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Abstract—The study results of the effect exerted by steel grade and heat treatment of grinding balls with a
diameter of 100 mm on the hardness, wear and impact resistance, as well as on the tendency to quenching
crack embrittlement, are presented. The following effects have been studied: alloying carbon steel (0.6–1.5%
of C) with 0.9–5.0% of Cr; 0.6–3.0% of Mn and 0.4–1.7% of Si, and for additional alloying (≤12.0% of Cr)
exerted on the structure, surface and bulk hardness; as well as relative wear resistance on the impact resistance
of balls in the initial and heat-strengthened condition. By dilatometry means, critical temperatures Ac1 and
Ac3 of the onset and completion of the polymorphic transformation α → γ in the studied hypoeutectoid and
hypereutectoid steels have been determined in the course of heating. It is recommended to perform the
quenching of balls with a diameter ≥100 mm made of hypoeutectoid (0.6–0.75% of C) steels alloyed with
0.9–1.1% of Cr, 0.6–0.8% of Mn and 0.2–0.4% of Si in water or oil. In this case, the quenching temperature
should amount to 830–850°C or 860–880°C, respectively, whereas the tempering after quenching should be
performed at a temperature of 280–320°C.

Keywords: grinding balls, hypoeutectoid and hypereutectoid steels, thermokinetic diagrams, heat treatment,
hardness, wear resistance, impact resistance, impact strength, stress intensity factor
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INTRODUCTION

The improvement of steel grinding balls used as the
main working tool for grinding iron ore, cement,
energy raw and other types of raw materials in tum-
bling ball mills is an important issue during production
quality. The working efficiency of the balls in such a
mill depends on many quality parameters: a regular
geometric shape and preservation thereof in the
course of operation, steel chemical composition, den-
sity, macrostructure, microstructure, resistance with
respect to cracking and wear, hardness and uniformity
both throughout the entire surface, and throughout
the cross section of the ball. Impact and wear resis-
tance are the most significant characteristics among
all the mentioned parameters, especially for balls that
are larger than 100 mm in diameter used at the first
stage of mineral raw grinding, since they are subjected
to the greatest impact loads.

Recent study analysis shows that the problem of
improving the quality of grinding balls from the stand-
point of impact and wear resistance can be mainly
solved by improving the chemical composition of
steels, equipment and heat treatment technology. In
addition, the solution of this problem involves unifor-
mity in the distribution of surface hardness and
quenched layer depth, as well as improving macro-

and microstructure for the ball billets and balls [1–10].
The application of these study results at the enterprises
of the CIS countries has made it possible to organize a
stable production of grinding balls with a diameter of
40–60 mm having a surface hardness level amounting
to 55–62 HRC with a quenched layer 10–15 mm deep,
and grinding balls with a diameter of 40–60 mm hav-
ing a surface hardness level amounting to 50–57 HRC
with a quenched layer depth of 5–10 mm.

However, the achieved quality level of the balls is
still inferior to the best world analogues from the
standpoint of the hardness distribution throughout the
cross section. The benchmark consists in achieving
60–65 HRC hardness throughout the entire cross sec-
tion of balls with a diameter of 15–150 mm, produced
by Western companies such as Vitkovice, Moly-Cop,
Gerdau Ameristeel, Magotteaux, and Fagersta. At the
enterprises of the CIS countries, attempts are made to
produce experimentally high-quality balls. The PJSC
Donetsk Metal-Rolling Plant is currently manufac-
turing grinding balls with a 40-mm diameter with a
surface hardness amounting to 62–63 HRC and a bulk
hardness amounting to 59–60 HRC [11] correspond-
ing to the 5th hardness group according to GOST
(State Standard) 7524–2015 [12].

The steel microstructure plays an important role
alongside with the hardness, the main wear resistance
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parameter. The resistance with respect to impact-and-
abrasive alloy wear having identical hardness but dif-
ferent structure is not the same. Many researchers
[2, 13–15, etc.] noted that the increase in wear resis-
tance for large-diameter balls working under impact-
load conditions in an abrasive corrosion medium can
be provided by a carbide-free or low-carbide austen-
ite-martensitic steel structure, wherein austenite
exhibits a regulatory tendency to martensitic transfor-
mation in the course of wear [2, 8, 13, 16].

Such a microstructure type indicates that the balls
have an increased resistance with respect to cracking
in the course of quenching and fracture (splitting)
during operation in the mill with the presence of vis-
cous austenite. At the same time, a significant increase
in wear resistance is possible only if a significant
amount of the carbide phase with a microhardness
exceeding the hardness of cementite occurs in the
structure. These carbides involve M7C3 or M23C6.

The impact resistance and wear resistance of iron-
carbon alloys (steels) is determined by the amount,
size, morphology and microhardness inherent both in
carbides and in a metal substrate, i.e., hardness cannot
serve as a sufficient criterion for assessing impact and
wear resistance. Furthermore, this is quite important
for steels and alloys with excess phases that differ from
each other in microhardness to a great extent.

This work was aimed at determining the steel grade
and heat treatment modes that provide grinding balls
≥100 mm in diameter during the production of high
impact and wear resistance for usage in tumbling mills
at the first stage of iron ore grinding.

EXPERIMENTAL
In the studies, designs of experiments were estab-

lished. For choosing the experimental domain of the
factor space, analysis was based on theoretical infor-
mation, including the effect of individual factors
(alloying elements) on steel properties, on the relative
level of their cost and on the deficiency thereof. The
mathematical model factors used the following main
alloying elements for the studies: C, Mn, Cr, and Si.
The levels of the factors were in the range, wt %, as it
follows: 0.6/1.0 for C; 0.6/2.0 for Mn; 1.0/5.0 for Cr;
and 0.5/1.5 for Si. The factor levels were established
based on the influence degree of these elements upon
quenching capacity, hardenability (hardness), and wear
resistance of steel. For a full-factorial experiment, 16
smelts were preplanned, since the maximum number of
necessary experiments should amount to 24 = 16.

