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To improve mechanical properties specifically wear resistance and impact toughness of Cr–Mo steels, the
specimen were subjected to austempering and martempering processes, and the results were compared
with the common cycle used in industry (compressed air cooling). After the accomplishment of austeni-
zation process, the specimens were quenched in salt bath at 300 �C and 200 �C in austempering and mar-
tempering processes, respectively, for 2, 8, 30, and 120 min and then cooled down to room temperature
in still air. Microstructure of the specimens was studied using optical microscopy (traditional black and
white etching as well as color etching), scanning electron microscopy (SEM) as well as X-ray diffraction
(XRD). Mechanical properties of the austempered and martempered specimens were investigated by
measuring the hardness, impact toughness and wear resistance. Results shown that the samples austem-
pered for 2 h have demonstrated the best impact toughness, while the samples martempered for 2 h have
presented the highest values of wear resistance. In addition using salt bath instead of compressed air,
leads to a better combination of wear resistance and toughness.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Considering the properties expected from the mill liners to pro-
pose, the employed alloys are required to exhibit an adequate com-
bination of wear resistance and impact toughness. The wear
resistance is the main priority of the liners used in the walls of
these mills; while the impact toughness is of the greater impor-
tance in the liners utilized at the bottom [1,2]. Different alloys such
as austenitic manganese steels, high chromium steels and cast ir-
ons, Ni-hard cast irons and Cr–Mo steels are frequently applied
to manufacture mill liners [3].

Due to desirable wear properties and impact toughness as well
as their low production expenses, Cr–Mo steels are among the
most widely used alloys in mill liners, specially iron ore mills
[4,5]. Since the exchange of worn liners with the new ones is usu-
ally a time consuming activity and through this period of time mill-
ing instruments are inactive, this will result in the economical
losses for mining industries. Hence, improving the wear resistance
of the mill liners can, considerably, reduce the production costs [2].

The objective of the current investigation is to improve the wear
resistance and impact toughness of Cr–Mo steels used in mill liners
by optimizing the heat treatment process. In the common heat
treatment cycle, mostly executed for the industrial applications,
ll rights reserved.
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after austenitization the samples are cooled down by compressed
air to gain fine pearlitic microstructure [4,5]. Because of the best
wear resistance and proper impact toughness of lower bainite
and tempered martensite microstructures [6,7], heat treatment
processes were designed to obtain the microstructures. Quote to
prior descriptions the austempering and martempering processes
were performed to samples and the results were compared with
the samples cooled in compressed air. Due to the poor shocking
resistance of Cr–Mo steels, resulted from their high amount of car-
bon content, poor heat conductivity, high temperature plasticity as
well as application of severe quenching media (water and oil) can
lead to crack formation.
2. Experimental procedure

Test samples used in the current study, sectioned with the
dimensions of 25 mm � 25 mm, were prepared from the wear
resistant Cr–Mo steel with chemical composition determined by
the Hilger spectrometer set, Table 1. The steel was melted using
an induction furnace and then poured into a sand mold.

Due to insufficient published information about Cr–Mo steels,
the data required for designing heat treatment cycles such as upper
and lower critical temperatures (Ac1 and Ac3) as well as the mar-
tensite and bainite start temperatures (MS and BS) have been deter-
mined by the common relations available in the literature and
initial experiments [8,9]. Table 2 shows the heat treatment
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Table 1
Chemical composition of cast Cr–Mo steel.

C Si Mn Cr Mo Ni S P

0.78 0.47 0.95 2.17 0.29 0.2 0.015 0.008
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conditions applied to the specimens. At first, the specimens were
austenitized at 950 �C for 1 h, followed by a direct quenching pro-
cess in the compressed air and then again isothermally quenched
in the salt bath for 2, 8, 30, and 120 min at 200 and 300 �C. The pro-
cess was finally followed by cooling down specimens to the room
temperature in the still air. After quenching, all the martensitic
samples were tempered for 3 h at 250 �C.

For microstructural analysis, samples were prepared based on
the standard ASTM E3 [10]. To etch of the specimens, different col-
orful, black and white etchants have been tried in accordance with
the ASTM E407 [11]. Among all these etchants, the aqueous 15%
sodium metabisulfate displayed the most obvious structures. The
optical micrographs were provided according to the standard
ASTM E883 [12], using radical microscope (RMM-77). The scanning
electron microscopy (SEM) was also utilized to prepare micro-
graphs using Vega Tescan set. The amount of each phase was, then,
calculated via the image analyzer software. XRD analysis (Philips,
Xpert, Netherlands) was, additionally, performed to confirm the
obtained microstructural results.

