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Abstract

The present work focuses in the study of the effect that a new two-step austempering heat treatment process, developed by Putatunda, has on
the mechanical properties with emphasis on the response to the abrasive wear.
A ductile cast iron melt was prepared in an industrial facility obtaining both, Y-blocks (ASTM A 897) to be used for the laboratory tests samples,

and bucket tips to perform field tests by using a wheel loader.

The results show that the two-step austempering process promotes an increase in the amount of retained austenite which in turn improves most
of the mechanical properties, such as ultimate stress, yield stress, hardness and impact toughness.

Two different abrasion tests were carried out in order to evaluate the material response to different tribosystems. The dry sand-rubber wheel
abrasion test (ASTM G 65) was used at the lab, where the results show better wear resistance for the two-stepped ADI in comparison with
conventional ADI. On the other hand, the bucket tips tested in a more severe environment, showed an opposite tendency.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The use of ductile iron (DI) has increased constantly since
its introduction in the market in the 1950s, due to the relatively
low production costs coupled with excellent mechanical prop-
erties. Subsequently, the development of austempered ductile
iron (ADI) in the 1970s promoted a new and important impulse
for the application of DI, thanks to its excellent combination of
strength and toughness. In the later nineties the development of
DI introduced the use of thin walled parts, in order to increase
the strength to weight ratio and its competitiveness against light
alloys.

During the nineties up today some researchers have evalu-
ated modifications to the austempering heat treatment cycles,
in order to obtain a better combination of tensile strength and
toughness. For example, Nili Ahmadabadi et al. [1,2] devel-
oped the “successive-stage austempering”, also called “high
low austempering”. The result was the reduction of the untrans-
formed austenite volume (UAV) at the segregated regions, which
in turn promoted higher impact toughness. The ultimate tensile
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strength was intermediate between the values obtained for a sin-
glestepat T, =375 and 315 °C, but the elongation was better than
in both cases. More recently, Nili Ahmadabadi et al. [3] stud-
ied the effect of the successive austempering on the tribological
behavior of ductile iron by using a pin-on-ring test rig.

Bayati et al. [4] used a “stepped austempering” to over-
come the decrease in the mechanical properties promoted by
the UAV observed in alloyed ADI at the last to freeze (LTF)
segregated regions. By using the second step, the authors were
able to complete the bainitic reaction and to obtain a significant
improvement in the relation between ultimate tensile strength,
elongation and impact toughness.

Based on the results of Nili Ahmadabadi et al. and Bayati
et al., Hsu and Chuang [5] studied the influence of a “stepped
austempering” (also called two-step by the authors), on the
fracture toughness of ADI, comparing the results with conven-
tional austempering at the same temperatures. They found a
matrix with a more interwoven ausferrite and a higher amount of
retained austenite with respect to the conventional austempering.
At the same time the hardness was typical of a low austemper-
ing temperature, but the fracture toughness resulted typical of
higher austempering temperature ADI.

Also Hafiz [6,7] has experimented with a “variable austem-
pering” process by following two different routes (increasing
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Fig. 1. ADI and 2SADI heat treatment cycles.

and decreasing T,) and comparing to standard austempering
cycles. The mixed microstructures obtained by the variable
austempering appears to have higher elongation and impact
toughness than the isothermally austempered ones.

It was considered by Putatunda [8], that the yield strength of
ADI depends on the fineness of the ferrite needles, and that the
fracture toughness depends on the X,C, parameter, where Xy
is the austenite volume fraction and Cvy is the austenite carbon
content. Then, a new austempering heat treatment cycle was
proposed, involving a first step with a high undercooling, in order
to increase the nucleation rate of ferrite, followed by a second
step at higher temperature, with the aim of increase the diffusion
rate and also the carbon content in austenite. So, an ADI with a
combination of high strength and high fracture toughness may be
obtained. The results confirmed that the “two-step austempered”
ADI (2SADI) could improve both, the fracture toughness and at
the same time the tensile strength.