As material for complex research, balls with a
diameter of 100 mm made of experimental steels were
used and manufactured at the pilot plant of the Ener-
gostal Ukrainian Research-and-Technological Center
of Metallurgical Industry. Steel was smelted in a
200-kg acid induction furnace with casting into four
50-kg molds. The steel’s chemical composition was
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varied for each ingot, adding the alloying elements into
the furnace. In this case, after casting each ladle, the
furnace was turned off in order to dissolve the addi-
tives. For alloying, we used 70% of FeCr, 92% of
FeMn, 45% of FeSi, and the breakage of graphite elec-
trodes. The killed steel was created in a ladle with alu-
minum on the basis of 400 g/t of steel.

During steel smelting under alloying with manga-
nese, the melting loss in many melts exceeded the cal-
culated value, whereas the mass fraction of silicon in
steel was higher than the calculated level, which could
be caused by the acid lining of the furnace. Accord-
ingly, there was a need for the duplication of certain
smelts. As a result, the number of smelts in the case of
a four-factor experiment has gone beyond the required
16 experiments. A total of 37 ingots made of experi-
mental steels have been obtained (Table 1). Thus, for a
four-factor experiment, all the given compositions
have been obtained. Relatively small deviations occur-
ring in the mass fraction of the elements observed in
each group of preset compositions were analyzed con-
sidering their effect on the structure, hardness, and
wear resistance.

For the mathematical processing according to the
experiment design, average values for these parame-
ters were used. Smelts in which the mass fraction of
elements significantly differed from the preset ones
were not taken into account. However, all the r results
were used for the regression equation.

Ingots made of experimental steel grades were
rolled into billets with a smelt section of 80 × 80 mm
using a 550 mill. The balls with a diameter of 100 mm
were stamped using these billets.

In order to determine the heat treatment modes of
the balls based on one or two melts from each group of
steels, we have found critical steel points Ac1 and Ac3 in
the course of slow heating using a DKM universal
optical differential dilatometer (M.M. Kantor’s sys-
tem). To determine the effect of carbon and alloying
elements on the phase transformations during contin-
uous heating and cooling of steels at different rates,
thermokinetic diagrams of austenite decomposition
under continuous cooling have been plotted.

For the dilatometric studies, we used samples with
a diameter of 3.5 and 40 mm long-heated to an austen-
itization temperature of 950°C and then cooled at dif-
ferent rates to a temperature of 100°C. Different cool-
ing rates were provided by changing the relative posi-
tion of a sample placed into a quartz tube and the
heating furnace: the cooling rate of 150°C/min in air,
3°C/min under cooling jointly with the furnace, as
well as the rates of 9.6 and 6.0°C/min corresponded
intermediate positions. Figure 1 shows thermokinetic
diagrams for the austenitic transformation in the steels
under study, where dashed lines indicate critical tem-
perature values Ac1 and Ac3 determined in the course of
slow heating.
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Table 1. Chemical composition of experimental steel grades (wt % of), and heat treatment modes

* o—oil; w—water; a—air.

Smelt 
(ingot) 

no.
C Mn Cr Si S P

Critical temperatures
in the course of heating, °C

Quenching 
temperature, 
°C/cooling 
medium*

Bulk hardness
of heat-treated 

ballsAc1 Ac3

17 0.61 0.57 1.00 0.55 0.022 0.016 330 820 860/o 50
19 0.62 0.62 1.24 0.53 0.030 0.020 – – 840/o 55
18 0.61 0.53 0.85 1.18 0.032 0.022 – – 880/o 54
4 0.58 0.76 0.95 1.40 0.025 0.018 – – 860/w 56
2 0.59 0.78 1.18 1.45 0.035 0.018 718 837 850/w 56

23 0.56 0.57 4.70 0.50 0.023 0.16 – – 900/o 51
24 0.59 0.72 4.66 0.69 0.032 0.021 740 850 880/o 55
22 0.58 0.67 4.34 1.16 0.052 0.022 770 890 920/o 58

1 0.55 0.79 5.38 1.45 0.035 0.020 – – 900/o 52
3 0.64 0.88 4.60 1.35 0.026 0.020 780 900 920/o 53

11 0.62 1.73 1.00 1.05 0.027 0.020 732 838 870/o 53
37 0.67 1.72 1.60 0.54 0.033 0.026 723 827 860/o 59
12 0.57 1.78 1.00 1.77 0.028 0.022 752 870 870/o 57
38 0.65 1.68 4.80 0.60 0.040 0.030 – – 880/a 51
20 0.71 2.30 5.32 1.00 0.030 0.024 748 863 880/o 56
21 0.71 2.31 5.18 1.46 0.030 0.024 780 890 840/o 53
35 0.61 2.79 4.68 1.43 0.035 0.038 737 840 880/o 51
16 1.19 0.52 0.70 0.42 0.035 0.019 – – 840/w 45
41 1.03 0.49 1.22 0.50 0.035 0.031 750 840 840/a 47
56 0.98 0.40 1.60 0.30 0.029 0.018 – – 840/w 45
42 1.02 0.49 1.22 1.20 0.035 0.035 760 870 840/w 51
28 0.92 0.58 4.76 0.58 0.030 0.035 750 850 820/o Crack
43 0.98 0.52 4.36 1.20 0.038 0.038 760 880 540/o 48
44 0.98 0.52 4.48 1.23 0.030 0.030 – – 980/o 54
15 1.15 1.37 0.79 0.48 0.035 0.020 – – 860/o 41
9 0.98 1.52 1.60 0.55 0.027 0.020 700 800 800/o 46