The Rockwell C hardness and impact charpy tests (unnotched)
were used on the basis of ASTM E18 [13] and ASTM E23 [14] stan-
dards, respectively. At least five samples were tested for reporting
each data point. Dry sliding wear test with a pin-on-disk apparatus
was employed, using 52100 steel counterface, at the applied loads
of 57.8, 81.3 and 104.8 N with a fixed sliding speed of 1.20 m/s
according to the standard ASTM G99 standard [15]. Each wear test
at every given load and sliding velocity was repeated for three
times and the average value was reported.
Fig. 1. Optical images of (a) as cast sample (little amount of cementite (Fe3C) in
pearlite matrix), (b) cooled by the compressed air (bainite (B) in pearlite matrix),
and SEM images of (c) as cast sample in pearlite matrix, (d) cooled by the
compressed air in pearlite (P) and bainite (B) region, (etchant: nital 4%).
3. Results and discussion

3.1. Microstructure

Fig. 1 shows the optical and SEM images of the specimens’
microstructure in the, (a and c) as-cast condition (F2) and, (b and
d) compressed air cooling condition (E1), etched with nital 4%. As
can be observed in Fig. 1, microstructure of the as cast samples
consists of fine pearlite and a little amount of proeutectoid
cementite in the grain boundaries (regarding this fact that the
presence of alloying elements can be influential to shift the eutec-
toid point to the lower values of carbon, concentration of carbon in
the eutectoid point has been calculated to be approximately
0.73%), however, due to applying a higher cooling rate, microstruc-
ture of the specimens cooled down by the compressed air contains
70% fine pearlite and 30% bainite.

Microstructure of the samples quenched in salt bath at different
temperatures and holding times are shown in Fig. 2. The etchant
used in this experiment was the aqueous solution of sodium meta-
bisulfite 15%, by which austenite, martensite, and bainite were
Table 2
Information concerning with heat treatments applied to the specimen.

Sample no. Heat treatment type Time (min)–temperature (�C)

F2 As cast –
A1 Salt bath quench 2–200
A2 Salt bath quench 8–200
A3 Salt bath quench 30–200
A4 Salt bath quench 120–200
identified as white, brown, and blue regions of the micrograph,
respectively [16–18]. This figure shows that the considerable
amount of retained austenite in grain boundaries could be attrib-
uted to the segregation of alloying elements [19]. Fig. 2 is used
Sample no. Heat treatment type Time (min)–temperature (�C)

E1 Compressed air quench –
C1 Salt bath quench 2–300
C2 Salt bath quench 8–300
C3 Salt bath quench 30–300
C4 Salt bath quench 120–300

meghdad
Highlight

meghdad
Highlight

meghdad
Highlight

meghdad
Highlight



Fig. 2. The microstructure of martempered samples at 200 �C ((a) A1, (b) A2, (c) A3, and (d) A4, held in salt bath respectively for 2, 8, 30, and 120 min) and austempered
samples at 300 �C ((e) C1, (f) C2, (g) C3, and (h) C4, held in salt bath respectively for 2, 8, 30, and 120 min) etched with aqueous sodium metabisulfite 15% (austenite,
martensite, and bainite were identified as white, brown, and blue regions in the micrograph, respectively). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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to calculate the amount of retained austenite, bainite and martens-
ite at different temperature and holding times which are reported
in Figs. 8 and 9. By increasing the holding time at 200 �C, the
amount of austenite, martensite and bainite undergo an inconsid-
erable change, while such an increase at 300 �C results to a notable
reduction in the austenite and martensite amount and a notable
increment in bainite amount.

As shown in Fig. 3 the concentration of alloying element such as
Cr and Mo in grain boundaries is higher than other regions. In addi-
tion, the presence of high concentration of Cr and Mo in some re-
gions results in the precipitation of complex Cr–Mo carbides
(Fig. 4). Results of EDS analysis show that amount of Cr and Mo
which is 2.17 and 0.29 wt.% in bulk, increased to 11.45 and
3.71 wt.% at grain boundaries, respectively. This evidences a 5% in-
crease in the concentration of alloying elements of grain bound-
aries. The segregation of alloying elements can be attributed to
the dendritic solidification of the alloy which is repulsed from
the solidification front through the solidification of alloying
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Fig. 3. EDS line scan analysis of Cr and Mo element of the specimen martempered in salt bath at 200 �C for 120 min (A4).

Fig. 4. EDS analysis of the specimen martempered in salt bath at 200 �C for 120 min (A4) at complex carbide phases in grain boundaries.
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element. With the further progress of the solidification front, the
alloying elements concentration would increase in the melt
and finally, concentration of these elements in the grain bound-
aries or inter-dendritic regions, as the final solidification regions,
would reach the maximum value. In the grain boundaries, the
exaggerated amounts of Cr and Mo decrease the MS temperature
and increase the extent of retained austenite; in some regions
MS drops down to lower values compared to the room temper-
ature and leads to the formation of a full austenitic structure.
The microstructural comparison of the samples, quenched in
salt bath demonstrates that a minor microstructural variation
is resulted from the increase in the holding time at 200 �C, on
the other hand, such a process at 300 �C leads to a notable
reduction in the amount of retained austenite and martensite
and a considerable increment in the bainite fraction of
microstructure.

