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A Statistical Model of Equivalent
Grinding Heat Source Based on
Random Distributed Grains
Accurate information about the evolution of the temperature field is a theoretical prereq-
uisite for investigating grinding burn and optimizing the process parameters of grinding
process. This paper proposed a new statistical model of equivalent grinding heat source
with consideration of the random distribution of grains. Based on the definition of the
Riemann integral, the summation limit of the discrete point heat sources was transformed
into the integral of a continuous function. A finite element method (FEM) simulation was
conducted to predict the grinding temperature field with the embedded net heat flux equa-
tion. The grinding temperature was measured with a specially designed in situ infrared
system and was formulated by time–space processing. The reliability and correctness of
the statistical heat source model were validated by both experimental temperature–time
curves and the maximum grinding temperature, with a relative error of less than 20%.
Finally, through the FEM-based inversed calculation, an empirical equation was pro-
posed to describe the heat transfer coefficient (HTC) changes in the grinding contact
zone for both conventional grinding and creep feed grinding. [DOI: 10.1115/1.4038729]

Keywords: statistical model, grinding temperature field, heat flux distribution, grinding
temperature measurement, empirical equation of HTC

1 Introduction

Grinding is commonly used as the final machining process to
obtain a high-quality surface with low roughness and tolerance.
Compared with other machining processes, grinding generates
more thermal energy and has a high temperature and temperature
gradient. As shown in Fig. 1, grinding burn occurs in creep feed
grinding of last stage rotating blades. In the creep feed grinding
of blade fir-tree root, the cutting depth was 0.3 mm, the linear
speed of wheel was 20 m=s, and the feed rate of workpiece
was 80 mm=min. The specific grinding energy can reach
100–300 J=mm2. High grinding temperature induces surface oxi-
dation, phase transformation, thermal cracking, and residual
stress; therefore, research on the temperature field during the
grinding process is important. Optimization of the grinding pro-
cess requires good knowledge of the heat flux input and maximum
temperature increase [1]. For this reason, precise prediction of the
grinding temperature field is a basic requirement in the analysis
and prevention of thermal damage.

The heat flux distribution is a critical factor for precise result
acquisition. Several empirical heat flux models have been used in
finite element method (FEM) simulation in past decades, such as
rectangular heat flux [2,3], triangular heat flux [1,4], and parabolic
heat flux [5]. The empirical models usually require experimental
temperature data to support and deduce some of the heat flux
parameters, so it is difficult to predict the grinding temperature

Fig. 1 Grinding burn on the surface of turbine blade fir-tree
root after creep feed grinding
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without temperature measurement. Theoretical heat flux models
based on thermal analysis of the distribution ratio were proposed
for precise modeling [6,7], and all current theoretical models
are based on the theory that the heat flux input is an integral on a
continuous contact surface without discrete grains. Many of the
model parameters remain uncertain and are difficult to determine.
The Monte Carlo method is an alternative way to simulate the
grinding temperature field [8]. It was established that the tempera-
ture field has a quasi-stationary occasional character. Therefore,
the calculated result cannot predict the real grinding temperature
field, and only the stabilization zone conformed to the constant
level of temperature field formation.

With the development of temperature measurement technology,
various methods have been applied in machining processes to
assess temperature variation. Figure 2 shows the development
history of temperature measurement methods in machining
processes.

In contrast to other machining processes, grinding temperature
measurement has a challenging problem of measuring reachabil-
ity. Scholars have considered many measurement methods, such
as thermocouples, infrared radiation pyrometers, infrared imaging
systems, and the physical vapor deposition (PVD) film method, to
obtain accurate and reliable results. Thermocouples are the most
commonly used thermometers in machining processes and can be
applied in various methods, including embedded style (double
pole) [16–18] and foil/workpiece style (single pole) [5]. Thermo-
couples have the advantages of rapid response, high precision,
and good durability; however, they are easily influenced by
mechanical vibration and external electromagnetic conditions
during the grinding process. Infrared radiation pyrometers with
optical fibers [16,19–21] trap the infrared rays radiated from the
grinding zone to calculate the maximum temperature via the
Stefan–Boltzmann law. The disadvantage of infrared radiation
pyrometers is that the device cannot measure the temperature

field, only the maximum value. Infrared imaging systems [20,22]
are an effective way to obtain the grinding temperature field by
monitoring the workpiece profile. However, the maximum tem-
perature is difficult to measure owing to the obstructing effect of
the abrasive wheel. The PVD film method [14] is another feasible
method to obtain the isothermal curves of a workpiece. In the
PVD film method, a thin film is deposited on the workpiece profile
by using PVD, grinding heat melts the top part film, and an iso-
thermal curve is plotted with the temperature of the film’s melting
point. The PVD method has not been used broadly owing to its
large measurement error and labor-intensive process.