In a later publication, Yang and Putatunda [9] developed a
modification to the two-step austempering (Fig. 1). The first
step, with a high undercooling by quenching at 7, =260 °C for
t, =5 min, and after that the temperature was raised for the sec-
ond step up to a desired level in the range of T, =290-400 °C
for t, =2 h, by changing to a second salt bath. The two-step ADI
(2SADI) showed higher Xy and Cv, exhibiting higher strength
and hardness and lower elongation, than that obtained with the
single step austempering. The 2SADI also yields to alower strain
hardening exponent [10] and a higher near threshold fatigue
crack growth rate [11].

1.1. Abrasion resistance of ADI

The microstructure of ADI usually has very good abrasion
resistance [12,13]. It is able to respond well to the low stress
abrasion, when using low austempering temperatures (high

hardness), and also to resist high stress abrasion when using
high austempering temperatures (low hardness, high ductility)
[14]. In fact, the presence of the very ductile microconstituents,
ferrite and austenite, has a strong influence in the ability
of ADI to consume energy during abrasion, plus the energy
consumption associated to austenite transformation into marten-
site due to the stress assisted or strain induced mechanisms
[14,15].

Yang and Putatunda [16] also studied the effect of the two-
step austempering on the abrasion resistance of ADI by using
a pin on disk test rig with a 150 mesh garnet abrasive, show-
ing lower weight loss than the single step ADI variant. The
authors found that the weight loss decreased by ~1% at austem-
pering temperatures between 7T, =340-380°C up to ~5% at
T,=280°C.

Using the high-low stepped austempering process Nili
Ahmadabadi et al. [3] also studied the tribological behavior of
ADI, in this case by using a pin-on-disk test rig. The results
showed that delamination took place and that the influence on
the microstructure, i.e. higher retained austenite and carbon in
austenite, promoted a ~15% increase in the wear resistance
with respect to the conventional high temperature austemper-
ing but a ~15% decrease with respect to the low austempering
temperature.

It was thought that the higher retained austenite content
promoted by the 2SADI, could also promote an improvement
in the abrasion resistance. In order to evaluate this possibil-
ity, the 2SADI process proposed by Putatunda was chosen for
the present study, since austenite volume fraction may increase
between 10 and 30% depending on the austempering temper-
ature [9]. Therefore, the present work focuses on the study of
the influence that the two-step austempering process has on the
abrasion resistance of ADI under two different environments.
One of them was the low stress condition imposed in the lab
by the “dry sand-rubber wheel abrasion test” (ASTM G 65) and
the other was the high stress conditions imposed in field tests to
wheel loader bucket tips.

2. Experimental procedure
2.1. Sample preparation and microstructural analysis

An industrial ductile iron heat was prepared in a 1500 kg
capacity 50 Hz induction furnace employing regular quality raw
materials. Inoculation and nodulization procedures were carried
out in a 500kg ladle with nodulization pocket by using con-
ventional techniques. Y-blocks according to the ASTM A 395
standard and bucket tips were cast into sand molds from a single
heat. The final chemical composition of the heat was determined
by means of a Baird Spark Emission Optic Spectrograph with a
DV6 excitation source.

The samples for laboratory tests were machined from
the Y-blocks. After rough machining both, the laboratory
samples and the tips were heat treated by single and two-step
austempering cycles, Fig. 1, using the parameters listed in
Table 1. The austenitizing stage was carried out in an electric
furnace, while the austempering steps were performed in two
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Table 1
Sample identification and heat treatment parameters

Identification Heat treatment type Austenit. temperature, Austempering parameters, temperature (°C)/time (min)
T, (°C
1O First step Ty1/ta Second step Tao/tan

ADI 260 One step 260/120
ADI 280 One step 280/120
ADI 320 One step 320/120
ADI 360 One step 920 360/120
2SADI 280 Two step 260/6 280/120
2SADI 320 Two step 260/6 320/120
2SADI 360 Two step 260/6 360/120
salt baths having 150 and 601 capacity, for the first and second  Table 2
austempering steps, respectively. Chemical composition [wt%]

The metallographic sample preparation was carried out by C Si Mn P S Mg  Cr Ni Mo Cu
using standard techniques. Metallographic etching was per- 35 30 04 003 003 002 008 03 017 10

formed employing 2% nital. The nodularity and nodule count
values were measured by using both, the ASTM A 247 standard
and the Image Pro Plus software. Worn surfaces were studied
by using optical and scanning electron microscopes.