The SEM micrographs of A4 and C4 samples (Figs. 5 and 6)
quenched in salt bath for 2 h at 200 �C and 300 �C, respectively,
demonstrate the martensitic–austenitic microstructure for A4
specimen as well as the bainitic–austenitic microstructure for C4
specimen. The martensite phase in Fig. 5 seems to be plate like,
due to their lenticular shapes and zigzag pattern of smaller plates
[20]. The morphology of the bainite phase in Fig. 6 includes a lower
fraction of bainite phase, because of the precipitation of cementite
particles inside the plates of ferrite [21]. Comparing these images
would explicitly reveal the lower fraction of undesirable retained
austenite phase in C4 sample compared to A4 sample in both grain
Fig. 5. SEM images of the specimen martempered in salt bath at 200 �C for 120 min
(A4) in the (a) grain boundaries and (b) intergranular regions (etchant: nital 4%) (B:
bainite, M: martensite, c: austenite).
boundary and intergranular regions, and verify this fact that the
amount of retained austenite in the grain boundary regions is con-
siderably greater than the intergranular regions in both samples
[22].

The XRD analysis was applied to confirm SEM and optical
microstructure results. As illustrated in Fig. 7, peaks of martensite
and ferrite of bainite appears in the same diffraction angles. There-
fore, what can be deduced is the similarity between the crystalline
lattices of these phases [23], while the bainite phase can be dis-
cerned from martensite by the presence of cementite peaks. In
other words the amount of bainite increases with cementite
amount increment while such a cementite phase increase implies
a reduction in the amount of martensite.

Effect of the holding time in salt bath at different temperatures
on the amount of retained austenite (the retained austenite in the
grain boundary regions, the retained austenite in intergranular re-
gions, and entire retain austenite) is shown in Fig. 8. By increasing
the holding time at 200 �C in salt bath, all of the mentioned re-
tained austenite decreases slightly with the same rate. The reason
lies in the destabilization of retained austenite caused by the
immigration of alloying elements (Cr, C, etc.) towards the stress
zones such as grain boundaries, the boundaries between austenite
and bainite or martensite and inclusions [19,24]. As can be seen in
the diagrams of Fig. 8, the amount of retained austenite at grain
boundaries remarkably declines (because BS (Bf) is upper than MS

(Mf)), and the extent of retained austenite in intergranular regions
primarily increases and then, decreases (due to changes in carbon
Fig. 6. SEM images of the specimen austempered in salt bath at 200 �C for 120 min
(C4) in the (a) grain boundaries and (b) intergranular regions (etchant: nital 4%) (B:
bainite, M: martensite, c: austenite).
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Fig. 7. XRD results corresponded to the specimens austempered in salt bath at 200 �C for 2 min (C1), austempered in salt bath at 200 �C for 30 min (C3), austempered in salt
bath at 200 �C for 120 min (C4), and martempered in salt bath at 200 �C for 120 min (A4).
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concentration of austenite); when the holding time increases at
300 �C [19,25].

Effect of holding time in salt bath at 200 �C and 300 �C on the
amount of martensite and bainite is shown in Fig. 9. By increasing
the holding time at 200 �C, the amount of martensite and bainite
undergo an inconsiderable change, while such an increase at
300 �C results to a notable reduction in the martensite amount
and a notable increment in bainite amount. In the samples
quenched in salt bath at 200 �C, the austenite just transformed to
martensite, and the presence of negligible amount of bainite is
probably due to heterogeneous distribution of alloying elements.
In the case of the samples quenched in salt bath of 300 �C, austen-
ite mainly transformed to bainite while the samples were being
held in the bath and the transformation of the austenite to mar-
tensite can only occur in the case of removing the samples from
the bath [26].

3.2. Hardness

Hardness of the as cast and compressed air-cooled samples was
measured to be 35 and 45 HRC, respectively. As shown in Fig. 10a
by increasing the holding time at 200 �C, the hardness increases
slightly as a result of the reduction in amount of retain austenite,
while increasing the holding time at 300 �C, results in a consider-
able decrease in hardness, because of the reduction in amount of
martensite. The microhardness of different phases presented in
Cr–Mo steels, austenite, pearlite, bainite and martensite are 300–
350, 350–420, 540–620 and 780–880, respectively, so the hardness
of austempered and martempered specimens are notably higher
compared to their compressed air cooled counterparts, and their
hardness improves, as a result of increasing the martensite
amount, as well. The higher hardness of the air cooled samples
compared to the as-cast ones can be interpreted by the formation
of pearlite as well as the bainite formation. According to the con-
siderable discrepancy between the microhardness of martensite
and bainite in this alloy, the martempered specimens have demon-
strated much higher hardness values compared to the austem-
pered ones for 2 h.

