.

2. Experimental Procedure

Four different compositions of ductile iron heats containing,
individually, 0.4% Mn, 0.4%Mo, 1%Cu, and 1.5% Ni (wt%)
were made. For accurate control of the composition in each
heat, master ingots were prepared in a high frequency induction
melting furnace using a charge composed of pig iron, steel
scrap, ferrosilicon, and carbon. For the melting process of those
heats containing Mn, Ni, or Cu, a 20 kg piece of a master ingot
was melted in the furnace; then ferromanganese, electrolytic
nickel, or pure copper was added. The melt was heated up to
around 1530 °C; then the melt was treated using the sandwich
technique and poured at approximately 1430 °C into a mold. To
melt the Mo completely, the process of the heat containing Mo
was made differently. To a 20 kg master ingot, ferromolybde-
num particles approximately 1 mm in diameter were placed in
the melting furnace; then the melt was heated two times up to
1750 °C and held for 30 min. After the temperature was low-
ered to ~1530 °C, the melt was poured into a ladle and treated
by the sandwich technique. It was then cast at ~1430 °C into a
mold.

For each heat, 12 pieces each 3 mm diameter and 100 mm long,
6 pieces each 15 mm diameter and 150 mm long, and one piece 75
mm diameter and 150 mm long were cast. A graphite mold pre-
heated to 900 °C was used for casting the 3 mm diameter bars,
and a CO2 mold was used for the 15 and 75 mm diameter bars.

Fig. 1 Variation of electrical resistance and volume fraction
austenite with austempering holding time for ductile iron (Ref 14)
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Specimens taken at the center part of the casting bars, shown
in Fig. 2, were austenitized in air at 900 °C for 1 h and quenched
in water to allow the distribution of alloying elements in the
matrix to be similar to that occurring after austenitizing in
austempering heat treatment process. The specimens were first
studied using an optical microscope. The nodularity, nodule
counts, and nodule mean diameter of specimens were then ex-
amined with Quantiment 520 image analysis system (Cam-
bridge Instruments). The quantitative measurement of the
distribution of alloying elements was made using a JEOL Su-
perprobe 733 electron microprobe (EPMA) with operating
conditions of: 25 kV acceleration voltage; 2.5 × 10–3 A beam
current; 40° take-off angle; and 1 µm beam diameter. Finally,
the deviations from the results of EPMA were checked and
amended with the results of spectroscopic analysis in the chill
test piece.

To select the regions for quantitative measurement in each
specimen, more than three pairs of graphite nodules abutted to
one another with the diameter of each nodule close to the mean
diameter were chosen. The positions for measuring by EPMA
between two nodules were provided for those five points be-
tween two graphite nodules, encompassing the edge of the
module (Zone I), the major portion of the matrix (Zone II), and
the cell boundary (Zone III) as indicated in Fig. 3.

The apparatus used to determine the electrical resistivity is
shown schematically in Fig. 4. The sample, in the form of a rod
(typically 100 mm long and 3 mm diameter), is self heated by
current from a programmable direct current power supply. On
the sample are welded two small diameter wires about 8 mm
apart, and the voltage across the two wires is measured. Also
the voltage drop across a standard resistor in series with the
sample is measured to obtain the current through the sample.
The product of these measurements gives the resistance of the
sample. The sample temperature is monitored by two small di-
ameter K-type thermocouples welded to it. The voltage and
thermocouple signals are amplified, then processed and stored
by a PC. The PC was interfaced with the programmable power
supply, and this allowed the computer program to produce a
preset temperature-time process for the sample. Thus samples
were heated to the austenitizing temperature at a preset rate,
held for one hour at 900 °C, cooled with a spray of liquid nitro-
gen to a preset austempering temperature of 350 or 400 °C, then

held at this temperature for the desired time. The heat treatment
process is carried out in vacuum. The hardware and software of
this system were shown in greater detail in a recent report (Ref
14). 

The specimens for the resistance measurements were ~3
mm diameter and ~100 mm long. Therefore, bars that were 3
mm diameter and 100 mm long cast from four heats were used
directly without being further machined. Cast bars 15 mm di-
ameter were roughly machined to rods about 3.5 mm diameter
and 100 mm long, then they were centerless ground to speci-
mens 3 mm diameter. For the 75 mm diameter rods, 15 × 15 ×
150 mm bars were taken from the part as shown in No. 2, Fig. 2.
They were then turned into rough rods each ~3.5 mm diameter,
and finally they were cut and ground into specimens of 3 mm
diameter and 100 mm long.