In order to determine the retained austenite content in the aus-
ferrite, X-ray measurements were carried out by using a Phillips
goniometer with the X-ray tube operating at 40kV/30 mA.
Co Ka radiation was used scanning from 48° to 54° of
20 with a data collecting velocity of 1°/min. The retained
austenite was measured on surfaces obtained by classical met-
allographic preparation and then etched up to a depth of
~40 pwm, by using NHO3 20% in order to eliminate the deformed
layers.

2.2. Mechanical characterization

The hardness was measured by using the Brinell method with
a2.5 mm tungsten carbide ball and 187.5 kg load (HBW3 5/137.5),
and the reported values are the average of a least four determina-
tions. The tensile tests were performed according to the ASTM E
8 standard, at a constant strain rate lower than4 x 10~4 mm/seg,
and the reported values for tensile strength, yield strength and
elongation are the average of three determinations. The impact
toughness tests were carried out according to the ASTM E 23
standard and the reported values in this case are the average of
four tests on unnotched specimens.

2.3. Wear resistance tests

The abrasive wear resistance of the samples was evaluated in
the lab by means of the “Dry Sand/Rubber Wheel Test”, accord-
ing to ASTM G 65 standard, using procedure A. The relative
wear resistance index, E, was obtained by the ratio between the
volume loss experienced by a reference material (AVR), (in this
case a SAE 1010 steel) and by the ductile iron sample (AVs),
according to Eq. (1). Weight loss values were measured by means
of a 0.1 mg precision scale and then converted into volume loss
by using the density value measured for this iron heat.

AV
E— R

= A_Vs (1)

Balance, Fe.

The relative wear resistance of the experimental wheel loader
bucket tips was evaluated as a function of the hours in service in
a2m? bucket on a 110 hp wheel loader. Of the eight tip positions
on the bucket, the two located at the center were used to evaluate
the performance of the sample tip and the reference material
tip in this case made of a conventional ADI austempered at
T,=280°C. The tips were removed periodically during service,
weighted and then replaced in the same position in the bucket.
The weight losses of the reference ADI tip (A Pr) and the 2SADI
tips (APs), Eq. (1), were measured by means of an electronic
scale with 5 g sensitivity, and then converted into volume losses
AVR and AVg, respectively.

3. Results and discussion
3.1. As cast material characterization
Table 2 lists the chemical composition of the heat used in

the present paper. The equivalent carbon was slightly hypereu-
tectic (EC=4.5), giving the microstructure shown in Fig. 2. In

Fig.2. Ascast microstructure showing details of the matrix and bull’s eye ferrite.
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Fig. 3. Final hardness as a function of the first step length (#,1).

the as cast condition, the matrix was predominantly pearlitic,
containing small amounts of bull’s eye ferrite.

3.2. Determination of the first step length (t,1)

The first step length (¢,1) is very important for the stepped heat
treatment, in order to obtain the desired microstructure. Then,
t,1 must be long enough to promote an intense ferrite nucleation,
but at the same time not too long in order to make those nuclei to
grow at the second step austempering temperature (72) along
the specified second step austempering time (f,2).

The material sensibility to the first step length was studied
by monitoring the final hardness as a function of 7,1, Fig. 3,
using fixed first step and second step temperatures, 731 =260 °C
and T,» =320°C, respectively, and #; = 120 min. It was found
that as #,; increases the hardness was almost constant during
the first 4min and then begun to increase starting at about
1,1 =6 min. Microstructural changes were also observed, as it
will be discussed later. Taking this information into account
besides the values used by Putatunda et al. [8—12] the authors
chose t;1 =6 min for all the two-step heat treatments.