In this paper, a new statistical model of a grinding heat source
based on the random grain distribution is proposed first. The sum
of the discrete point heat flux is transformed into an integral of a
continuous function via the Riemann integral. Then, the net heat
flux equation is deduced and plugged into the FEM. The dynamic
grinding temperature field can then be computed by finite element
simulation. Second, grinding temperature fields are measured via
a specially designed in situ temperature measurement system to
validate the heat source model. The validation showed that the
statistical heat flux model could be used to accurately predict the
grinding temperature via FEM. Finally, an empirical equation is
proposed to describe the heat transfer coefficient (HTC) of the
grinding contact zone by FEM-based inversed calculation.

2 Modeling of the Equivalent Grinding Heat Source

The total grinding heat generated by friction can be transferred
into five components: heat absorbed by abrasive grains, heat taken
away by chips, heat convection by coolant or air, heat radiation,
and heat causing a workpiece temperature increase [23].

According to the thermal flow sequence of grinding heat shown
in Fig. 3, the total heat flux (q0) is split into two portions: qg,
which goes into the grains, and qw, which goes into the workpiece.

Fig. 2 Development history of temperature measurement in machining: calorimetry [9], thermocouple [10], spectral
radiance [11], infrared imaging [12], infrared optical fiber [13], PVD [14], and micro resistance [15]

Fig. 3 Flow directions of the grinding heat
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Furthermore, qw consists of two portions: the heat flux taken away
by chips, qc, and the net heat flux causing a temperature rise in the
workpiece, qn. In addition, when the workpiece is heated, some of
the heat is dissipated through the external surface via convection
and radiation. Heat dissipated via convection and radiation is part
of the net heat flux, qn. Therefore, the final temperature field of a
workpiece is affected by both qn and dissipation effects. The
quantitative relationships are expressed in Eqs. (1) and (2)

q0 ¼ qw þ qg (1)

qw ¼ qn þ qc (2)

The schematic diagram in Fig. 4 shows the general outline of
this paper. The statistical single grain cutting depth is a critical
factor in the overall modeling process. The total frictional heat
flux can be obtained via statistics. The statistical parameters of the
abrasive grains and cutting forces of a single grain are used to sup-
port the frictional work model. Then, the heat distribution ratio
between the grain and workpiece is modeled according to Hahn’s
theory. The heat distribution ratio clearly separates the compo-
nents of the heat flux into the workpiece and grains, and the net
heat flux into the workpiece is expressed by a mathematical for-
mula based on the modeling of the heat dissipation by the grinding
chips. An FEM model based on the net heat flux can provide the
temperature field of workpiece. Finally, the grinding temperature
is measured using a specially designed in situ system, and the
experimental data are used to validate the reliability and correct-
ness of the statistical heat source model.

2.1 Penetration Depth of a Single Grain. Figure 5 shows
the paths of the abrasive grains passing through the grinding zone.
The grains are assumed to be uniformly distributed on the abra-
sive wheel with the same protrusion height. The normal distance
between two adjacent trajectories is called the penetration depth
h xð Þ. With increasing penetration depth, the deformation of the
surface material goes through three stages: sliding, plowing, and
cutting. As shown in Fig. 6, the statistical penetration depth h xð Þ
at any point P x; yð Þ can be calculated by Eq. (3) [24]

h xð Þ ¼ 2kslvw

vs

ffiffiffiffi
y

ds

r
(3)

where ksl is the average distance between two effective front and
back grains, vw is the feed rate of the workpiece, vs is the linear

Fig. 4 Schematic diagram of the statistical modeling method of the grinding temperature
field

Fig. 5 Schematic diagram of single grain grinding

Fig. 6 Penetration depth of a single grain
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speed of the abrasive wheel, ds is the abrasive wheel diameter,
and y is the grinding depth of the abrasive wheel at point P x; yð Þ.

The average distance ksl between two effective adjacent grains
is not the same as the mean scattered spacing �ks of the abrasive
grains. The relationship between ksl and �ks can be express in
Eq. (4) [24]

ksl ¼
�ks

2

b
(4)

where b is the mean width of the grinding scratches measured on
the grinding surface and �ks is a technical index of the abrasive
wheel obtained by statistical analysis of the grinding wheel sur-
face topography.

