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Abstract

We propose a novel point grinding wheel (NPGW) with coarse grinding zone angle 6. According to earlier studies, this type of grind-
ing wheel has high grinding efficiency, long service life, and generates very little surface roughness. The contact zone between the grind-
ing wheel and workpiece is modified by the addition of the NPGW with the coarse grinding zone angle § and the inclined angle o of
point grinding process, and as a result, grinding force and grinding zone temperature are also altered. The grinding force theoretical
model of NPGW was established and the grinding zone temperature was simulated by the finite element method, based on the theory of
grinding heat generation and distribution and triangular heat source distribution model. At the same time, seven pieces of NPGW with
different angles 6 used for grinding experiments were fabricated. The theoretical model of grinding force and the simulation of grinding
temperature coincided with experimental results. Therefore, the grinding force theoretical model and the grinding temperature simulation
provide an auxiliary and predictive method for the actual process. Moreover, the influence of parameters on grinding force and grinding
zone temperature can be obtained, and the results indicate that the NPGW and point grinding process can reduce grinding force and
grinding zone temperature. Finally, plastic deformation is attributed to the production of compressive stress and grinding heat is attrib-
uted to the production of tensile stress. Therefore, the residual stress is influenced by the grinding force and the grinding temperature
coupled. The residual stress of workpiece surface and subsurface was studied. In conclusion, the NPGW and point grinding process can
reduce residual stress of workpiece surface and subsurface, in the case of tensile and compressive stress.
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1. Introduction

In comparison to traditional cylindrical grinding, the grind-
ing wheel axis is not parallel to the workpiece axis, but there is \
an angle between the grinding wheel axis and workpiece axis
in the point grinding process. Typically, the angle is called
inclining angle o. As a result of the inclining angle a, the con-
tact between grinding wheel and workpiece changes from a
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line contact to point contact [1], as shown in Fig. 1. Thus the
wheel-workpiece contact zone is reduced, the machining accu-
racy and surface quality of workpiece are improved [2], and
the grinding force is also changed.

Many factors all have a relationship with grinding force,
such as wheel wear, the dynamic characteristics of manufac-
turing equipment, geometric accuracy and surface quality of
the workpiece [3]. Therefore, many researchers have focused
on the computing of the grinding force and have made consid-
erable progress. Badger and Torrance [4] proposed a grinding
force model to simulate a rigid plastic contact of the grain and
the workpiece. It was said that the slope of grains and the fric-
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Fig. 1. Schematic of point grinding.

tion coefficient of the contact surface would affect the me-
chanical properties of such contact. Hecker [5] put forward
another grinding force model, within which the grinding
thickness was distributed according to Riley probability den-
sity distribution and kinematic conditions, material properties,
wheel microstructure and other dynamic effects took taken
into account the probability density function.

During the grinding process, very high energy is fed into the
removed unit volume metal, and almost all energy conversion
is concentrated in the grinding zone. Service life and grinding
accuracy of grinding wheel are influenced by the large amount
of grinding heat in grinding zone [6]. The residual stress can
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be influenced by the grinding force and the grinding tempera-
ture coupled. Therefore, residual stress can simultaneously
reflect grinding force and grinding heat during the grinding
process.

In recent years, grinding temperature and residual stress
have also been studied. Santander [7] established a heat trans-
fer model for grinding workpiece surface assuming a constant
heat transfer coefficient for the coolant acting on the work-
piece surface and simulated the temperature field of linear
heat flux profiles in the stationary regime. The results proved
that the maximum temperature was located in the grinding
zone on the surface, and converted the search of the maximum
temperature in a three-dimensional temperature field within an
unbounded region into the search of the maximum for a one-
dimensional function within a particular interval. The method
of temperature assessment in surface grinding of tool steels
was studied by Rao and Vinay [8]. A mathematical model was
established to evaluate the temperature generated and then
simulation was carried out. They concluded that the mathe-
matical model, simulation and experimental results were con-
sistent. The temperature recorded at medium feed rate as well
as medium cutting depth was appropriate and higher dressing
depth was better than the lower one for reducing the tempera-
ture during surface grinding. Rowe [9] studied the thermal
characteristics of high efficiency deep grinding (HEDG) and
provided a method for order of magnitude estimation of tem-
peratures. It was concluded that with high wheel speed, energy
analysis suggested it is possible to tolerate workpiece tempera-
ture approaching the melting temperature of the workpiece
material with potential benefits of reduced energy consump-
tion, reduced grinding forces and reduced damage to the fin-
ished workpiece surface. Huang [10] studied the residual
stress in the grinding surface of superalloys and iron alloys.
By using regression analysis, the relation formula between the
grinding surface residual stress and the grinding factors, and
the influence of grinding parameters on residual stress were
obtained. Sun [11] established a 3D finite element model and
simulated cutting process for AI12A12, and residual stress on
the machined surface was predicted and calculated. The simu-
lation results coincided with the experimental results, and the
influence of processing parameters on the residual stress was
obtained.