40 1.12 1.74 1.60 0.54 0.036 0.027 – – 860/o 49
14 1.15 2.72 0.75 0.48 0.036 0.023 – – 880/o 50
13 1.11 2.56 1.69 0.56 0.039 0.023 – – 880/o Crack
5 0.95 1.85 1.00 1.77 0.030 0.024 – – 880/o 49

10 0.85 1.88 1.62 1.78 0.029 0.024 700 750 820/o 49
29 0.96 2.30 4.67 0.58 0.030 0.016 725 830 800/o 52
31 1.04 2.60 4.58 0.63 0.029 0.026 – – 980/o Crack
34 1.15 2.28 5.22 1.46 0.030 0.030 790 905 880/a 52
26 1.33 2.00 4.60 1.42 0.030 0.037 – – 880/o Crack
27 1.55 2.24 5.32 1.47 0.030 0.030 – – 880/o Crack
54 1.37 1.37 5.30 1.52 0.025 0.028 – – 880/o Crack
46 1.40 0.51 12.20 0.56 0.039 0.030 – – 1100/o 54
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Fig. 1. Thermokinetic diagrams of supercooled austenite transformation in the studied steels: (a) smelt 24; (b) smelt 28; (c) smelt 17;
(d) smelt 41; (e) smelt 29.
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The heat treatment modes of the balls were chosen
taking into account the results obtained upon deter-
mining steel critical points Ac1 and Ac3, as well as the
effect of carbon and alloying elements on the phase
transformations of austenite under heating and cool-
ing. Before the quenching, the balls were annealed at
800°C, held for 2 h, and then cooled jointly with the
furnace to relieve stresses resulting from plastic defor-
mation and subsequent cooling. The balls made of
hypoeutectoid steel were exposed to complete
quenching.

In the case of steel balls with an increased mass
fraction of Mn and Cr, a high heating temperature was
used to dissolve chromium carbides in the austenite.
However, as shown by the study results (see Table 1),
the hypereutectoid steels with increased mass fractions
of Cr, Mn, and Si (smelts 28, 26, 27) are prone to
cracking even when quenched in oil. The balls made of
hypo- and hypereutectoid steels with a mass fraction
of Cr and Mn corresponding to a lower level were
quenched in oil and water. The temperature of the
balls under quenching in water was 20°C lower than
that for quenching in oil.

Using heat-treated balls, templates in the ball-dia-
metric section were created for determining the fol-
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lowing: the micro- and macrostructure, the bulk hard-
ness and the depth of the quenched layer, as well as wear
resistance of samples with a diameter of 20 mm and a
length of 40 mm. In addition, using the heat-treated
balls, we have prepared samples 10 × 10 × 55 mm in size
for determining impact strength KCV in accordance
with GOST (State Standard) 9454–78, as well as for
determining dynamic stress intensity factor 
according to the procedure described in [17].

RESULTS AND DISCUSSION

According to analysis of the obtained thermokinetic
diagrams (see Fig. 1), the increase in the mass fraction
of C from 0.59% (smelt 24) to 0.92% (smelt 28) barely
affected the change in the position of critical points
during slow heating. However, in the case of continu-
ous cooling, the increase in the mass fraction of C has
caused a marked narrowing in the temperature range
of the pearlitic transformation, whereas it has caused a
widening in the bainitic transformation range, and
lowered the onset temperature of martensitic transfor-
mation. With all other factors being equal, this indi-
cates that the increase in the mass fraction of carbon in
chromium steel heated in the course of heat treatment

∂
1cK
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Fig. 2. Hardness distribution throughout the cross section of
quenched balls: (1, 2) smelt 17; (3, 4) smelt 42; (1, 3) quench-
ing in water; (2, 4) oil quenching.
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above critical point Ac3, a greater hardness value
should be expected throughout the entire cross section
of balls cooled both in air, as well as at the cooling rate
values higher than critical ones.

The increase in the mass fraction of Cr from 1.0%
(smelt 17) to 4.66% (smelt 24) in hypoeutectoid steel
has caused a slight increase in the critical points under
slow heating. Under continuous cooling, the increase
in the mass fraction of Cr has been manifested in a
considerable increase in the stability of supercooled
austenite in the pearlite region, in a decrease in the
bainitic transformation temperature, and in a certain
increase in the martensitic point. Based on the obtained
results, under the continuous air cooling of steel balls
with a higher mass fraction of Cr, a higher hardness
value should be expected due to the formation of
quenching structures in the lower temperature range of
transformation (troostite, bainite, martensite).

In the case of hypereutectoid steel, an increase in
the Cr mass fraction from 1.22% (smelt 41) to 4.76%
(smelt 28) has not affected the change in critical points
upon slow heating to any considerable extent. How-
ever, under continuous cooling, the thermokinetic
diagram shape has considerably changed: the tem-
perature range of the ferrite-to-pearlite transforma-
tion has narrowed, and even at a conversion rate of
9.6°C/min it is almost suppressed, whereas the range
of bainitic transformation expands. This indicates an
increase in the stability of supercooled austenite due to
the transfer of a significant amount of a strong car-
bide-forming element such as Cr into the solid solu-
tion upon heating.