Unnotched Charpy impact specimens 10 × 10 × 15 mm
were made from the 15 mm diameter cast bars and the 75 mm
cast bars as indicated in No. 2, Fig. 2. Three conditions (as-cast,
400 °C, and 350 °C austempering) for the specimens were se-
lected, and impact tests were performed in a Tinius Olsen
Charpy impact tester (Tinius Olsen Testing Machine Co., Wil-
low Grove, PA) at 25 °C. Austempering for impact specimens
was performed in salt baths. Heat treatment condition involved
austenitization at 900 °C for 1 h and austempering at 400 °C for
50 min and 350 °C for 5 h. These austempering holding times

Fig. 2 Schematic of 3 mm, 15 mm, and 75 mm size casting
bars. Sections in each bar for EPMA measurement. The parts of
No. 2 in 75 mm bar for electrical resistivity measurement and
impact test

Fig. 3 Schematic of the positions indicated by point for quanti-
tative EPMA measurement in Zones I, II, and III between two
nodules

Fig. 4 Block diagram illustrating the personal computer con-
trolled vacuum heat treating system
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were determined from the processing window based on each
electrical resistivity record. After impact testing, Rockwell
hardness readings were taken on each side of the impact speci-
mens, and the values were averaged. Specimens for metallo-
graphic examination were cut from impact specimens,
mounted, ground, polished, and etched with 3% nital. Speci-
mens were examined by an optical microscope.

3. Results and Discussion

3.1 Microsegregation of Alloying Elements

The chemical analyses of the heat in this experiment are pre-
sented in Table 1. Table 2 lists the average value of nodularity,
nodule counts, and nodular mean diameter obtained using the
Quantimet 520 image analysis system on quenched specimens.
Figure 5 shows the microstructures of unetched DI-22 speci-
mens. Comparison of Table 2 with Fig. 5 shows that the nodu-
larity of each specimen is over 85%; nodule counts and nodular
mean diameters of those specimens in the same diameter but
with different heat are very close to one another. However, a
significant difference is observed among specimens with dif-
ferent diameters, most likely due to the distinctly different nu-
cleation and growth rates during solidification among the
casting bars. The nodule count of 3 mm specimens is greater
than 400 N/mm2 with mean nodular diameter of ~14 µm. In 15
mm specimens, it is ~250 to 300 N/mm2, with mean nodular di-
ameter of ~21 µm; in 75 mm specimens, it is ~100 N/mm2, with
36 µm mean nodular diameter.

The compositions of the alloying elements quantitatively
measured by EPMA at the solidification cell boundaries (Zone
III), the area along nodular graphite (Zone I), and the major
portion of the matrix (Zone II) are listed in Table 3. Each of the
data for Zones I and II in Table 3 is the mean value of more than
six readings. For Zone III, it is for more then three readings.
Data for Si and Mn were measured in DI-33 specimens. The av-
erage composition of Si is 2.46%, and the average composition
of Mn is 0.47%. For Ni in DI-22 specimens, it is 1.36%. For Cu
in DI-23 specimens, it is  0.86%, and for Mo in DI-71 speci-
mens, it is 0.35%.

The degree of alloy segregation is represented by segrega-
tion ratio, defined as:

SR = 
Cmax

Cmin
(Eq 1)

where Cmax is the maximum composition of the alloy element
in the cell and Cmin is the minimum composition of the alloy

(a)

(b)

(c)

Fig. 5 Microstructures of quenched sample DI-22 after austeni-
tizing at 900 °C for 1 h. Unetched. (a) 3 mm specimen. (b) 15
mm specimen. (c) 75 mm specimen Fig. 6 Variation of the segregation ratio with the casting modulus
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element in the cell. The segregation ratios are listed in Table 3.
For those specimens containing Mn and Mo, the values of SR
are the values in Zone III divided by the values in Zone I; for Si,
Cu, and Ni, values in Zone I are divided by the values in Zone
III. According to the Chvorinov rule (Ref 26)

tf = C 


V
A




 
2

(Eq 2)

where tf is the solidification time for a casting, V is the volume
of a casting, A is the surface area of a casting related to heat
transfer, and C is a constant related to the mold. The solidifica-
tion time tf for the casting is in proportion to the square of the
ratio of volume to surface area V/A. If the ratio V/A is defined as
the casting modulus M, then