In Fig. 6, the contour of the grinding wheel is defined as circle

�W, and dOPB is a micro arc on �W near the coordinate origin.
The circle equation is expressed in the following equation:

x2 þ y� ds

2

� �2

¼ ds

2

� �2

(5)

According to the theory of curvature, a parabola has an osculat-
ing circle at the vertex with the same curvature radius. The center
of the osculating circle is located on the double extension of the
parabola vertex and focus. The parabola equation of circle �W is
defined in the following equation:

x2 ¼ dsy (6)

By inserting Eq. (6) into Eq. (3), the penetration depth can be
expressed in Eqs. (7) and (8):

h xð Þ ¼ 2kslvw

vs
x ¼ c1x (7)

c1 ¼ 2kslvw=vs (8)

2.2 Total Frictional Heat Flux Based on Single Grains.
Ohbuchi and Matsuo [25] measured the cutting force in single-grit
orthogonal cutting process with both cubic boron nitride and dia-
mond grains, and found that both the cutting force and the thrust
force increased linearly with cutting depth. The thrust force can
be expressed in the following equation:

FtðxÞ ¼ c2hðxÞ (9)

For the grain, regardless of the material deformation in any of
the three stages, the work done by friction can be considered as
the product of force and speed. Each grain is a single-point heat
source with its frictional work shown in the following equation:

WiðxÞ ¼ FtðxiÞvs ¼ c1c2vsxi (10)

where xi is the x-coordinate of the ith point Pðxi; yiÞ.
For the whole contact surface cOB, at any given moment, the

total frictional work is the sum of the point heat work, as shown in
the following equation:

W ¼
XN

i¼0

c1c2vsxi (11)

Hundreds of active grains simultaneously participate in the fric-
tional work during the grinding process. Some of them are part of
the sliding process, and others are plowing and cutting. Based on
the definition of the Riemann integral, the limitation sum of a dis-
crete distributed point heat source can be expressed as the follow-
ing equation:

W � lim
N!1

XN

i¼0

c1c2vsxi ¼
N

A

ð ðB

o

c1c2vsxdA (12)

where A is the total area of the contact surface within the grinding
zone, and N is the total number of grains. c is the distribution den-
sity of grain obtained byc ¼ N=A, which represents the grain
quantity in a unit area.

An equivalent continuously distributed surface heat source is
proposed in the following equation for statistical modeling:

W ¼
ð ðB

O

q0ðxÞdA (13)

where q0 xð Þ is the thermal flux at point P x; yð Þ, and dA is the area
of a micro element. The integral domain is the complete grinding
zone.

Based on Eqs. (11)–(13), the total surface heat flux created by
grinding friction has two expressions.ð ðB

O

cc1c2vsxdA ¼
ð ðB

O

q0ðxÞdA (14)

Equation (14) represents the statistical frictional work on the

total contact surface cOB, but the equation is applicable for any

part of the contact surface. For surface cOP, it can be expressed by
the following equation:ð ðx

0

cc1c2vsxdA ¼
ð ðx

0

q0ðxÞdA (15)

By taking the derivative of both sides, the statistical continuous
heat flux can be written as the following equation:

q0ðxÞ ¼ cc1c2vsx (16)

2.3 Heat Distribution Ratio Between a Grain and the
Workpiece. The heat distribution ratio is defined as the ratio of
heat going into the workpiece to the total grinding heat

� ¼ qw

q0

¼ qw

qg þ qw
(17)

where � is the heat distribution ratio; qw is the heat flux into the
workpiece, including undeformed chips; qg is the heat flux into
the grain; and q0 is the total heat flux due to friction.

Outwater and Shaw [26] considered that heat was generated at
three sources: (i) the grain wear flat workpiece interface; (ii) the
chip shear plane; and (iii) the grain chip interface. Hahn [27]
found that the third component is negligible compared to (i) and
(ii). According to Hahn’s theory, the whole friction heat had two
flow directions: grains and workpiece; the heat distribution ratio is
given by the following equation:

� ¼ 1þ kgffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r0vs kqCpð Þw

p !�1

(18)

where the subscript g is for grain, w is for workpiece, k is the ther-
mal conductivity, r0 is the equivalent radius of the grain tip, q is
the density, and Cp is the specific heat capacity.

Although Hahn neglected the third part of heat source, Eq. (18)
still puts the second and third parts together in calculation. Heat
flowing qwð Þ into the workpiece contains two portions: one part
flows into the grinded workpiece (net heat into workpiece qn) and
the other part flows into undeformed chip (heat into chip qc).
Therefore, the sum of heat flowing into the workpiece can be
expressed in the following equation:
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qw ¼ �cc1c2vsx (19)

2.4 Heat Dissipation by Grinding Chips. A portion of the
heat is removed from the workpiece through chip removal. In
Fig. 6, the red shaded micro block near point P x; yð Þ is an unde-
formed chip. The heat energy dQc inside the micro block is lost
with the removal of the chip and can be expressed by the follow-
ing equation:

dQcðxÞ ¼ CpðTÞ � qw � B � hðxÞ � dx � dT (20)

where CpðTÞ is the specific heat capacity under constant pressure,
which can be calculated by Equation (1); B is the workpiece
width; T xð Þ is the temperature at point P; and T0 is the ambient
temperature. The energy flux lost by the chip is given by the
following equation:

qc xð Þ ¼ �dQ

B � dx � dt
¼ �Cp T xð Þ½ � � qw � _T xð Þ � h xð Þ (21)