Despite the grinding force model and the grinding tempera-
ture extensively studied by researchers, most of them are only
applied for traditional grinding, and little for point grinding,
especially the NPGW with coarse grinding zone angle 6. Fur-
thermore, the contact zone of point grinding is small and the
heat transmission is fast, which makes it more difficult to
measure the grinding temperature. Therefore, a new theory is
needed for predicting the effect of grinding parameters on the
grinding force and the grinding temperature of NPGW. The
NPGW can take into account both coarse grinding zone and
precision grinding zone, which makes these two stages orderly,
reduces wear and improves the machining precision and ma-
chining efficiency [12]. The residual stress of workpiece sur-
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Fig. 2. Schematic of traditional grinding with NPGW.

face and subsurface is studied deeply, because it can simulta-
neously reflect the effect of grinding force and grinding heat
in grinding process.

2. The theory of point grinding force and tempera-
ture with NPGW

2.1 The grinding force theoretical model of NPGW

2.1.1 The geometry model in traditional processing with
NPGW

The NPGW has a coarse grinding zone angle € in the front
part of the abrasive layer. The processing schematic of this
grinding wheel is shown in Fig. 2(a). The wheel-workpiece
contact zone can be divided into coarse grinding zone on the
left side and precision grinding zone on the right side. Coarse
grinding zone in the front part is mainly used to remove the
materials, which determines the grinding efficiency. Precision
grinding zone is used to remove the remaining materials to
meet the requirements of the workpiece size and do finishing
for processed surface, which has influence on grinding preci-
sion [12].

In traditional cylindrical processing, the axis of the grinding
wheel is parallel to workpiece axis as shown in Fig. 2(a).
While, the grinding wheel and workpiece are elliptical in ver-
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tical direction of contact surface projection as shown in Fig.
2(b) A-A direction. The elliptical workpiece and grinding
wheel are equivalent to circles. The equivalent diameter and
equivalent velocity of the workpiece and grinding wheel in A-
A direction can be calculated using the radius of curvature of
the workpiece p, at the contact point.

dW2 d
d 2p = =
wel P dw cosf cosd
M
it
__ s __ s
sel ds cos@ cosd
Vel = Vo (2)
Vit = Vs

where d,, and d; are the diameters of the workpiece and grind-
ing wheel, d,. and d, are the equivalent diameters of the
workpiece and grinding wheel in traditional processing with
NPGW, v,, and v, are the speed of the workpiece and grinding
wheel, vy and v, are the equivalent speed of the workpiece
and grinding wheel in traditional processing with NPGW.

The equivalent wheel diameter in traditional processing
with NPGW 4., is,

del: d
1+d

sel

W __ dd,
/d,, cosO(d +d,)’

©)

2.1.2 The geometry model in point grinding process with
NPGW

The grinding wheel axis inclines an angle o relative to the
workpiece axis as shown in Fig. 3(a). To simplify the deriva-
tion with the existence of inclining angle a and consider the
existence of angle 6, the workpiece with diameter d,, is
equivalent to a virtual workpiece with d,/cosd and makes
inclining angle a exist between workpiece axis and the grind-
ing wheel axis, projected along with the vertical direction of
grinding wheel axis as shown in Fig. 3(b).

So the equivalent diameter and the equivalent velocity of
workpiece and grinding wheel in point grinding process with
NPGW are,

g - (d, /cosacos@)2 . d,
" d,/cos®  cos’acosf (€]
d,=d’/d cos@=d,/cosO

{vwe =V, cosa

Ve = Vs

®)

where d,,. and d,. are the equivalent diameters of the work-
piece and grinding wheel in point grinding process with
NPGW, v, and v, are the equivalent speed of the workpiece
and grinding wheel in point grinding process with NPGW.

Grinding
wheel

Workpiece

(b)
Fig. 3. Schematic of point grinding with NPGW.