The increase in the mass fraction of Mn from
0.58% (smelt 28) to 2.3% (smelt 29) in hypereutectoid
steel has shown a decrease in the critical points under
slow heating. Under continuous cooling, the effect of
2.3% of Mn is expressed by an additional increase in
the austenite stability at high cooling rates and by a
shift in the martensitic transformation to a lower tem-
perature range. In all other respects, the thermokinetic
diagram has no fundamental differences as compared
with the diagram for steel containing 0.58% of Mn
(smelt 28).

From the analysis of the thermokinetic diagrams of
austenite decomposition, carbon steel balls (0.6% of C)
alloyed with 5% of Cr, under cooling in air from T >
950°C, should exhibit a high hardness level through-
out the entire cross section due to the formation of
quenching structures (troostite, bainite, martensite).
The quenching of hypoeutectoid steels both in oil and
water has resulted in hardenability throughout the
majority of the balls (see Fig. 2), the hardness decreases
from the ball surface to the center by 0–7.0 HRC at a
bulk hardness amounting to 3.2–57.5 HRC. The
structure of these steels represents acicular martensite
with 10–12% of residual austenite (Fig. 3a).

The quenching of hypereutectoid steels has not
provided any hardenability throughout regardless of a
cooling medium. The hardness in the ball center
amounts to 31–36 HRC, whereas the surface hardness
ranges within 59.0–61.5 HRC when quenched in
water and 40–48 HRC when quenched in oil (Fig. 2).
Accordingly, the microstructure throughout the cross
section of the balls is also heterogeneous. The
quenched layer depth after quenching in water
amounts to 15–20 mm. The layer microstructure rep-
resents structureless and fine-needled martensite, grad-
ually passing from the surface to the ball center into
troostomartensite and troostosorbite (see Figs. 3b–3e).

After quenching in oil, the depth of the quenched
layer is much less (5–10 mm), and the microstructure
throughout the ball depth changes from the martensi-
tic structure to the troostosorbitic one. In this case, the
fraction of the sorbite component exhibits an increase.

Any effect of Si on the hardness and structure of
the balls in both hypoeutectoid and hypereutectoid
steel after quenching has not been detected.

The steels additionally alloyed with Mn were
quenched in oil. The changing characteristics in the
hardness throughout the cross section of the balls is
the same as it is observed for steels with a mass fraction
of Mn at the lower limit. An attempt to quench the
balls (smelt 8) in water did not give a positive result
and led to cracking. In addition, for the parts of the
balls that were not immediately tempered after
quenching to relieve stresses, cracks have been
revealed on the next day (smelt 13), which is caused by
the tendency to crack formation inherent in steels with
an increased mass fraction of Mn.

Alloying with manganese improves the stability of
austenite, and consequently, this procedure leads to an
increase in the amount of residual austenite in the case
of quenched hypoeutectoid steel up to 15–20%,
whereas in the case of hypereutectoid, the amount of
residual austenite can increase to 10% (Figs. 4a, 4b).
STEEL IN TRANSLATION  Vol. 50  No. 2  2020
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Fig. 3. Microstructure of balls quenched in water after tempering at 300°C: (a) smelt 17 (throughout the entire cross section);
(b‒d) smelt 42: (b) surface, (c–d) transient zone; (e) center).

(а) (b)

(c) (d) (e)

Fig. 4. Microstructure of balls quenched in oil, after tempering at 300°C: (a) smelt 37; (b) smelt 9; (c) smelt 14.

(а) (b) (c)
The increase in the Mn content to 2.72% (smelt 14)
leads to the formation of a martensitic structure
throughout the entire cross section of the balls, as well
as to an increase in residual austenite up to 50%
(Fig. 4c). Here, the difference in hardness throughout
the cross section of the balls is small and ranges within
47.0–54.0 HRC.

The steels alloyed with 4.20–5.38% of Cr, as well as
jointly with 4.68–5.30% of Cr and with 1.57–2.79% of
Mn, have a sufficiently high hardness throughout the
entire cross section of the balls after quenching in oil,
with a bulk hardness amounting to 48.0–56.3 HRC.
The tendency to form cracks during quenching is also
exhibited by hypereutectoid steels with a high mass
fraction of C and Si (smelts 54, 26, 27). The increase
STEEL IN TRANSLATION  Vol. 50  No. 2  2020
in quenching temperature (smelt 31) promotes the for-
mation of cracks as well.

The studies on the effect of tempering temperature
exerted on the hardness of quenched balls have shown
that after tempering in the range of 200–350°C, the
hardness of almost all the steels does not change
(Fig. 5). With some steels, an increase in hardness is
observed due to the decomposition of residual austen-
ite. A further (higher than 350°C) increase in the tem-
pering temperature leads to a decrease in hardness,
while alloying with Si, Mn, and Cr leads to an increase
in the resistance of the steel with respect to softening,
whereas carbon does not affect the character of the
change in the ball hardness after tempering. Thus, it is
worthwhile to apply tempering in the range of 280–
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Fig. 5. Hardness of quenched balls depending on the tem-
pering temperature, (1): (s) smelt 41; (h) smelt 28;
(n) smelt 14; (2): (d) smelt 42; (j) smelt 43; (m) smelt 5;
(×) smelt 46; (3): (d) smelt 4; (j) smelt 1; (m) smelt 12;
(4) (s) smelt 17; (h) smelt 24; (n) smelt 37.
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320°C to obtain a stable hardness level that does not
decrease after quenching.

In the case of steel containing 12.2% of Cr (smelt 46),
the hardness level after tempering at 200–450°C
remains the same. With the increase in the tempering
temperature to 500°C, an increase in hardness to
63 HRC is observed. After quenching, this steel con-
tains up to 60–80% of residual austenite, which
remains intact up to 450°C and abruptly decreases
after tempering at 550–600°C. As a result, the ball
hardness exhibits an increase. To provide the maxi-
mum level of hardness after tempering, steel contain-
ing 12.2% of Cr (smelt 46) should be tempered at 480–
500°C.