By inserting Eq. (7) into Eq. (21), the heat flux qc can be
expressed as the following equation:

qc xð Þ ¼ �c1 � Cp T xð Þð Þ � qw � _T xð Þ � x > 0 (22)

For the undeformed chip, its upper surface is the grinding
touching zone. On the coordinate system in Fig. 6, point A has the
maximum workpiece surface temperature, which can be calcu-
lated by the Jaeger formula [2] given in Eq. (23) [28]

Tmax ¼ T x ¼ 0ð Þ ¼ 2�qw

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l

p kq �Cp

� �
w

vw

s
(23)

l ¼
ffiffiffiffiffiffiffiffiffi
apds

p
(24)

Tðx ¼ lÞ ¼ T0 (25)

where �qw is the average grinding heat flux, which can be calcu-
lated as �qw ¼ qwðl=2Þ ¼ ð1=2Þ�cc1c2vsl, where l is the length of

the grinding contact arc and �Cp is the average specific heat
capacity of the workpiece. The maximum temperature Tmax occurs
at point O, and the temperature at point C can be regarded as the
ambient temperature To.

To obtain the derivative of the grinding temperature along the

contact arc with respect to time ( _T ), an assumption is proposed

that the temperature along contact arc dOPB can be considered as a

linear distribution, as shown in Eq. (26). _TðxÞ can be deduced by
taking the derivative with respect to temperature T xð Þ

T xð Þ ¼ � Tmax � T0ffiffiffiffiffiffiffiffiffi
apds

p xþ Tmax; 0 � x � lð Þ (26)

_T xð Þ ¼ � Tmax � T0ffiffiffiffiffiffiffiffiffi
apds

p vs (27)

By inserting Eqs. (26) and (27) into Eq. (22), the heat flux
removed by a chip is given by Eq. (28)

qcðxÞ ¼ c3 � CpðTðxÞÞ � x (28)

c3 ¼
c1 � qw � vs � Tmax � T0ð Þffiffiffiffiffiffiffiffiffi

apds

p (29)

2.5 Expression of the Equivalent Net Heat Flux. Based on
Eq. (2), the net heat flux into the workpiece is the remaining

portion of the total workpiece heat flux. By inserting Eqs. (19)
and (28) into Eq. (30), the expression of the net heat flux can be
written in Equations (30) and (31)

qn ¼ qw � qc (30)

qn xð Þ ¼ �cc1c2vsx� c3 � Cp �
Tmax � T0ffiffiffiffiffiffiffiffiffi

apds

p xþ Tmax

 !
� x (31)

The specific heat capacity Cp of most solid metals has a linear
relationship with temperature as expressed in the following
equation:

Cp Tð Þ ¼ k0 þ k1T (32)

By combining Eqs. (31) and (32), the net heat flux can be
expressed in Eq. (33). Therefore, the heat flux is a quadratic func-
tion of temperature without a constant term

qn xð Þ ¼ A1xþ A2x2; 0 � x � lð Þ (33)

A1 ¼ �cc1c2vs � c3 k0 þ k1Tmaxð Þ (34)

A2 ¼
k1c3 Tmax � T0ð Þffiffiffiffiffiffiffiffiffi

apds

p (35)

3 Parameter Determination of the model

3.1 Parameters of the Abrasive Wheel. A white light inter-
ferometer (Talysurf PGI 1230, manufactured by Taylor Hobson)
was used to scan the surface of an alumina abrasive wheel
(WA400 � 30 �27A80L5V35). The surface micro-topography of
the wheel is shown in Fig. 7. The two-dimensional (2D) fast Fou-
rier transform method was used to process the image data. The set
of statistical parameters of a grain in Table 1 was obtained by using
the statistic method given by Yan et al. [29]. Grains with irregular
shapes are equivalent to ball-end cones. The average taper angle a
is 85.6 deg. The equivalent radius ro of the grain tip is approxi-
mately 34.5 lm. The distribution density is approximately 4.56
mm�2, and the mean scattered spacing �ks is 0.470 mm.

3.2 Parameters of the Material Properties. The specific
heat capacity of an alumina grain can be regarded as a constant
(880 J= kg � Kð Þ), and the density of alumina is 395 kg=m3, as
shown in Table 2.

