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A mathematical model for the quenching heat transfer of grinding balls was established based on the heat-conduction equation
and the law of conservation of energy. The heat-conduction equation was differentiated with the finite-difference method and
the boundary conditions were solved based on the volumetric method. The numerical simulation of the quenching temperature
field was carried out using the MATLAB software programming. The hardness and microstructure of a grinding ball after the
heat treatment were analyzed by means of a Rockwell hardness tester, OM and SEM, which were also used to verify the correctness of the simulation data. The results show that the simulation data for the quenching temperature field at a water temperature
of 35 °C were in good agreement with the experimental results obtained with water quenching at temperatures of 34–36 °C. The
hardness range for a grinding ball from the surface to the center was 59.4–57.9 HRC. The grinding ball was completely
hardened and the overall martensite structure could be obtained.
Keywords: grinding balls, quenching temperature field, numerical simulation, cooling curve
Avtorji so izdelali matemati~ni model za prenos toplote med kaljenjem mlevskih krogel, ki temelji na ena~bah za prevajanje
toplote in na zakonu o ohranitvi energije. Ena~ba za prevajanje toplote je bila pri izbranih robnih pogojih matemati~no odvajana
z metodo kon~nih diferenc. Njena re{itev je temeljila na volumetri~ni metodi. Numeri~no simulacijo temperaturnega polja
kaljenja so izvajali s pomo~jo MATLAB programske opreme. Trdoto kaljenih mlevskih krogel so dolo~ili z Rockwellovim
merilnikom trdote, njihovo mikrostrukturo pa so opazovali pod opti~nim (OM) in vrsti~nim elektronskim mikroskopom (SEM).
Dobljene podatke oz. rezultate so uporabili za verifikacijo modela. Rezultati analize so pokazali, da se rezultati simulacije
temperaturnega polja kaljenja pri temperaturi vode 35 °C dobro ujemajo z eksperimentalnimi rezultati, izvedenimi pri
temperaturi vode 34 °C do 36 °C. Trdota mlevskih krogel se je gibala od povr{ine proti sredini od 59,4 HRC do 57,9 HRC. Po
kaljenju so bile krogle popolnoma prekaljene in so imele po preseku v celoti martenzitno mikrostrukturo.
Klju~ne besede: krogle za mletje, temperaturno polje kaljenja, numeri~na simulacija, ohlajevalna krivulja

1 INTRODUCTION
Quenching, as an effective process to improve performance, is widely applied in the processing of grinding
balls.1–3 In this process, quenching is complicated due to
the interaction of its temperature, microstructure and
stress-strain fields.4–6 Temperature changes cannot be observed and measured directly during the quenching
process of a grinding ball, which affects the improvement of the quality and seriously restricts the formulation of the quenching process.7–8 Hence, it is difficult for
the materials to exert their optimum performance.
The establishment of a mathematical model of heat
treatment and the accuracy of physical parameters are
critical for the simulation results. The model provides a
theoretical basis for the simulation of the temperature
field of a quenching process.9–10 The quenching process
can be objectively analyzed based on a computer nume*Corresponding author's e-mail:
baoqiwang6020@163.com (Baoqi Wang)
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rical simulation before the experiment to reduce the
research cycle of the quenching process and provide a
scientific basis for the formulation of the heat-treatment
process.11–16
In this paper, a heat-transfer model of a quenching
process is established based on the Fourier heat-conduction equation and the law of conservation of energy; and
the finite-difference method is used to solve the nonlinear heat-conduction equation. Besides, the quenching
temperature field is numerically calculated using the
MATLAB software to predict the temperature variation
and cooling rate.
2 EXPERIMENTAL PART
2.1 Experimental materials and methods
The experimental steel was a high-quality steel for
f125 mm forged grinding balls. The chemical composition was 0.69C–0.8Si–0.98Mn–0.76Cr–0.02Ni–
0.007Mo–0.05Al–0.006S–0.02P (in w/%). The critical
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Table 1: Heat treatment of grinding balls