The carbide phase has been studied using the sam-
ples cut from heat-treated (quenched and tempered)
balls. The calculation of bound carbon in special car-
bides has been carried out based on the fact that Fe,
Mn, and Cr form M7C3 carbide. The study analysis of
the carbide phase (see Table 2) has shown that special
carbide is formed in steels containing about 5% of Cr,
while the distribution of Fe, Mn, and Cr between
cementite and special carbide does not exhibit any dis-
tinct pattern being in the range of 1.87–2.65% and
1.57–3.61%, respectively. Both hypoeutectoid and
hypereutectoid steels with the initial composition
exhibit a maximum sum of elements in the carbide
phase (smelts 17, 19, 16, 56), whereas the mass fraction
of carbon in the solid solution is minimal amounting
to 0.01–0.08%.

The alloying of hypoeutectoid steels with silicon
(smelt 2, 4, 18) leads to an increase in the resistance to
tempering; accordingly, the carbon amount in the
solid solution increases to 0.20–0.32%, and the sum of
the elements in the carbide phase decreases. The effect
of additional alloying such steel containing chromium
(smelt 23, 24, 33) exerted on the distribution of the
elements in the carbide phase is similar. In the case of
hypereutectoid steels, the overall level of elements in
carbides is much higher. However, the effect of alloy-
ing elements on the carbide phase composition is sim-
ilar to their effect on the composition of the carbide
phase in hypoeutectoid steels.

The balls that are used in tumbling mills at the first
grinding stage of ferrous and non-ferrous metal ores
should have a high level of impact and wear resistance.
The wear resistance of the experimental steels has been
determined using the samples having a diameter of
20 mm and a length of 40 mm cut from heat-treated
balls in such a way that they cover all the hardness
zones throughout quenching. The tests have been car-
ried out using a laboratory tumbling mill that simu-
lates industrial conditions to a considerable extent.

The wear resistance has been evaluated based on
the relative wear resistance, i.e., a wear rate ratio of the
reference sample made of normalized St3 grade steel
that has not undergone any transformations and
almost hardened, to the wear rate of the sample under
testing. The rate of abrasive corrosion wear was deter-
mined as a ratio of sample mass loss (in grams) to its
surface area (in m2) and the test time (h).

In parallel, we have studied the influence of the test
duration, the grinding time and the working time upon
the wear level of the tested samples. As a result, it has
been found that with increasing test time for the sam-
ples in the mill from 0.5 to 4 h, the wear level exhibits
an increase, whereas the wear rate decreases by (15–
20) × 10–4 g/min (Fig. 6). This could be associated
with a grinding of the abrasive medium and with a
decrease in the abrasion ability. The grinding for 0.5 h
does not reveal any clear differences in the wear level
of the studied steels due to the small mass loss of the
wearing samples.

The increase in the wear time to 1–4 h provides a
distinct separation of the samples according to wear
level, and the relative position of the studied steels
according to the wear resistance remains constant and
can be distinctly recognized with increasing wear time.
Thus, it is worthwhile to replace the grinded medium
after 2–4 h of the mill operation, which should pro-
vide more stable results.

Furthermore, in order to obtain stable wear results,
it is required to perform a 2-h preliminary testing of
the samples in the mill for more than 2 h. The obtained
results of wear should not be taken into account. To
STEEL IN TRANSLATION  Vol. 50  No. 2  2020
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Table 2. Composition of carbide phases in experimental steels (wt % of) after quenching and tempering of the balls

Smelt 
(ingot) 

no.

Tempering 
temperature, °C

In cementite M3C In special carbide M7C3 In carbide 
phase

Free carbon 
(calculation)Fe Mn Cr Ni Fe Mn Cr

17 300 8.00 0.10 0.11 – – – – 8.9 0.02
19 300 7.35 0.08 0.0 – – – – 8.0 0.06
18 300 5.45 0.05 0.11 0.09 – – – 6.1 0.20
4 300 3.70 0.07 0.06 – – – – 4.1 0.51
2 300 3.70 0.07 0.02 – – – – 4.9 0.32

23 300 2.44 0.06 0.15 – 1.15 0.02 0.40 4.6 0.22
24 300 2.25 0.10 0.04 – 1.50 0.05 0.15 4.4 0.26
22 200 1.85 0.06 0.05 0.10 1.70 0.06 0.10 4.2 0.26

1 300 1.70 0.07 0.10 – 1.06 0.03 0.74 4.0 0.24
3 200 1.75 0.04 0.14 – .62 0.04 0.48 4.4 0.50

37 300 8.10 0.17 0.26 – – – – 9.1 0.06
38 200 2.06 0.08 0.05 – 1.80 0.12 0.15 4.6 0.30
35 300 1.80 0.08 0.06 – 1.60 0.05 0.11 4.0 0.30
16 300 16.25 0.20 0.10 – – – – 17.7 0.01
36 300 13.25 0.16 0.27 – – – – 14.6 0.01
42 220 13.23 0.25 0.25 – – – – 14.7 0.04
44 300 2.40 0.12 0.04 – 3.40 0.10 0.11 6.7 0.46
15 200 13.00 0.70 0.14 – – – – 14.8 0.16
40 200 11.50 0.50 0.05 – – – – 12.9 0.26
14 300 13.90 0.60 0.08 – – – – 15.6 0.11
5 200 10.50 0.55 0.14 – – – – 12.0 0.15

Fig. 6. Wear resistance and wear rate of the samples
depending on the duration of testing: (1) wear level;
(2) wear rate; (h) standard; (d) smelt 31; (s) smelt 11;
(j) smelt 24; (m) smelt 50; (n) smelt 9.
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establish the effect of the grinding medium on the
wear level of the samples, 300 and 500 cm3 of dry sand
and sand containing different amount of water with
pH 8 have been loaded into the mill. The analysis of
the results shows that the sample wear in the course of
wet grinding exhibits a 1.8–2.3-fold increase in the
tested batch. The amount of water did not significantly
affect the wear level of the samples. Thus, in the case
of wet grinding, the wear level of grinding balls exhibits
an increase, which correlates with industrial operation
conditions and indicates that the method choice for
studying the wear resistance of experimental steels is
correct.