The equivalent wheel diameter in point grinding process
with NPGW is,

d, 44, ©)

B cosH(dS cos’ a + dw) )

The cutting path of the single grain is shown in Fig. 4(a).
The shaded part represents the shape of the chip. The unde-
formed chip thickness is A, The cross-section of the unde-
formed chip is often triangular or rectangular. To simplify the
calculation, the grinding chip is assumed to be triangular and
the interference between single grain and workpiece can be
obtained, as shown in Fig. 4(b). The maximum undeformed
chip thickness #,,,. can be expressed as, in Refs. [13, 14].

3 172 172 /4
a
= De |22 )
Ctany v, d,

where C is the effective number of grains per unit area, y is the
half angle of grain top cone or indenter, g, is the grinding
depth.

According to the geometry relations in Ref. [3], the kine-
matic contact length of point grinding can be expressed as,

v, ) f.n, cosa ui .

n >
l = I+ | +| =2 a -d ). 8
‘ K VA_J ( 60v, ]1(F ) ®
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The parameters above are introduced to the Eq. (8), the ki-
nematic contact length of point grinding with NPGW is,

2 2
o |[g ucosa | f,n, cosa “
v, 60v,

d-d -a
J e ©

cos&(d cos’a+d,))’

where f;, is feed rate, n,, is the rotating speed of workpiece.

To simplify the calculation, assume that grains are spherical
particles, have a diameter of d,, and are uniformly distributed
on the wheel. The volume fraction of grains is V,. So, the
number of grains per unit volume containing is [13],

N= o, (10)
- 7z'dg3 '

Let 1/4 volume effective grain be exposed to the wheel sur-
face in average, and the exposed portion of each grain be only
one effective cutting edge. So that, the number of effective
cutting edge per unit area of grinding wheel surface is,

N,=4Nh, D

where / is the cutting thickness.

Let the average cutting thickness of grains be #4,,,/2. The
number of average effective cutting edge per unit area can be
obtained as,

C =2 Nhyys. (12)

Introducing Eq. (12) into Eq. (7), the maximum undeformed
chip thickness is,

173 1/3
ho = 3 v, -cosa |
2Ntany v,

{ a, cosH(dW +d_ cos’ a) ]1/6

d -d,

(13)

2.1.3 The grinding force theoretical model of NPGW

In the actual grinding process, the grinding force consists of
two parts, the chip deformation and the friction. The normal
and tangential grinding force of a single grain F, and F,, can
be expressed as,

by =F, +F,,

(14)
F, =F _+F,
gt gtc gts

where F,, is the normal force caused by chip deformation,
F,, is the normal force caused by friction, F,. is the tangential
force caused by chip deformation, F, is the tangential force

Grinding wheel center O, o/’

Workpiece center O,
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Fig. 4. Interference of single grain and workpiece material.

caused by frictions.
For single grain, Fy, is,

F,=6p,

gns

(15)
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Indenter

Fig. 5. Schematic of the grain indentation.

where ¢ is the actual contact zone of a single grain, p is the
contact pressure between the wear plane and the workpiece.

F can be expressed as,

F,=usp, (16)

where p is the friction coefficient between the workpiece and
the wear plane.

According to Vickers hardness measurement theory and the
feature size of indentation [13],

p=¢Hd, 17)
where p is the load, a is the indentation size, ¢ is indenter ge-
ometry factor, for the Vickers indenter &= 2.

Fig. 5 shows the indentation feature size,

2a = 2htany. (18)

In pure shear deformation conditions, F, is expressed as,

F, =ntan’ yHh' (19)

gne

where #, is a constant from 0 to 1.
In pure shear deformation conditions, F,, is expressed as,

T

T
p Fo=Zn g tanyHp'. 20

B 4tan}/.

Thus the single grain normal grinding force F,, and tangen-
tial grinding force F, are calculated as,

F =F +F

gn gne gns

=n,Etan’ yHI' + Sp
@n

gt gts

p —
F,=F,+F, :Znoftanthz+,u5p

According to geometry relationship in Fig. 4, h= hy, /1,
replace the parameter 4,

hmax ’ _
an = 7705 tan’ 7H( ! l[] +dp
(22)

2
F, = %ﬂoé tany H (h%l] +USp.

The normal grinding force and tangential grinding force per
grinding width are equal to the sum normal force and tangen-
tial force of all effective grains per grinding width within the
contact surface between workpiece and the grinding wheel,

, 1
F/ = F,Nd,

, 23)
F;,: IO F:quddlf .

The grinding force formula per grinding width of the grind-
ing wheel and workpiece is,

 1+2NSph I

‘max ‘max

F!=n,&tan’ yNHh
3 . 4)
I+2uNSph 1.