HT
1250 °C

Ht
2h

IFT
980 °C

FFT
950 °C

QT
800 °C

Wct
180 s

WT
34-36 °C

MRT
155 °C

TT
200 °C

Tt
4h

HT: heating temperature, Ht: heating time, IFT: initial forging temperature, FFT: final forging temperature, QT: quenching temperature, Wct:
water cooling time, WT: water temperature, MRT: maximum return temperature, TT: tempering temperature, Tt: tempering time

temperatures Ac1, Ac3 and Ms were measured to be (719,
739 and 254) °C, respectively. Figure 1 shows the manufacturing of f125 mm grinding balls. Table 1 shows the
heat treatment of the grinding balls.
The surface temperature of a grinding ball was
measured with an HDR-3 infrared thermometer. The
grinding ball was cut into a semi-circular piece with a
thickness of 11 mm with a wire-cut electrical discharge
machine; then the two cutting planes were ground. The
hardness values were measured every 5 mm from the
surface to the center using a Rockwell hardness tester.
After the sample was polished and etched in a solution of
4 % nitric acid in ethanol, the microstructure was observed with optical microscopy (OM) and a Quanta FEG
scanning electron microscope (SEM).
2.2 Simulation of the quenching temperature field
The temperature field was a function of the temperature, varying with time in a three-dimensional space
coordinate system. When calculating the martensite
transformation, this study treated latent heat as a form of
temperature rise rather than an internal heat source.17,18
For an unsteady heat-conduction equation without an
internal heat source, Equation (1) can be expressed in a
rectangular Cartesian coordinate system due to the fact
that the thermal conductivity is the same in the x, y and z
directions:
⎛∂ 2 T ∂ 2 T ∂ 2 T ⎞
∂T
l ⎜ 2 + 2 + 2 ⎟ = rC p
∂t
∂y
∂z ⎠
⎝ ∂x

Where a = l/(r·Cp) and a is the thermal diffusivity,
m2/s; r, j and y are the radial distance, the azimuth angle
and the zenith angle, respectively.
The quenching temperature field followed the geometric symmetry distribution due to a higher symmetry
of the grinding ball. There was no heat transfer in the
directions of j and y in the heat-transfer process inside
the grinding ball. Thus, Equation (2) can be further simplified as follows:
∂ 2 T 2 ∂T 1 ∂T
+
=
∂r 2 r ∂r a ∂t

The heat-conduction equation shows that the heat
transfer was only one-dimensional, in the radial r direction. Therefore, the space variable r and the time variable
t were discretized in the process of solving the heat-conduction equation, which can be expressed as follows:
r = (j – 1)·r j=1, 2, 3 …N+1

(4)

t = n·t n =1, 2, 3 …

(5)

Then T(r, t) can be expressed as:
T(r,t) = T [(j – 1)·r,t = n·t ] = T jn

(6)

The finite-difference method was used to replace the
temperature field as shown in Equations (7)–(8).
n +1
n +1
∂T T j + 1 − T j
=
∂r
∂r
n +1

(1)

(3)

∂T T j − T j
=
∂t
∂t

(7)

n

(8)

where T is the temperature, °C; l is the thermal conductivity, W/(m·°C); r is the density, kg/; Cp is the specific
heat capacity, J/(kg·°C); and t is the time, s.
In this study, we calculated the distribution of the
temperature field in a spherical coordinate system based
on the simple geometry shown in Figure 2. Equation (1)
can be rewritten as Equation (2) for the spherical coordinate system:
∂ 2 T 1 ∂T
1
∂ ⎛ ∂T ⎞
1
∂ 2 T 1 ∂T
⎜ ⎟+ 2
(2)
=
+
2 +
2
2 ∂r r sin j ∂j ⎝ ∂j ⎠ r sin j ∂f 2 a ∂t
∂r

Figure 1: Manufacturing of f125 mm grinding balls
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Figure 2: Spherical coordinate system of a grinding ball
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Therefore, Equation (3) can be further simplified
into:
2
⎞
⎛
−T jn−+1 1 + ⎜ 2 +
+ u⎟ T jn + 1 −
j −1 ⎠
⎝

Where u = (r·Cp/l)·(Dr2/Dt); j = 2, 3, 4…, superscript
n + 1 and n represent the time of n + 1 and n, respectively; j = 1 and j = N + 1 represent the center and surface
node, respectively. When the grinding ball was forged,
the difference in the temperature between the surface and
the center was small enough to be considered negligible,
and the initial temperature of the grinding ball was
homogenized: T j0 = T0.
The point-centered method based on the volumetric
method was used to determine the grinding-ball node as
shown in Figure 3. The calculation area was divided into
a finite number of grids using the interface line. The
node was located at the corner of the grid, and its value
was the average of the volume. The node of the point
angle was calculated based on 1/4 of the control volume,
and the other nodes on the boundary were calculated
based on 1/2 of the control volume.19
There was no temperature transfer on the sphere of
the same radius. The radius and the sphere of the ball can
be divided into N and m equal parts, respectively. If the
center of the sphere is regarded as the origin of the coordinate axis, the points on the sphere can be expressed
with j = N + 1 in a one-dimensional coordinate system.
According to the law of conservation of energy, the heat
transferred from the coordinate j = N to the position
j = N + 1 is Q1, the coordinate j = N + 1 is Q2, and the
coordinate j = N + 1 is Q3.
Q3 = Q1 – Q2