The analysis of the study results concerning the
wear resistance of the samples made of balls based on
the experimental steels (Table 3) has shown that sam-
ples of unalloyed hypoeutectoid and hypereutectoid
steels with a hardness of 47.0 HRC exhibit a wear resis-
tance of 1.81. The wear resistance of samples made of
the same steels with a hardness of 57.0 HRC has
increased to 1.98. The alloying of hypoeutectoid and
hypereutectoid steels to 4.70% of Cr (smelt 23) has led
to an increase in wear resistance to 2.15 at a hardness
of 54.3 HRC, whereas the increase in hardness to
58.5 HRC (smelt 24) has led to an increase in the wear
resistance of the samples made of hot-stamped balls
STEEL IN TRANSLATION  Vol. 50  No. 2  2020
to 2.54. At the same time, the heat-treated samples
show the increase in wear resistance up to 2.34 (smelt
3). The microstructure of hot stamped balls has shown
up to 20% of residual austenite.
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Table 3. Relative wear resistance (WR), viscosity of samples and impact resistance of heat-strengthened balls

* In a hot-stamped/heat-strengthened condition.
** High-temperature tempering.

*** Hot-stamped.

Smelt 
(ingot) no. HRC WR Impact strength*, J/cm2

Critical stress intensity 

factor  kN/mm3/2
Result of impact testing of 

heat-strengthened balls

17 47.0 1.81 24.2/12.7 (w) – Withstood
19 47.0 1.78 21.6/18.8 (o) – –
18 56.3 1.98 13.7/10.1 (o) – –
4 56.5 1.95 14.0/19.0 (w) – –
2 57.0 1.98 14.0/24.5 (w) 25.85 –

16 42.2 1.89 9.3/17.3 (w) 21.36 Withstood
11 55.8 1.92 8.1/11.7 (o) – Withstood
37 55.5 1.90 8.8/10.1 (o) 19.02 –
41 41.7 1.94 9.3/25.2 (w) – Withstood
56 51.6 1.99 9.1/21.1 (w) – –
42 47.1 1.90 9.8/29.1 (o) – Withstood
19 54.2 1.92 –/– – –
41 53.8 2.06 –/– – –
23 54.3 2.15 20.6/22.9 (o) – Withstood
24 52.1 2.04 15.0/25.5 (o) – –
24 58.5 2.54*** –/– – –

1 53.2 2.03 10.5/27.4 (o) – –
3 52.0 2.34 11.5/22.7 (o) – Withstood

22 56.0 2.43*** –/– – –
22 52.2 2.40 11.1/24.5 (o) 49.73 Withstood
20 38.9 2.07*** –/– – –
38 54.8 2.72*** 5.9/21.7 (o) 65.34 Withstood
39 56.8 2.67*** 5.2/38.3 (a) – –
38 55.7 2.10* –/– – –
39 55.5 2.17** –/– – –
35 53.5 1.95 9.8/12.4 (a, o) 48.47 Withstood

9 55.4 2.08 7.1/11.7 (o) 20.71 Withstood
40 59.2 2.04 6.9/9.5 (o) – –
14 56.3 1.94 5.6/7.8 (o) – –
34 25.0 1.53 5.6/8.1 (a) – –
36 31.2 1.71 5.9/9.1 (a) – –
46 55.4 3.08 8.5/19.6 (o) –
46 60.0 2.46** –/– – –

∂
1c,K
The wear resistance of hypoeutectoid steels alloyed
jointly with Cr and with Mn has increased most sig-
nificantly. In the case of samples made of hot-stamped
balls, the wear resistance at 38.9 HRC (smelt 20)
amounts to 2.07, whereas at 54.8 HRC (smelt 38), this
value is of 2.78. The microstructure of the latter con-
sisted of 45–50% of martensite, 20–40% of residual
austenite, and up to 20% of troostite. The use of high-
temperature tempering (400–500°C) has led to the
decomposition of residual austenite. At the same time,
the hardness almost has not changed, whereas the
wear resistance has exhibited an abrupt decrease to
2.17 (smelt 39).

Steel containing 12.2% of Cr (smelt 46) exhibits the
greatest wear resistance after quenching with temper-
ing at 300°C (3.08), its hardness amounts to
STEEL IN TRANSLATION  Vol. 50  No. 2  2020
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55.4 HRC. After tempering at 500°C, the hardness has
increased to 60.0 HRC, whereas the wear resistance
has decreased to 2.46. In the microstructure, as it has
been already noted, a decomposition of residual aus-
tenite has been observed.

The performed studies have shown that in order to
provide maximum wear resistance of the balls, it is not
required for achieving maximum hardness. The steel
composition should provide uniform hardness and
microstructure to occur throughout the entire cross
section of the ball, and it is recommended that the
structure has more than 20% of the residual alloyed
austenite that undergoes transformations in the course
of the impact-abrasive wear of the balls. This should
provide a stable level of wear resistance as the ball is
wearing out.