tf = CM2 and M ∝ √tf

The casting modulus M for the 3 × 100, 15 × 150, and 75 × 150
mm specimens is 0.74, 3.57, and 15 mm, respectively. Figure 6
plots the segregation ratio for elements in Table 3 with the cast-
ing modulus M of specimens of various diameters. The segre-
gation ratio for each alloying element changes almost
proportionally with the increase of modulus (i.e., the increase
of the square root of the solidification time required for cast-
ing). Comparison of the segregating tendency of each element
in the cell indicates that all positive segregation elements are
more significant than negative segregation elements. Among

all negative segregation elements, the significant segregation
tendency of Cu is greater than that of Ni and Si; whereas among
those positive segregation elements, the segregation tendency
of Mo is more significant than that of Mn.

Upon decreasing the cooling rate during solidification, the
austenite dendrite cell size increases; hence the distance for ho-
mogenization during subsequent cooling is increased. This
leads to more segregation for less rapid solidification. Thus the
distribution of the alloying elements will be relatively far re-
moved from the average concentration (more segregated), and
the distribution of the alloying elements can be described by the
Scheil equation. Furthermore, the solidification process of duc-
tile iron can be modeled as spherical growth, and it has been es-
tablished that the alloy element distribution is a function of the
cube of the growing cell radius (Ref 27).

3.2 Segregation Impact on Austempering Reaction

Figure 7 shows schematically an isothermal heat treatment
made at an austempering temperature and the electrical resis-
tivity curve recorded during the isothermal holding time. The

Table 3 Electron microprobe results and the segregation ratio of specimens studied

Alloying Sample Diameter, Zone I(a), Zone II(a), Zone III(b), Segregation
element No. mm wt% wt% wt% ratio SR(c)

Si DI-33  3 2.42 2.54 2.55  0.95
15 2.55 2.53 2.41  1.06
75 2.55 2.60 2.28  1.12

Mn DI-33  3 0.45 0.52 0.48  1.06
15 0.34 0.46 0.55  1.61
75 0.38 0.40 0.82  2.14

Ni DI-22  3 1.35 1.37 1.34  1.01
15 1.48 1.46 1.38  1.08
75 1.51 1.42 1.15  1.31

Cu DI-23  3 0.95 0.74 0.72  1.31
15 1.01 0.95 0.74  1.37
75 0.98 0.84 0.59  1.67

Mo DI-71  3 0.34 0.33 0.36  1.07
15 0.14 0.16 0.34  2.43
75 0.07 0.13 0.94 12.93

(a) Compositions are average of more than 6 data. (b) Compositions are average of more than 3 data. (c) For Mn and Mo, SR is Zone III divided by Zone I.
For Si, Ni, and Cu, SR is Zone I divided by Zone III.

Table 2 Nodularity data of specimens studied

Mean diameter 
Sample Diameter, Nodularity, Nodules, of nodules,
No. mm % No./mm2 µm

DI-22  3 86 580 16
15 85 287 21
75 82  90 38

DI-23  3 85 401 18
15 86 275 23
75 88 100 34

DI-33  3 77 670 13
15 87 314 21
75 88  90 35

DI-71  3 81 847 12
15 80 253 20
75 84  97 35

Data average of 5 readings

Table 1 Chemical composition of heats

Heat Composition, wt%
No. C Si Mn P S Mg Mo Ni Cu

DI-22 3.68 2.52 0.29 0.033 0.009 0.023… 1.36 …
DI-23 3.56 2.46 0.24 0.031 0.011 0.028… … 0.86
DI-33 3.73 2.46 0.47 0.031 0.010 0.037… … …
DI-71 3.53 2.53 0.25 0.039 0.015 0.031 0.35… …
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IT diagram of the homogeneous matrix of ductile iron within
the temperature scope of bainite transformation can be ex-
plained by two pairs of solid reaction lines. One pair is B1s and
B1f illustrating the start and finish time of the first-stage reac-
tion, the other pair is B2s and B2f representing the beginning
and completion of the second-stage reaction, as shown in Fig.
7(a). If the segregation of alloying elements existing in the
grain cell leads to the difference of the time of phase transfor-
mation for various regions of the cell, some portions will delay
the bainite reaction, and some will advance the time of reaction,
as shown by the dashed and dotted curves in Fig. 7(a). Figure
7(b) shows the electrical resistance records influenced by the
segregation of alloying elements. The microsegregation in duc-
tile iron will cause the processing window ∆ti to decrease.