(10)

The above Equation can be simplified:
⎛ T Nn − T Nn + 1
Q1 = l ⎜
Δr
⎝

U=

(9)

2 ⎞ n +1
2
⎛
⎛
⎞
⎟ T j + 1 = u⎜ 2 +
−⎜1−
+ u⎟ T jn
j −1 ⎠
⎝ j −1 ⎠
⎝

Δr ⎞
⎛
4π ⎜ r0 − ⎟
⎞ ⎝
2⎠
⎟
m
⎠

Q2 = U( T Nn + 1 − T f ) ⋅

2

(11)

4πr 2
m

h1 ⋅ h 2
h1 + h 2

(12)
(13)

where U is the overall heat-transfer coefficient of the
quenching medium, W/(m2·°C); h1 is the heat-transfer
coefficient of air; h2 is the heat-transfer coefficient of
water; Tf is the temperature of the quenching medium;
T Nn +1 and T Nn ++11 are the surface-temperature values at the
time of n and n+1, respectively.
4 ⎡ 3
π r
3 ⎢⎣

Q 3 = rC p

3
Δr ⎞ ⎤
⎛⎜
⎟
− r0 −
⎝
2 ⎠ ⎥⎦ T Nn ++11 − T Nn + 1
⋅
Δt
m

(14)

Equation merging was obtained as follows:
⎛ T Nn − T Nn + 1
l⎜
Δr
⎝

2
⎞⎛
1⎞
⎟ ⎜ N − ⎟ − U( T Nn + 1 − T f ) N 2 =
2⎠
⎠⎝
3

1⎞
⎛
N − ⎜N − ⎟
⎝
2 ⎠ Δr
= rC p
( T Nn++11 − T Nn+ 1 )
3
Δt

(15)

3

Therefore, the temperature of T Nn and T Nn +1 at time n
could be used to calculate the temperature of T Nn ++11 at
time n + 1.
The center position j = 1 was only heated radially to
its adjacent point, causing its own temperature change.
The heat transferred from node 1 to node 2 per unit time
was calculated as Q, and the heat change at node 1 was
R, thus, the following Equations could be obtained:
T1n + 1 − T 2n + 1 π( Δr) 2
m
Δr
1
π( Δr) 3 T n + 1 − T n
6
1
1
R = rC p
m
Δt
rC p 1
T1n − T1n + 1
T1n + 1 − T 2n + 1 =
( Δr) 2
l 6
Δt
Q= l

(16)

(17)
(18)

The temperature of the center node j = 1 could be
solved with Equations (9) and (18), and the chasing
method could be used to obtain the expression T Nn +1 .
According to the initial conditions, boundary conditions
and heat-conduction equations, the temperature change
at each node at any time could be obtained. Combined
with the MATLAB software programming, the quenching temperature field was calculated.
3 RESULTS AND DISCUSSION

Figure 3: Figure of the finite-volume method for regional discretization
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In the quenching temperature field of the f125 mm
grinding ball, the density of steel was 7833 kg/m3 and
the air temperature was 30 °C. The literature shows that
the heat-transfer coefficient h1 relates to air and the
heat-transfer coefficient h2 relates to water.20 The litera517
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ture also describes the thermal conductivity and specific
heat capacity.21
To obtain a high hardness, the cooling rate at each
position was higher than that of the martensitic transformation. The average cooling rate was calculated with
Equation (19):
800 − 300
(19)
v=
∑ Δt
where v is the average cooling rate of undercooling the
austenite in the temperature range of 800–300 °C, and
∑ Δt is the cooling time taken between 800 °C and
300 °C.
Figure 4 shows the simulation results of the temperature field during the quenching process. As shown in
Figure 4a, the surface was air cooled from 950 °C to 800
°C, and this process took 125 s. At this point, the heat at
the center was 884 °C, and the temperature difference
between the surface and the center was 84 °C. Then, the
center was water cooled to 300 °C, and this process took
180 s. At this time, the surface heat was 96 °C, and the
temperature difference between the surface and the center was 204 °C. When the heat at the center was 300 °C,
the grinding ball left the water. At this moment, the tem-