For 2Cr12Ni4Mo3VNbN steel, as shown in Fig. 8, the specific
heat capacity CpðTÞ can be represented as a linear function of tem-
perature, as shown in Eq. (32), with k0 ¼ 368:2 J=ðkg � KÞ
and k1 ¼ 0:7050 J=ðkg � C2Þ. The density of this type of steel is
775 kg=m3.

3.3 Parameters of the Single Grain Cutting Process. Single
grain cutting test was conducted on a high-precision NC lathe,
and the cutting forces were measured with a Kistler 5080A. As
shown in Fig. 9, the workpiece was a thin-walled cylinder with a
diameter of 200 mm. A single-point diamond was fixed on a
MiniDyn 9265C2 force sensor, and the tangential forces associ-
ated with the cutting depth and cutting speed were acquired by the
Kistler measurement system, as presented in Fig. 10, which shows
that the tangential force was proportional to the cutting depth
under different cutting speeds. The linear fitting equations are
expressed in Eq. (36), where the cutting depth was measured in
meters and force was measured in Newton

Ft ¼
0:7422� 106H; vs ¼ 10 m=s

1:0697� 106H; vs ¼ 15 m=s

1:6918� 106H; vs ¼ 20 m=s

8<: (36)
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4 Simulation and Results

The net heat flux distribution was used as the moving heat
source on the workpiece. A two-dimensional heat transfer model
was built in ABAQUS with its subroutines, and the temperature field
was computed. Then, the temperature–time curves were extracted
for the subsequent experimental validation.

4.1 Mathematical Expression of the Net Heat Flux. The
parameters are listed in Table 3 for a grinding depth of
ap ¼ 100 lm, wheel linear speed of vs ¼ 20 m=s, and workpiece
feed speed of vw ¼ 300 mm=min. The equations of the heat flux
are given as follows: The net heat flux in Eq. (39) was plugged
into the FEM model as the heat source

qo xð Þ ¼ 4:24E9x; 0 � x � lð Þ (37)

qw xð Þ ¼ 3:84E9x; 0 � x � lð Þ (38)

qn xð Þ ¼ 2:51E9xþ 1:51E11x2; 0 � x � lð Þ (39)

Figure 11 shows all the heat flux curves distributed along the
grinding contact arc. The net heat flux entering the workpiece is
not a rectangle [30], triangle [1], or trapezoid, but a portion of a
parabola.

Fig. 7 Surface microtopography of an alumina abrasive wheel

Table 1 Statistical parameters of alumina abrasive grains

a/ðdegÞ r0/ðlmÞ c/ðmm�2Þ �ks /ðmmÞ

85.6 26.8 4.56 0.470

Fig. 8 Specific heat of 2Cr12Ni4Mo3VNbN steel

Fig. 9 Schematic and appliance of single grain cutting
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4.2 Thermal Boundary Conditions. Heat convection
between the workpiece and the fluid medium is main energy trans-
fer method during grinding. In wet grinding, abundant heat is
removed by the grinding coolant in a process that is often called
forced convection. However, in dry grinding, heat dissipates
slowly into the air via free convection. Newton’s law of cooling is
used to quantitatively describe the heat flux of convection, as
shown in the following equation:

q ¼ h T � Toð Þ (40)

Heat transfer coefficient h has a strong influence on the temper-
ature calculation. For dry grinding, no coolant is used, and HTC is
the transfer coefficient of free air. For wet grinding, a coolant
lubricant emulsion is used. The coolant is accelerated by the high-
speed spinning abrasive wheel within the grinding contact area,
and the HTC of the contact surface is larger than that of the non-
contact surface. The HTC under different grinding conditions is
listed in Table 4 according to related research [23,31–35].

Figure 12 shows the thermal boundary conditions of the FEM
model. Based on the 2D model, a moving heat flux is applied to
the upper surface, and both radiation and convection effects are
considered.

4.3 Simulation Results. The temperature fields of the work-
piece during wet and dry grinding for ap ¼ 100 lm, vs ¼ 20 m=s,
and vw ¼ 300 mm=min are shown in Fig. 13. The maximum
temperature (approximately 1051 	C for dry grinding and 84 	C
for wet grinding) occurs at the grinding contact surface. The
coolant substantially lowers the grinding temperature via forced

Fig. 10 Tangential forces of single grain cutting

Table 2 Thermophysical parameters of 2Cr12Ni4Mo3VNbN
steel and alumina grain

Material �Cp=ðJ=ðkg � KÞÞ q=ðkg=m3Þ k=ðW=ðm � KÞÞ

Alumina grain 520 396 30
2Cr12Ni4Mo3VNbN 870 775 17

Table 3 Parameters in the heat source model

Parameter Value (SI) Annotation

ap 1:0 E�4 m

A1 2:51 E9 By Eq. (34)