Figures 8 and 9 show the electrical resistance for Ni (DI-22),
Cu (DI-23), Mn (DI-33), and Mo (DI-71) alloys in different di-
ameters with austempering holding time at 350 °C and 400 °C.
In the figures for austempering at 400 °C (Fig. 9), the curves of
resistivity completely record both the first and the second
stages of bainite reaction; whereas at 350 °C (Fig. 8), the curves
stop at the beginning of the second stage. The reason the
austempering process at 350 °C for this experiment discontin-
ues upon entering the second stage is that the completion of the
reaction of the second stage at 350 °C austempering requires a
very long time.

The changes of the electrical resistivity curves during the
austempering at 350 °C are shown in Fig.8(a) through (d). It is
clearly seen that the specimen diameter (i.e., the various degree
of segregation) significantly affects the processing window.
The curve of 3 mm specimens in each figure has the widest
processing window, while that of the 75 mm specimen has the

narrowest. The span of the processing window is reduced with
an increase in the degree of segregation. Similar changes occur
in the electrical resistivity curves during 400 °C austempering
(Fig. 9). The curve within the processing window for 3 mm
specimen in each figure is flattened and has a wide span. For 15
mm specimens, the curve starts to incline as the span of the
processing window decreases. For 75 mm specimens, the incli-
nation of the curve becomes larger while its processing window
span is difficult to identify. The decrease of the resistivity curve
within the processing window is attributed to the segregation of
alloy elements in the grain cells and to a very high rate of
bainite transformation. Segregation causes local differences in
the reaction time for the bainite formation. Segregation also
produces a decrease in the resistivity within the desired proc-
essing window.

The completion times of the first decrease in resistivity in
Fig. 8 and 9 are defined as completing the first stage of bainite
reaction, while those of the second decrease are defined as
starting the second stage. Table 4 lists the times of finishing the
first stage and starting the second stage of bainite transforma-
tion of all curves in Fig. 8 and 9. Figure 10 presents the partial
isothermal transformation diagram within the range of 350 to
400 °C drawn using the data in Table 4, wherein the area be-
tween the B1f and B2s lines should be the significant window of
time ∆ti for ductile irons austempered at 350 to 400 °C. From
Fig. 10, a narrow processing window, falling within approxi-
mately 103 to 5 × 103 seconds, is found at 400 °C for various al-
loys in different diameter specimens, and a wider window,
approximately 2 × 103 to 105 seconds, at 350 °C. Obviously,
the austempering temperature is the most critical factor affect-
ing the span of the processing window.

Fig. 7 (a) Schematic representation of a partial IT diagram of a homogeneous matrix ductile iron (solid lines), showing the effect of mi-
crosegregation (dashed and dotted lines) within the bainite transformation scope. (b) Influence of the segregation on the electrical resistiv-
ity of ductile irons during austempering
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Fig. 8 Electrical resistivity record of each alloy in various di-
ameters austempered at 350 °C: (a) Ni alloy (DI-22). (b) Cu al-
loy (DI-23). (c) Mn alloy (DI-33). (d) Mo alloy (DI-71)

Fig. 9 Electrical resistivity record of each alloy in various di-
ameters austempered at 400 °C: (a) Ni alloy (DI-22). (b) Cu al-
loy (DI-23). (c) Mn alloy (DI-33). (d) Mo alloy (DI-71)
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As for the influence of the specimen diameter (i.e., the dif-
ferent degree of segregation) on the span of the processing win-
dow in the IT diagram, Fig. 10 shows that an increase of the
diameter leads to narrowing of the processing window. The
span of the processing window between 400 to 350 °C for the
Ni alloy as shown in Fig. 10(a) is slightly wider for the 3 mm
specimen than the 15 mm specimen, while the span for 75 mm
is significantly narrow. There is a definite effect of specimen
diameter upon the processing window for Cu alloys as illus-
trated in Fig. 10(b). Within 400 to 350 °C, the processing win-
dow for 3 mm specimens is wide, followed by that of 15 mm
specimens. That of 75 mm is much smaller. This is possibly
caused by the tendency of segregation for Cu being greater than
for Ni. For the Mn alloy, Fig. 10(c), the impact upon the span of
processing window at 400 °C is less significant, but at 350 °C,
the span of processing window is also reduced as the diameter
of the specimen increases. Figure 10(d) illustrates the IT dia-
gram of Mo alloys. The 3 mm casting rod with the least segre-
gation is found with the widest span of processing window
within the range of 400 to 350 °C, and the processing window
is reduced for both 15 mm and 75 mm specimens due to segre-
gation of Mo in the matrix of these two specimens.