3.3. Microstructural characterization

Fig. 4 shows the microstructures corresponding to the ADI
and 2SADI samples, respectively. The microstructures were the
typical expected for austempering, with an acicular ferrite mor-
phology for the low heat treatment temperature, T, =280 °C
(Fig. 4a), and a feathery ferrite morphology for the high tem-
perature, T, =360 °C (Fig. 4c). It is also visible the presence of
white regions were the transformation has not proceed (absence
of ferrite needles or feathers), corresponding to the UAV vol-
ume. These regions are in concordance with the LTF zones due
to the effect produced by the presence of micro-segregation of

the alloying elements, such as Mn and Mo, which make the
austenite more stable at room temperature.

The 2SADI microstructures (Fig. 4d—f) resulted very simi-
lar to that of the ADI, when comparing the aspect of the ferrite
needles and/or feathers as a function of the austempering tem-
perature. Nevertheless, as a result of the stepped heat treatment,
the 2S ADI microstructures appears to have less and smaller UAV
regions.

3.4. Retained austenite content

The X-ray diffraction diagrams were obtained for
48°<260<54°, where the austenite (y-111) and ferrite
(a-110) peaks are located when the Co Ka radiation is used.
The results show that the retained austenite (yre) increases as
the austempering temperature also increases. It is considered
that at the low austempering temperatures the ferrite needles
grow rapidly within the austenite due to the high driving force,
but at the same time the carbon diffusion is low and austenite
saturates in carbon, precipitating e carbides. The reaction
proceeds continuously and the resulting amount of yy¢ is low
[17]. On the other side, when the austempering temperature
is high the driving force is lower, but the carbon diffusion is
higher. Thus, during the growing process of ferrite, carbon
migrates to the surrounding austenite enriching this phase up
to ~2% C and then ferrite growing is arrested [17]. With this
carbon content in the austenite the M, temperature decreases
and therefore higher amount of yy¢ is obtained.

The quantitative data obtained from these diagrams are listed
in Table 3. The results also show that there is an increase of yre
in 2SADI with respect to ADI at the three austempering tem-
peratures evaluated (Fig. 5). This is attributed to the presence of
finer ferrite needles which in turn delay the carbon saturation.
It is important to point out that these results may not be con-
cluding because the observed differences are within the error of
the equipment used, nevertheless the trend was consistent for all
the austempering temperatures and it is also in agreement with
measurements made by other researchers [8,9].

3.5. Mechanical properties

The results of the tensile tests are listed in Table 4, with
the reported values obtained as the average of four samples.
There is almost no difference between ADI and 2SADI sam-
ples when comparing the yield stress and also there are small
differences when the ultimate stress is considered (Fig. 6). Nev-
ertheless, even though the observed differences may be within

Table 3
Retained austenite content for ADI and 2SADI samples

Austempering temperature (°C)
T,or Ty

Retained austenite (%)

ADI 2SADI % Increase
260 23.0 - -
280 22.6 23.8 53
320 27.5 28.9 5.1
360 39.0 40.7 4.3
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Fig. 4. Microstructure of ADI samples, (a) ADI 280, (b) ADI 320, (c) ADI 360, and 2SADI samples (d) 2SADI 280, (e) 2SADI 320, (f) 2SADI 360.

the errors of the methodologies used, it can be remarked thatin ~ what it could be expected from the higher stress values, i.e.
all cases the strength values (yield or ultimate) were higher for ~ lower elongation values for the 2SADI variants with respect to
the 2SADI and also the high ultimate strength value obtained  ADIL

for the 2SADI 280 samples. With regards to the elongation The impact toughness values reported in Fig. 7 and Table 5
of the 2SADI variants, the response was in accordance with were obtained as the average of four unnotched samples,

Table 4
Tension tests results with o, values in brackets
Austempering temperature (°C) Yield strength 092 (MPa) Ultimate tensile strength oyrts (MPa) Elongation (%)