These requirements are met by steels having two
types of composition, such as carbon steel (0.60–
0.75% of C) alloyed with 1.7–2.1% of Mn and 4.5–
4.9% of Cr; and steel containing 1.2–1.4% of C;
0.4‒0.6% of Mn and 11.0–12.0% of Cr. Both types of
steel contain 0.3–0.6% of Si. The wear resistance
amounts to 2.37–2.72 and 3.00–3.08, respectively.

This can be explained by the energy theory of wear
characterized by the metal’s energy intensity, consist-
ing in the energy absorbed by the working surface of
the metal and determining its ability to resist with
respect to wearing impact caused by abrasive bodies
[18]. According to [18], the energy consumption for
quenching in the course of wear is 10–15 times greater
than that for the destruction in the general balance of
energy absorbed by a metal under wearing steels heat-
treated for obtaining the structures sensitive to trans-
formations. Accordingly, the wear resistance of such
steels should be higher than the wear resistance of
steels having a similar and even greater hardness with a
structure that does not undergo any transformations.

The wear resistance of alloys having a stable struc-
ture that is not strengthened in the course of interac-
tion with abrasives depends mainly on the hardness
[15]. This conclusion is also confirmed by the results
of the comparative industrial testing of the experimen-
tal batches of grinding balls with a diameter of 60 mm
having a surface hardness of 50–56 HRC at the second
stage of iron ore grinding. This testing has shown a 16%
of decrease in the specific consumption of the ball
material as compared with the balls having the same
diameter and a surface hardness of 42–45 HRC [1].

In this connection, to obtain balls with a diameter
of 100 mm or more having an increased level of wear
resistance, it is also worthwhile to alloy carbon steel
(0.60–0.75% of C) with 0.9–1.1% of chromium,
which could provide the throughout quenching of the
balls. Accordingly, these balls should have a high level
of hardness and a uniform wear level throughout the
entire cross section, which cannot be achieved for balls
with a diameter of 100 mm made of unalloyed steel. At
the same time, such balls could be quenched in water
STEEL IN TRANSLATION  Vol. 50  No. 2  2020
using the existing equipment. However, the balls after
the quenching must be tempered with the use of tem-
pering furnaces.

As already noted, the quality of grinding balls is
determined mainly by the two parameters such as wear
resistance and impact resistance. Here, the impact
resistance of grinding balls, especially for the diameter
≥100 mm is much more important quality than the
wear resistance. The destruction of grinding balls leads
to a decrease in mill productivity, to grate clogging, to
scrap falling into the classifier, etc. It is established
that each percent of split balls leads to a decrease in the
mill productivity amounting to 1%. The resistance of
grinding balls with respect to splitting is determined by
the hardness distribution throughout the ball volume,
by the chemical composition, metal structure, by the
stress presence, and especially by impact strength.

The analysis of the study results (see Table 3) con-
cerning the impact strength, relative wear resistance,
stress intensity factor and impact resistance of heat-
strengthened balls has made it possible to establish the
following features. The impact strength of the hypoeu-
tectoid (0.60–0.62% of C) steel with the initial com-
position (smelts 17, 19) in the hot-rolled condition is
at a level of 21.6–24.2 J/cm2, whereas the hypereutec-
toid steel (0.98–1.19% of C) exhibits this value at a
level of 9.1–9.3 J/cm2 (smelts 16, 41, 56). Thus, such
an increase in the mass fraction of carbon in hot-rolled
steel has more than twice reduced the impact strength
values (see Table 3).

The effect of Si and Mn is similar: the value of
impact strength has decreased in the case of hypoeu-
tectoid steel to 13.7–14.0 J/cm2 (smelts 18, 4) and 8.1–
8.8 J/cm2 (smelts 11, 37), respectively. In the case of
hypereutectoid steel, Mn has reduced the impact
strength to 5.6–7.1 J/cm2 (smelts 9, 40, 14). In a similar
manner, the effect of Si has been manifested in the case
of Cr–Mn steel (smelts 34, 36), but at the same time the
effect of Cr is much less than that of Mn and Si.

Heat treatment has led to an abrupt increase in the
impact strength of all the steels under investigation. The
hypoeutectoid steels alloyed with Cr (smelts 23, 24) and
jointly with Cr and Si (smelts 11, 1, 3) have a maximum
value of impact strength. Manganese (smelts 11, 27), just
like in hot-stamped steel, reduces the impact strength,
and the combined alloying with Cr and Mn leads to an
increase in this parameter (smelt 38). Silicon some-
what lowers the impact strength of Mn steels, but this
parameter level remains higher than that inherent in
steels in hot-stamped state (smelt 35). The heat treat-
ment of hypereutectoid steel leads to a two-to-three-
fold increase in the impact strength. At the same time,
the alloying with up to 5% of Cr and up to 2% of Mn
also leads to a two-to-three-fold increase in the
impact strength of heat-treated steel as compared with
the initial heat-treated steel (smelts 16, 41, 56).

The assessment of the impact resistance for exper-
imental steels in the heat-treated state according to the
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Fig. 7. Relative wear resistance of thermally quenched
samples depending on the bulk hardness.
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value of  has shown that the critical stress intensity
factor under dynamic loading (see Table 3) is deter-
mined by the content of alloying elements and carbon.
The alloying with Si, Mn, Cr separately and jointly has
proved inefficient for hypereutectoid steels, since 
remains almost at the same level.