Table 4 The finish time of first stage and start time of
 second stage of bainite formation of all curves in Fig. 8

Time, s
Sample Diameter, B1f B2s
No. mm 400 °C 350 °C 400 °C 350 °C

DI-22 (Ni)  3 1200 4000 6000 100 000
15 1300 4000 5000  60 000
75 2000 4000 5000  50 000

DI-23 (Cu)  3 1000 2000 6000  90 000
15 1400 2000 4000  50 000
75 1300 3000 3000  40 000

DI-33 (Mn)  3 1200 3000 4000  50 000
15  900 2000 4000  40 000
75 1200 3000 4000  30 000

DI-71 (Mo)  3 1000 2000 5000 120 000
15 1000 2000 5000  90 000
75 1200 2000 4000  80 000

Fig. 10 Partial IT diagrams of each alloy in various diameter,
including B1f (finishing the first stage of bainite reaction) and
B2s (starting the second stage of bainite reaction). (a) Ni alloy
(DI-22). (b) Cu alloy (DI-23). (c) Mn alloy (DI-33). (d) Mo al-
loy (DI-71)

Table 5 Mechanical properties of specimens from 15 mm
and 75 mm cast bars

Impact energy (a), kg-m  Hardness (HRC)(b)
Sample Diameter, Austempering Austempering
No. mm 400 °C 350 °C As-cast 400 °C 350 °C As-cast

DI-22
(Ni)

15 14.4 14.9 4.8 32.2 34.7 28.4

75  9.9 10.1 3.7 28.6 32.2 16.9
DI-23

(Cu)
15 15.5 13.5 4.5 32.3 37.0 31.6

75 11.8  9.7 2.0 32.6 38.0 23.6
DI-33

(Mn)
15 15.7 12.8 5.1 31.5 34.9 21.7

75  9.6  9.0 5.5 29.7 32.9 10.5
DI-71

(Mo)
15 12.0 10.0 5.3 33.3 40.1 22.9

75  5.7  7.4 4.3 31.8 35.7  8.1

(a) Average of 3 readings. (b) Average of 6 readings
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3.3 The Effect of Segregation on Toughness and
Hardness

Table 5 lists the unnotched Charpy impact strength and
Rockwell hardness of the impact specimens which were made
from 15 and 75 mm casting bars of each alloy in the as-cast,
austempered at 350 °C for 5 h and at 400 °C for 50 min condi-
tions. Figures 11 and 12 illustrate the variation of impact
strength and hardness of 15 mm and 75 mm specimens in these
three conditions for the Ni, Cu, Mn, and Mo ductile irons.

For the as-cast specimens (Fig. 12a), the hardness for all 15
mm specimens is higher than that of 75 mm specimens. There
is no significant difference in impact energy for all 15 and 75
mm specimens (Fig. 11a), except the 75 mm Cu alloy has a

lower impact value. The hardnesses for all alloys after austem-
pering at 350 °C are slightly greater than for austempering at
400 °C. For the same austempering conditions, there is no sig-
nificant variance in hardness of each alloy in different diame-
ters. However, the impact values of 15 mm specimens are
significantly higher than those of 75 mm specimens. For
austempering at 400 °C (Fig. 11c), the impact value of Ni, Cu,
and Mn alloys of 15 mm specimens is approximately 15 kg-m,
and the impact value of 75 mm specimens is 10 kg-m. The im-
pact value of the Mo alloys is lower, 12 kg-m, and that of 75 mm
specimens is 6 kg-m. For austempering at 350 °C (see Fig.
11b), there is no significant difference in impact values of Ni,
Cu, and Mn alloys in 15 and 75 mm specimens, whereas that for
specimens of Mo alloy stays low.