ADI 2SADI ADI 2SADI ADI 2SADI
260 1185(75) - 1431 (4.9) - 2.5(0) -
280 1102 (90) 1139(55) 1408 (32) 1512 (45) 4.0 (0.9) 3.4(0.3)
320 982(23) 989(70) 1255(49) 1296 (65) 4.6 (0.5) 4.8 (0.7)

360 715(50) 717(55) 1035 (70) 1058 (22) 6.9 (1.2) 5.1(1.2)
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Table 5
Impact toughness and hardness of ADI and 2SADI variants
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Fig. 7. Impact toughness of ADI and 2SADI as a function of T; and Ty;.

showing the typical response observed for ADI, increasing
as the austempering temperature increase. The same trend
with respect to T,» was observed for the 2SADI variants,
but surprisingly these values were higher than those obtained
for ADI. This result would not be expected when taking into
account the tensile properties (strength and elongation) and
also the increase in hardness shown in Fig. 8, since the typical
response for irons and steels show a reduction in impact
toughness when strength and hardness increase.

3.6. ASTM G 65 assessment

Using the volume loss values obtained from the wear tests the
relative wear resistance index “E” was calculated as the relation
between the volume losses of the reference material with respect
to the ductile iron sample, i.e. the higher the E value the higher
the wear resistance. In order to calculate the E values reported
in Table 6, the density of the ductile iron was measured giving
a value of 8~ 7.1 g/em?.

The abrasion resistance increases as the austempering tem-
perature decreases, i.e. with an increase in hardness, either for
the ADI or the 2SADI variants (Fig. 9). Similar to the other prop-
erties evaluated, the E values of the 2SADI were higher than that
of ADI, again with the higher % increase (in this case ~29%)

Austempering temperature (°C) Impact toughness (J)

Hardness (HBW; 5/187.5)

ADI 2SADI ADI 2SADI
260 40 (2.0) - 498 (9.1) -
280 46 (3.9) 59 (8.3) 456 (6.3) 481 (4.6)
320 65 (5.0) 72 (8.9) 420 (4.5) 433 (3.5)
360 74 (4.3) 82 (5.7) 356 (2.3) 361 (4.5)

o0,_1 values in brackets.
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Table 6

Austempering Temperature - cent deg

Laboratory tests (ASTM G 65) relative wear resistance (E)

Austempering Relative wear resistance, E
temperature (°C)

ADI 2SADI
260 2.46 (0.06) -
280 1.61 (0.14) 2.08 (0.11)
320 1.42 (0.02) 1.44 (0.04)
360 1.22 (0.05) 1.36 (0.16)

o,_1 values in brackets.

for the variant austempered at Ty, =280 °C. This increment was
much higher than that reported by other authors even though
it must be taken into account that different tribosystems were
used.

2.8
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Fig. 9. Relative wear resistance (E) versus austempering temperature. Labora-
tory tests, ASTM G 65, ref. mat. SAE 1010.
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Fig. 10. Relative wear resistance (E) versus service life. Field tests on bucket
tips, ref. mat. ADI 280.

3.7. Tips service assessment

When the ADI and 2SADI bucket tip samples were evalu-
ated in the field, i.e. under different and more severe abrasive
conditions than that imposed in the lab, the response was
opposite. This means that the wear resistance of the tips tends
to increase when T, increases. Fig. 10 presents these results in
terms of E versus service life, in this case using ADI 280 as a
reference material, showing that the material behaves different
with respect to the hardness. This is also shown in Fig. 11, in
this case as E versus hardness, where the abrasion resistance
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Fig. 11. Relative wear resistance (E) versus hardness. Field tests on bucket tips,
ref. mat. ADI 280.



G. Francucci et al. / Materials Science and Engineering A 485 (2008) 4654 53

Fig. 12. Wear scars (a) ADI 280, laboratory test ASTM G 65, (b) 2SADI 360, laboratory test ASTM G 65, (c) ADI 280 bucket tip test, (d) 2SADI 360 bucket tip

test. Samples tilted 30° perpendicular to the longitudinal axis.

decreases as hardness increases, particularly for the range
420-480 HBW> 5/187 5.