Under alloying hypoeutectoid steels with Cr and Si
(smelt 22), Cr and Mn (smelt 35), as well as under full
alloying with Cr, Mn, and Si (smelt 38), the critical
coefficient of stress intensity exhibits a significant
increase. In this case, the effect of Cr and Mn is most
efficient. In practice, the increase in the critical coef-
ficient of stress intensity under dynamic loading
means that the cracks of a greater critical length are
permissible at the same nominal stress in the product
(ball). In other words, the onset brittle fracture occurs
at a larger defect size. This leads to increased impact
resistance. It should also be noted that, unlike impact
strength,  for the studied steels is a parameter much
more sensitive with respect to the steel composition.

The testing of heat-treated balls for impact resis-
tance has shown (see Table 3) that all the balls have
withstood 15 impacts, including five of them at a 15%
of higher load (1471.5 J) as compared with the calcu-
lated ball impact energy experienced by the balls in a
mill under industrial conditions. In addition, the balls
have withstood 10 hits at a two-fold load (2928 J) as
compared with the calculated one.

In order to determine the relationship between
wear resistance WR and hardness H, as well as the
combined effect of steel chemical composition and
steel hardness on the wear resistance, correlation
equations have been calculated. As initial data, we
have used the determination results of relative wear
resistance for heat-treated samples in a tumbling mill,
and the bulk hardness of the same samples, measured
at both ends of each sample at six to ten points. As a

∂
1cK

∂
1cK

∂
1cK
result of initial data processing, we have obtained the
following equations:

(1)

(2)

Student tests for hardness amounting to 11.4 for
equation (1) and 16.4 for equation (2) far exceeds the
tabular value (about 2.0), which indicates a significant
factor. As far as the chemical composition effect on the
wear resistance according to (2), then C, Mn and Cr
are significant. Student tests for them are 4.35, 3.64,
and 7.72 respectively, whereas Si is insignificant
because the Student test for Si amounts to 0.59. The
correlation coefficients of these equations are quite
large amounting to 0.82 and 0.92, which confirms that
a linear relationship between the considered values is
observed.

Fig. 7 shows a straight line calculated according to
equation (2), as well as shows the results of determin-
ing the wear resistance of experimental steels. From
Fig. 7, it can be seen that the scatter of wear resistance
values with respect to the calculated straight line is
mainly small. The resulting graph makes it possible to
determine relative wear resistance from a preset bulk
hardness, which determines the approximate chemical
composition, quenching temperature and impact
strength for the balls with a diameter ≥100 mm having
a bulk hardness of at least 50 HRC, as well as a high
level of impact and wear resistance. Thus, the follow-
ing chemical compositions of steels (in % of) and heat
treatment modes are recommended:

(1) 0.60–0.75 C; 0.6–0.8 Mn; 0.9–1.1 Cr; 0.2–0.4 Si;
S and P ≤ 0.05% of each. Heat treatment: quenching
in water with the heating temperature for quenching
amounting to 830–850°C, or quenching in oil, with
the heating temperature for quenching amounting to
860–880°C. The tempering of the balls after quench-
ing should be performed at a temperature of 280–
320°C;

(2) 0.60–0.75 C; 1.7–2.1 Mn; 4.5–4.9 Cr; 0.4–0.6 Si;
S and P ≤ 0.05% of each. Heat treatment: quenching
in water with the heating temperature for quenching
amounting to 800–820°C. The tempering of the balls
after quenching should be performed at a temperature
of 260–300°C. Quenching in oil, with the heating
temperature for quenching amounting to 860–880°C.
The tempering of the balls after quenching should be
performed at a temperature of 280–320°C;

(3) 1.2–1.4 C; 0.4–0.6 Mn; 11.0–12.0 Cr; 0.4–0.6 Si;
S and P ≤ 0.05% of each. Heat treatment: quenching
in oil, with the heating temperature for quenching
amounting to 1080–1120°C. The tempering of the
balls after quenching should be performed at a tem-
perature of 280–320°C.

The steel balls having this composition could be
used at metallurgical and machine-building enter-

= + avWR 1.204 0.015 ;H

= +
+ − + av

WR 0.864 0.220C – 0.053Mn
0.046Cr 0.015Si 0.018 .H
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prises, as well as mining industrial complexes for the
purpose of transportation and loading of low-mag-
netic products. Under the manufacturing of balls in
rolling and forging shops, the heat treatment should be
carried out in the workflow using the temperature of
the metal obtained in the course of heating for hot
deformation.

CONCLUSIONS
(1) The following have been studied: the chemical

composition effect of hypo- and hypereutectoid
steels alloyed by one of the elements or by several ele-
ments; the inf luence of heat treatment on the hard-
ness, wear and impact resistance; as well as the for-
mation of quenching cracks in grinding balls of
100 mm in diameter.

(2) The values of critical temperature correspond-
ing to the onset and termination of α → γ polymorphic
transformation at Ac1 and Ac3 upon heating in samples
made of the studied hypo- and hypereutectoid steels
have been determined using the dilatometric method.

(3) Heat treatment modes of grinding balls with a
diameter of 100 mm made of hypoeutectoid (0.60–
0.75% of C) steels alloyed with 0.9–1.1% of Cr and
0.6–0.8% of Mn providing the hardenability through
the entire ball volume have been determined. In the
case of quenching in water, the heating temperature
before the quenching amounts to 830–850°C, whereas
under quenching in oil, the heating temperature
before the quenching ranges within 860–880°C, and
after quenching, a procedure of tempering is per-
formed at 280–320°C.

(4) The mathematical models based on preset bulk
hardness have been determined: the value of relative
wear resistance used for an approximate chemical
composition evaluation, the quenching temperature,
and the impact strength for the balls with a diameter
larger than 100 mm.
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