A2 1:51 E11 By Eq. (35)

b 4:016 E�4 m

c1 2:75 E�5 By Eq. (8)

c2 1:69 E6 N=m By Eq. (36)

c3 9:55 E5 By Eq. (29)
�Cp 870 J=ðkg � KÞ
ds 0:4 m

l 6:325 E�3 m By Eq. (24)

r0 3:48 E�5 m

Tmax 1164 	C By Eq. (23)

vs 20 m=s

vw 5:0 E�3 m=s

c 4:56 E6 m�2

� 0:904 By Eq. (18)

kg 30 W=ðm � KÞ
�ks 4:70 E�3 m

ksl 5:50 E�2 m By Eq. (4)

qw 7:75 E3kg=m3

Fig. 11 Heat flux distributions along the grinding contact arc.
ap 5 100 lm, vs 5 20 m/s and vw 5 300 mm/min.

Table 4 HTC of the grinding medium (unit: W/m2 � K)

Type Nongrinding zone Grinding zone

Dry 10.45 10:45� vs þ 10 v0:5
s

Wet 2:0 E3 
 1:2 E4 2:9 E5 (ap � 100 lm, vs ¼ 20 m=s)
5:1 E4 (ap � 300 lm, vs ¼ 20m=s)

Fig. 12 Thermal boundary conditions
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convection. Dry grinding is harmful to the workpiece as the tem-
perature exceeds the phase transformation point of steel.

5 Measurement and Validation of the Grinding

Temperature

5.1 Workpiece Material Properties. 2Cr12Ni4Mo3VNbN
steel, a martensitic stainless steel widely used in steam turbine
blades due to its excellent corrosion resistance, was used in the
grinding experiment. Table 5 shows the chemical composition of
the steel in percent weight [36], and the mechanical properties are
given in Table 6.

As shown in Fig. 14, the microstructure of tempered steel is a
ferrite matrix with fine spherical carbide. The supersaturated car-
bon dissolves to form carbides with metal elements. Tempered
steel is a stable structure with excellent mechanical properties.

5.2 Measurement System for the Grinding Process

5.2.1 Infrared Measurement Theory and In Situ Device. All
matter with a temperature above absolute zero emits electromag-
netic radiation. The radiant flux can be calculated via the
Stefan–Boltzmann law expressed in Eq. (41). An infrared sensor
can measure the magnitude of the radiant flux q. After the emis-
sivity e is determined, the temperature T can be obtained

q ¼ er T4 � T4
0

� �
(41)

The in situ infrared measurement system shown in Fig. 15 was
used to determine the temperature field. A cylindrical workpiece
with a blind hole on the bottom and a 1 mm thick layer for grind-
ing was manufactured using 2Cr12Ni4Mo3VNbN steel. The
workpiece was embedded into a fixture, which was installed on a
workbench. Two infrared sensors (M-2H and M-3L) were used to
capture the infrared light emitted from the blind hole. The techni-
cal parameters of the two infrared sensors are listed in Table 7.
The selection between the two sensors depended on the maximum
grinding temperature and measurement range. The sensor was
fixed on a precision cross table, and the focal point was precisely
focused on the bottom of the blind hole by adjusting the position
of the sensor. In the initial state, the gauging point (focal point of
the sensor) was located under the grinding plane, with a depth of
one millimeter. As the grinding went on layer by layer, the depth
from gauging point to grinding plane would reduce a thin one-
layer thickness for each grinding pass. Therefore, the temperature
curves of varying depth under the grinding plane were obtained.

Fig. 13 Temperature fields computed by FEM (unit: 	C). ap 5 100 lm, vs 5 20 m/s and
vw 5 300 mm/min, dry grinding (a), wet grinding (b).

Table 5 Chemical composition of 2Cr12Ni4Mo3VNbN steel
(wt %)

C Cr Ni Mo Nb V N Fe

0.02% 12.09% 3.46% 3.80% 0.38% 0.47% 1.43% Balance

Table 6 Mechanical properties of 2Cr12Ni4Mo3VNbN steel

rb (MPa) rs (MPa) W d HB

�1350 �1050 �15% �15% >400

Fig. 14 SEM micrograph of tempered 2Cr12Ni4Mo3VNbN steel
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As shown in Fig. 16, the measurement workbench was
placed on the grinding machine table, and the abrasive wheel
was used to grind the upper surface of the workpiece. The
temperature signal was collected by the infrared sensor and

was recorded by a computer. According to our previous work
[37], the emissivity is close to 1 (approximately 0.98), and the
blind hole under the workpiece can be regarded as an ideal
black body.