perature in the range from the surface to 1/2R dropped
below Ms. When leaving the water for 16 s, the temperature of the whole ball dropped below Ms. When
leaving the water for 81 s, the return temperature of the
surface reached the maximum temperature of 157 °C. If
the return temperature of the surface reaches its maximum after leaving the water, the calculation is finished.
The maximum return temperature in the process of the
actual measurement was 155 °C, which was similar to
the simulated data.
Figure 4b shows that the minimum cooling rate at
the center was 4.7 °C/s. The critical cooling rate for the
martensite formation was actually calculated to be
4.5 °C/s. Thus, the average cooling rate from the surface
to the center was higher than the critical cooling rate for
the martensite formation. We predicted that the grinding
balls could be completely hardened under the temperature field and the overall martensite structure could be
obtained.
Figure 5 shows the calculation results of the martensite transformation at different positions when leaving
the water, which was after 305 s. The amount of martensite was a function of the temperature and could be calculated with Equation (20).22 After leaving the water,
martensite was found 30 mm from the center. The
amount of martensite was up to 80 % at the surface, and
the conversion degree exceeded 50 % in the 20-mm surface layer. When leaving the water for 21 s, martensite
was found at the center. With the decrease in the temperature difference between the surface and the center,
much martensite transformed simultaneously, and the
properties of the grinding ball became more stable.
f = 1− exp[−0.011( Ms − T )]

(20)

Here, Ms is the martensite start temperature.
The grinding ball was cut into a semi-circular piece
with a thickness of 11 mm along the diameter direction.
The hardness was measured every 5 mm from the center
to the surface using a digital Rockwell hardness tester

Figure 4: Simulation of the quenching temperature field for a grinding ball: a) temperature-change curve for the grinding ball; b) average
cooling rate during 800–300 °C
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Figure 5: Distribution of the martensite amount within a grinding ball
after water quenching
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Figure 6: Hardness-distribution curves of the grinding ball. The error
bars represent the standard deviation of the measurements for six
separate samples.

Figure 8: SEM images of the center of the grinding ball: a) low
magnification, b) high magnification

Figure 7: OM images of the grinding ball: a) surface, b) 1/2 R, c)
center
Materiali in tehnologije / Materials and technology 53 (2019) 4, 515–520

with an accuracy of 0.1 HRC. Every hardness value was
measured six times and averaged, and the hardness
distribution is shown in Figure 6. With the increase in
the distance from the surface, the hardness decreased
smoothly. The hardness range of the grinding ball from
the surface to the center was 59.4–57.9 HRC, and the
hardness almost had a homogeneous distribution. In
terms of hardness distribution, the grinding ball was
completely hardened, indicating that the simulation
results were accurate.
Figure 7 shows the microstructures of the surface,
1/2 R and the center obtained with OM. The distribution
of the martensite from the surface to the center was
uniform, and there was no preferred orientation. The
amount of martensite increased at 1/2 R, and a small
amount of retained austenite appeared. The center structure was composed of martensite and a small amount of
retained austenite. The morphology of the center structure can also be seen in Figure 8. The center structure
was mainly composed of martensite. The grinding ball
could be completely hardened and the simulation results
were proved correct again.
The analysis of the above data shows that the results
for the grinding balls were consistent with the simulation
data of the temperature field, which could provide accurate parameters for the quenching process. According to
the requirements of the grinding-ball diameter and
quenching temperature, the temperature field could be
numerically simulated using the MATLAB software. The
simulation results could be used to predict the grind519
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ing-ball structure and performance, improve research
efficiency and reduce production costs.
4 CONCLUSIONS
The mathematical model for the quenching heat
transfer of a grinding ball was established based on the
heat-conduction equation and the law of conservation of
energy. The quenching temperature field for a f125-mm
grinding ball at a water temperature of 35 °C was modeled using the MATLAB software.
The surface of the grinding ball was air cooled from
950 °C to 800 °C, and this process took 125 s. When
water-cooled, the center dropped to 300 °C and this process took 180 s. The cooling rate of the center was
4.7 °C/s. After leaving the water for 81 s, the return
temperature of the surface reached its maximum value of
157 °C. The grinding ball was predicted to be completely
hardened.
The f125-mm grinding ball was water quenched at
34–36 °C to verify the correctness of the simulation data.
The critical cooling rate of the martensite formation was
4.5 °C/s and the microstructure was mainly composed of
martensite. The hardness range of the grinding ball from
the surface to the center was 59.4–57.9 HRC and the
hardness almost had a homogeneous distribution. The
grinding ball could be completely hardened and the
experimental results were consistent with the simulated
data.
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