Fig. 11 The impact strength of 15 mm and 75 mm specimens.
(a) As-cast condition. (b) After austempering 5 h at 350 °C. 
(c) After austempering 50 min at 400 °C

Fig. 12 The Rockwell hardness of 15 mm and 75 mm speci-
mens. (a) As-cast condition. (b) After austempering 5 h at 350
°C. (c) After austempering 50 min at 400 °C
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3.4 Microstructure of Impact Specimens

The as-cast specimens of all 15 mm alloys should have a
more rapid cooling rate during solid transformation, so the
microstructure of these specimens showed extensive pearlite,
as illustrated by the micrograph of the Ni alloy in Fig. 13(a). As
for as-cast 75 mm specimens, the ferrite-pearlite ratio is af-
fected by the alloying elements. The ability of Cu to hinder carbon
diffusion at the graphite-austenite interface during the eutectoid
transformation results in all pearlite being present (Fig. 13b).

Other alloys exhibit substantial ferrite in the as-cast
structure with pearlite relegated to near the intercellular re-
gions as the microstructure of Mn alloy in Fig. 13(c) illus-
trates. The hardness of all as-cast 15 mm specimens alloys is
higher than in 75 mm specimens (Fig. 12a), and the Cu-al-
loyed iron in 75 mm size has the highest hardness and the
lowest impact strength among all alloys of the same diame-
ter (see Fig. 11a and 12a).

The microstructures of alloys austempered at 400 °C for 50
min reveal a typical upper bainite structure with plate bainite
ferrite and carbon-rich austenite (Fig. 14). In most aspects, the
microstructure of Ni, Cu, and Mn alloys is relatively homoge-
neous throughout the specimens and similar to the micrograph
of the Cu alloy shown in Fig. 14(a) and (b). As for the micro-
structure of the Mo alloy, it is observed that light etching areas
stand out in the intercellular regions illustrating the existence
of untransformed austenite, which also is associated with mi-
croshrinkage porosity (see arrows) as shown in Fig. 14(c) and
(d). There are more untransformed areas in 75 mm specimens
than in 15 mm specimens. The microstructures of specimens
austempered at 350 °C for 5 h show a structure with acicular
bainitic ferrite and carbon-rich austenite. Also the Ni, Cu, and
Mn alloys completed the first stage bainite reaction, as the mi-
crographs of the Mn alloy show in Fig. 15(a) and (b). The struc-
tures of the Mo alloy in the 15 mm and 75 mm specimens also
contain the untransformed areas associated with microshrink-
age porosity in the intercellular regions (see arrows, Fig. 15c
and d); however, only a few unetched areas are found when
compared with Fig. 14(c) and (d).

In Fig. 14, 15, and 11, the microstructures of Ni, Cu, and Mn
alloys in each austempered condition show completion of the
first stage of bainite reaction, and the impact values of these
three alloys in the same diameter are not significantly different.
Mo has the most extreme segregating tendency of all alloying
elements in this study, and it retards the bainite reaction and causes
microshrinkage porosity in the intercellular regions. Conse-
quently, the Mo-alloyed irons austempered at 350 and 400 °C have
the lowest impact strength among all alloys (see Fig. 11b and c).

4. Conclusions

• The degree of segregation of alloying elements increases
with an increase in the diameter of casting bars (i.e., segre-
gation becomes significant as the solidification time of
casting increases). The segregation ratio of each element is
proportional to the casting modulus.

• Segregation is found with those positive segregating ele-
ments, Mn and Mo, and those negative segregating ele-
ments, Si, Cu, and Ni. The segregation of Mo is more
significant than Mn. The segregation of Cu is more than Ni,
and that of Ni is more than Si.

• The austempering temperature is a critical factor affecting
the processing window, which is relatively narrow for
austempering of 400 °C but wider at 350 °C.

• The microsegregation of alloying elements leads to a re-
duction in the processing window. The greater the degree of
segregation, the less will be the span of the processing win-
dow. Due to this ratio, the difficulty of controlling the proc-
ess of austempering of ductile irons is increased.

(a)

(b)

(c)

Fig. 13 Microstructure of as-cast specimens. (a) Ni alloy, 15
mm. (b) Cu alloy, 75 mm. (c) Mn alloy, 75 mm
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• Impact toughness is significantly affected by the segrega-
tion, but there is little effect on the hardness. The impact
strength for the specimens with less segregation is greater
than for those with greater segregation.

• Given the proper austempering treatment, the Ni, Cu,
and Mn alloyed irons had approximately the same im-
pact strength. The Mo-alloyed iron had a lower impact
strength. This may be attributable to the regions of un-
transformed austenite in the intercelluar regions, but this
may be due to the microporosity present in the Mo-al-
loyed iron.
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