The different abrasive conditions between laboratory and
field tests produce differences in the wear scars. Fig. 12a and
b show the surface of the test samples for ADI 280 and 2SADI
360 tested in the lab, respectively. The wear scars of the same
material variants tested in the field, Fig. 12c and d, show that
the material was able to accommodate more plastic deforma-
tion. Even though hardness decreases and the furrows sections
increase, the abraded material deforms instead of being removed
as a chip and therefore more abrasive passes or energy consump-
tion are needed to produce the abrasive wear.

For the case of the samples 2SADI 360, Fig. 11, the decrease
in hardness was not compensated by the increase in duc-
tility leading to a lower wear resistance (£~ 1.06). Similar
results were previously reported for ADI bucket tip samples
austempered in the range 240-360 °C [14,18] where the abra-
sion resistance increased continuously from 7, =240°C up to
T,=320°C, and begins to decrease at about 7, ~ 340 °C.

The previous hypothesis regarding the increase in abrasion
resistance due to a higher retained austenite content promoted by
the two-step austempering process could not be confirmed due
to the small increase obtained in y;. Nevertheless, the higher
hardness of the 2SADI affected the abrasion resistance showing

Fig. 13. ASTM G 65 wear scar, (a) inlet zone, (b) middle zone. Samples tilted 30° perpendicular to the longitudinal axis.
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an increment for the laboratory test conditions but a decrease
under the field test conditions. In this respect, these results have
shown the same trends as those previously reported [14,18].

The modification to the conventional austempering heat
treatment cycle to a stepped austempering by introducing the
low temperature first step has produced the more noticeable
microstructural changes and mechanical improvements for the
2SADI 280 variant. This result was unexpected since this heat
treatment cycle was very similar to that used for ADI 280,
with the only difference given by the use of the first step at
T21 =260 °C and t,; =6 min. On the other hand, the 2SADI 360
having the greater difference with respect to the ADI 360 cycle
has shown little effect on microstructure and then on mechanical
properties. This topic needs further investigation.

Besides the comparison of the wear scars of the different
tribosystems used in the present work, it was also studied in
particular different zones of the ASTM G 65 wear scar, a wear
test classified by this standard as three body abrasion. Probably,
this classification was originated in the application of systems
analysis to tribology [19]. Nevertheless, most of this scar surface
has the characteristic aspect corresponding to two body abrasion
considering its manifestation [19], i.e. parallel and long furrows
with almost constant width, as shown in Fig. 13a. Only a minor
part of the wear scar corresponding to the inlet zone shows the
aspect corresponding to the body abrasion, i.e. short furrows
with continuously changing direction and width as shown in
Fig. 13b.

4. Conclusions

The use of the two-step austempering process produce
microstructural changes with respect to conventional one step
austempering, particularly a further advance of the ausferrite
transformation in the micro-segregated regions corresponding
to the last to freeze zones.

The microstructural changes were reflected as improvements
in most of the mechanical properties, such as ultimate stress,
yield stress and hardness, and a decrease in elongation. Based
on these results it is usually expected a decrease in impact
toughness, nevertheless, this property increased for all the
austempering temperatures evaluated.

The main purpose of this paper was to evaluate the effect of
the stepped austempering heat treatment on samples tested under

abrasive conditions. It was found that the results depend on the
tribosystem severity. Therefore, under the low stress abrasive
conditions imposed by the ASTM G 65 abrasion test, the 2SADI
showed higher wear resistance than ADI, and the performance
increased with material hardness. On the other hand, under the
high stress abrasive conditions imposed to the bucket tips in
the field tests, the performance tends to increase as hardness
diminishes and ductility increases.

The more noticeable microstructural changes and mechan-
ical improvements were obtained for the 2SADI 280 variant.
This appear to be unexpected since this heat treatment cycle
does not involve an important difference between the austem-
pering temperature of the first step (751 =260°C) and the
second step (T,1 =280 °C) in comparison with the 2SADI 360
(Ta1=360°C).
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