Fig. 15 Schematic sketch of the infrared measurement system

Table 7 Technical parameters of the M-2H infrared sensor

Sensor Range (	C) Sample frequency/(Hz) Temperature resolution/(	C) Spatial resolution/(mm)

M-2H 385–1600 1000 0.2 0.5
M-3 L 50–375

Fig. 16 The infrared measurement system placed on a grinding machine
table
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5.2.2 Experimental Scheme. Grinding tests were conducted on
a Schleifring BLOHM Planmat HP408 precision grinding machine.
An alumina abrasive wheel (WA400 � 30 �27A80L5V35) was
used. Table 8 summarizes the grinding processing parameters. In a
layer-by-layer grinding process with a fixed grinding depth ap, the
workpiece should be cooled to the ambient temperature after one
grinding pass. Both dry and wet grinding tests were conducted in the
experiment. During the wet grinding, coolant lubricant emulsion
was sprayed to the workpiece in an effort to cool.

5.3 Experimental Results

5.3.1 Experimental Results of the Grinding Temperature. As
shown in Fig. 17, the measurement device acquired the grinding
temperature variation curves at different depth. For each fixed
feed pass, the grinding temperature initially increased and then
decreased. As grinding pass increased layer by layer, the depth
(the distance between gauging point and grinding plane)
decreased from 500 lm to 0 lm, and the grinding temperature
gradually increased. When the depth reduced to 0 lm, the blind
hole would be worn out. At this time, the bottom of blind-hole
(the gauging point) was exactly appearing on the grinding plane
(the upper surface of the workpiece). As shown in Fig. 17, the
maximum temperature was 1202 	C when the depth was zero; the
temperature increased rapidly, at an average rate of 1000 	C=s,
and decreased slowly, at an average rate of 200 	C=s. After the
blind hole being worn out, the temperature of the next grinding
pass dropped rapidly; the temperature variation was shown in the
curve with a depth of �100 lm.

The temperature field is a steady field at a constant feed speed
in two-dimensional space. The temperature–time curves can be
transformed into the temperature field, as shown in Fig. 18. The
maximum temperature point is located in the grinding contact
zone, and the vertical temperature gradient can reach 500 	C=mm.

5.3.2 Maximum Grinding Temperature. Figure 19 shows the
maximum grinding temperature. During dry grinding, the grinding
temperature increased with the increasing grinding depth. The
grinding temperature increased rapidly when the grinding depth
was less than 100 lm; however, the maximum grinding

temperature increased slowly when the grinding depth was greater
than 100 lm. As the grinding depth increased, the plastic defor-
mation work and frictional force increased, and more consumed
energy was converted to heat, which caused the temperature to
increase. The coolant effectively decreased the grinding tempera-
ture through its forced convection effect.

6 Validation and Discussion

6.1 Validation of the Temperature–Time Curves. Two
points of the workpiece were studied: one on the upper surface
and the other 300 lm below the upper surface. Based on the simu-
lated and experimental temperature fields, respectively, repre-
sented in Figs. 13 and 18, the temperature–time curves are
compared separately in Fig. 20. During the increasing temperature
period, the simulated curves coincided with the experimental
curves; however, during the decreasing temperature period, the
experimental temperature decreased faster than the simulated tem-
perature. The reason for the difference may be the structure of the
workpiece used in the experiment. The cavity under the workpiece
damaged the integrality of the structure, and convection and radia-
tion effects made the temperature decline rapidly during the pro-
longed decreasing temperature period. The simulated and
experimental curves have almost identical peak temperatures. The
relative errors are less than 10% for both points.

Table 8 Processing parameters of the grinding tests

ap (lm) vw (mm=min) vs (m=s) Grinding fluid

30, 50, 100, 300 300 10, 20 Dry, Wet

Fig. 17 Grinding temperature variation curves

Fig. 18 Experimentally measured grinding temperature field
(unit: 	C)

Fig. 19 Maximum grinding temperature of the workpiece
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6.2 Validation of the Maximum Temperature. A compari-
son of the maximum temperature on the upper surface for the
simulated and experimental data is shown in Fig. 21. The two dia-
grams indicate that the simulation results corresponded with the
experiment results, and the relative error was almost less than
20%. Considering parameter error and modeling error, the statisti-
cal model of the equivalent grinding heat source is sufficient to
predict the grinding temperature field.

6.3 HTC within Grinding Contact Area. Table 4 shows
that the HTC within the grinding contact zone underwent a large
transition when the grinding depth exceeded 300 lm. Grinding
with a grinding depth less than 100–200 lm is known as conven-
tional grinding; otherwise, grinding is defined as creep feed grind-
ing. Creep feed grinding is a grinding process with a large cutting
depth and low feed speed. The cutting depth is usually 10–30
times that used in conventional grinding [2,38], and the feed speed
is typically less than 60 mm=min [39]. The deeper grinding depth
results in a larger material removal rate and higher productivity
but generates extra heat, leading to increased temperature at both
the workpiece and grinding wheel [40].