3.3. Impact toughness

The impact tests show that the toughness of the as cast samples
(20j) is lower than the compressed air cooled ones (25j), due to the
presence of brittle cementite at grain boundaries of the as cast
specimens. Fig. 10b illustrates the effect of holding time and tem-
perature of salt bath on the impact toughness. It can be seen that
impact toughness slightly increases, with increasing the holding
time at 200 �C. This increase could be attributed to the slight in-
crease in the amount of bainite and decrease in probability of
microcrack formation during transformation of austenite to mar-
tensite as a result of uniform temperature of the specimen parts.
As shown in Fig. 10b, by increasing the holding time at 300 �C,
the impact toughness increases, as a result of a decrease in the
martensite amount and an increase in the amount of bainite, be-
cause the impact toughness of lower bainite is much better than
martensite. Based on the results obtained, it can be concluded that,
the full austempered sample (C4) has presented the best impact
toughness, because of its lower bainitic structure [6,7]. As previ-
ously discussed in Section 1, the impact toughness is of a greater
importance for the liners utilized at the bottom of the mills rather
than the wear resistance, since these liners are significantly sub-
jected to the impact effects at the bottom while wear effects on
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Fig. 8. Effect of temperature and holding time in salt bath at the amount of retained
austenite. (a) The retained austenite in the grain boundaries, and in the intergran-
ular regions separately and (b) entire retained austenite.

Fig. 9. Effect of temperature and holding time in salt bath at the amount of (a)
martesite and (b) bainite.

198 M.H. Shaeri et al. / Materials and Design 34 (2012) 192–200
the walls. Therefore, what can be concluded is that the specimens,
austempered at 300 �C for 2 h could present the best performance
for the bottom of the mills [26].

3.4. Wear resistance

Fig. 11 shows the variation of the wear rate as a function of the
normal load corresponding to the steady state of the all samples.
As shown in Fig. 11, in contrast to the pearlitic samples (F2 and
E1) that demonstrate the lowest wear resistance, martensitic ones
enjoy the highest values and the wear resistance of the bainitic
samples (C4) is much higher than pearlitic samples (E1, F2). It is
also shown that, the effect of hardness on the wear resistance is
considerably higher than the impact toughness. By increasing the
holding time in salt bath at 200 �C (martempering process), the
wear rate decreases slightly as a result of retained austenite reduc-
tion. As a result of higher bainite formation rather than martensite,
the wear rate increases with increasing the holding time in salt
bath at 300 �C (austempering process). As discussed in Section 1,
wear resistance is regarded as a more critical factor for the liners
utilized at the wall of the mills compared to the impact toughness,
as these liners are mostly subjected to the wear effects. Hence, the
specimens martempered at 200 �C can be known as superior can-
didates for walls in comparison with those austempered at
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Fig. 10. Effect of temperature and holding time in salt bath on (a) hardness and (b)
impact toughness.

Fig. 11. Effect of the normal load on the wear rate of the (a) austemperd samples at
different holding times and (b) martemperd samples at different holding times,
compared with the as cast and compressed air cooled process.
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300 �C. In addition, according to this fact that the holding time in-
crease in salt bath at 200 �C could result in an improvement in both
factors of impact and wear resistance, the martempered samples at
200 �C could represent the highest efficiency for the wall of mills.

4. Conclusions

This study was carried out to investigate the effect of heat treat-
ment on the performance of Cr–Mo wear-resistant steels used to
manufacture the ball mill liners. This work supports the following
conclusions:

� Larger holding time in salt bath during martempering process
gave rise to a moderate bainite increase, and reduced the extent
of martensite and retained austenite slightly. Increasing the
holding time in salt bath through the austempering process,
on the other hand, notably increased the amount of bainite
and considerably decreased the amount of martensite and
retained austenite.
� By increasing the holding time in salt bath in martempering

process, very slight changes in mechanical properties could be
observed. While such an increase through the austempering
process led to the reduction in the value of hardness and wear
resistance. In contrast the impact toughness value exhibited a
remarkably enhancement in return of the longer austemperiza-
tion period.
� It can be concluded that, the life time of the liners used in the

walls of the mills can be prolonged in the light of applying the
full austempering process instead of using the compressed air
cooling process, and the life time of the liners used in the bot-
toms of the mills can be also increased in case of utilizing mar-
tempering process instead of the compressed air cooling process.
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