Due to large grinding depth and long contact length, it is diffi-
cult for coolant to penetrate the grinding zone during creep feed
grinding. Even if coolant is used, the temperature of the grinding
zone rises rapidly and reaches an elevated magnitude. As shown

in Fig. 21, the maximum temperature can exceed 400 	C when the
grinding depth is 300 lm.

Heat transfer coefficient is difficult to measure experimentally
under all the different grinding parameters; therefore, an
FEM-based inversed calculation method was adopted to calculate

Fig. 20 Comparison of the simulated and experimental
temperature–time curves. vs 5 20 m/s, vw 5 300 mm/min, dry
grinding.

Fig. 21 Comparison of the simulated and experimental maximum temperature. vs 5 20 m/s,
vw 5 300 mm/min.

Fig. 22 HTC of the grinding contact zone during normal grind-
ing and creep feed grinding. vw 5 300 mm/min, wet grinding.

Fig. 23 HTC fitting results. vw 5 300 mm/min, wet grinding.
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the precise HTC in the grinding contact zone. With the goal of
determining the experimental maximum grinding temperature, the
HTC under different grinding process parameters can be obtained
by the inversed calculation method [41,42]. All the tested and cal-
culated HTC values are plotted in Fig. 22, and an empirical equa-
tion is proposed and fitted in Eq. (42). The equation accurately
predicts the changes in HTC during both conventional grinding
and creep feed grinding, as shown in Fig. 23. It can be seen that
the HTC during creep feed grinding is significantly lower than
that during conventional grinding

h ¼ 2000þ 12500

1þ 1:03apð Þ

� �
vs (42)

where ap is the grinding depth in lm, vs is the wheel linear speed
in m=s, and h is the HTC in W=m2 � K.

7 Conclusions

Based on the definition of the Riemann integral, the summation
limit of the discrete point heat sources was transformed into the
integral of a continuous function. A statistical heat flux model was
proposed to predict the grinding temperature field. The mathemat-
ical derivation indicated that the net heat flux equation is a quad-
ratic function of temperature.

Grinding temperature fields were measured using a specially
designed in situ temperature measurement system, and the
reliability and correctness of the statistical heat flux model were
validated according to experimental temperature–time curves and
the maximum grinding temperature. A comparison of the results
demonstrated that the relative error between the simulated and
experimental maximum temperature was less than 20%.

A FEM-based inversed calculation method was adopted to
obtain the HTC. An empirical equation was proposed to predict
the changes in HTC within the grinding contact zone. The fitting
results indicated that the empirical equation can accurately
describe the HTC variation for both conventional grinding and
creep feed grinding.
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Nomenclature

ap ¼ grinding depth of the abrasive wheel
A ¼ area of the grinding contact surface

Ak ¼ impact toughness
A1 ¼ monomial coefficient
A2 ¼ quadratic coefficient

b ¼ mean width of grinding scratches
B ¼ width of workpiece
c1 ¼ coefficient
c2 ¼ coefficient
c3 ¼ coefficient
Cp ¼ specific heat capacity
�Cp ¼ average specific heat capacity
ds ¼ abrasive wheel diameter
Ft ¼ tangential cutting force of single grain cutting
h ¼ heat transfer coefficient
H ¼ cutting depth of single grain

HB ¼ brinell hardness
k0 ¼ coefficient
k1 ¼ coefficient

l ¼ length of the grinding contact arc
N ¼ total number of grains in the grinding contact surface
P ¼ radiant flux

qc ¼ heat flux taken by chip
qg ¼ heat flux going into grain
qn ¼ net heat flux entering into workpiece
qw ¼ heat flux entering into workpiece
�qw ¼ average heat flux entering into workpiece
q0 ¼ total heat flux generated by friction
Qc ¼ heat energy taken by chip
r0 ¼ equivalent radius of grain tip

t ¼ time
T ¼ temperature

Tmax ¼ maximum temperature of grinding zone
T0 ¼ ambient temperature

vair ¼ air flow rate
vs ¼ wheel speed
vw ¼ workpiece feed speed
W ¼ frictional work
x ¼ horizontal axis of grinding contact zone
y ¼ vertical axis of grinding contact zone
a ¼ average taper angle of grain
c ¼ distribution density of grain
d ¼ elongation
e ¼ emissivity
� ¼ heat distribution ratio
k ¼ thermal conductivity

kg ¼ thermal conductivity of grain
ksl ¼ average distance between two effective front and back

grains
�ks ¼ mean scattered spacing of abrasive grain
q ¼ density of mass
r ¼ Stefan–Boltzmann constant

rb ¼ tensile strength
rs ¼ yield strength
W ¼ reduction of area
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