‘max ‘max

F'= %7705 tan y NHh

2.2 The theory of grinding heat generation and distribution

Grinding heat is the heat generated by the consumption of
grinding power during the grinding process and the heat trans-
ferred to the workpiece, grinding wheel, grinding chips, grind-
ing coolant and emitted as stray radiation. Since each medium
has a different thermal conductivity, most of the heat is passed
to the workpiece [15, 16].

According to the heat distribution model developed by
Rowe [9], the heat produced in grinding process can be
mainly divided between four components: The grinding wheel,
workpiece, chips, and coolant.

q,=4,+4q,+4q.+q,, (25)

where ¢, s, ¢w» . and gy are the total heat produced in grind-
ing, and the heat transferred into the grinding wheel, work-
piece, chips and coolant.

As shown in Fig. 6, the sum of the coefficients of each of
the different transfer mediums is 1.

R +R,+R +R, =1, (26)

where R, R,, R. R;are the distribution coefficients of heat
flux to the grinding wheel, workpiece, chips and coolant. In
the case of dry grinding, R; is the heat transfer coefficient of
air, which can be converted to radiant heat.

It is necessary to define the heat flux of the moving heat
source for the grinding temperature field, simulated by the
finite element method. The triangular moving heat source
model is adopted as shown in Fig. 7. The amplitude of the
heat source decreases linearly in the opposite direction of mo-
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Fig. 6. Heat transfer model.

Fig. 7. Triangular heat source distribution model.

tion. Taking advantage of the finite element model, the tem-
perature field distribution can be simulated, and the moving
heat source is set according to the model assumptions. De-
pending on the program settings, the heat source moves for-
ward in discrete steps of fixed step size /.

To calculate the heat generated in the contact zone, the
power consumed during grinding is used. As such, the for-
mula for calculating the total heat generated by the grinding
wheel and workpiece can be given by,

Fv

P ts
P s 27
“Trh b @7
cC W C

where P is grinding power, b,, is the contact width between
the grinding wheel and workpiece. The heat flow to each of
the different media can be given as,

q9.=Rgq, . (28)

According to the apportion model of single grain sliding on
the workpiece surface, for the heat flux taken away by the

workpiece and the grinding wheel ¢, = ¢, t¢s, the heat distri-
bution ratio between the workpiece and grinding wheel Ry,
can be obtained as,

4. 0.974k, _

R, = 1+ ), (29)
q,%4, BTV,

where k, is the thermal conductivity of grain, 7, is effective
contact radius of grain, f,, is contact coefficient of the work-
piece material.

3. Simulation of point grinding temperature field

3.1 Finite element modeling and simulation

During the grinding process, heat produced by point grind-
ing is absorbed by the grinding wheel, workpiece, chips and
coolant. Under different conditions, the proportion of the
grinding heat transmitted to the workpiece will vary. The sur-
face temperature of the workpiece can be analyzed by intro-
ducing a, which is used to build the new heat source model.

Mechanical energy can be transformed into thermal energy
in the contact zone between the grains and material that is
being removed. The heat flux can be calculated by,

P
B 30
) (30)

~

where P, is the grinding energy.

The heat flux in the contact zone changes due to the influ-
ence of inclining angle a. The heat flux transmitted to the
workpiece can be described by

RP
=Rg =—uwr 31
q,=R.g, 15 (3D

It can be seen that under the same grinding conditions, the
heat flux of point grinding is different from traditional cylin-
drical grinding.

During the grinding process, heat transfer is a combination
of the transient response and steady state response. The grains
and workpiece produce heat via intermittent contact, and the
heat generated in the transmission process will have a cumula-
tive effect. Therefore, a numerical method can be used to
simulate the process of heat flow and the temperature varia-
tion of the workpiece surface.

The triangular heat source distribution model was adopted
since the cutting depth is small, enabling simplification of the
model without losing accuracy. As shown in Fig. 8, the width
of the heat source is equal to the grinding width, and the
length of the distribution zone along the circumference of the
workpiece is equal to the arc length of contact. The coordi-
nates of any point A on the surface of the workpiece are (x;, ),
while O, and O, are the center of the grinding wheel and
workpiece, respectively, and ¢ is the angle between 0,0, and
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Fig. 8. Point grinding model.

0,A. Since the cutting depth is much smaller than the radius
of the workpiece, the influence of cutting depth in the geomet-
rical model of the temperature distribution was not considered.
The coordinate value of point A can be expressed by,

X, = ﬂsin 1]
2 (32)
= ﬂcos
Vi > @
where the angle ¢ can be expressed as,
2v t
N 33
@ 7 (33)

The triangular surface heat source distribution field of the
workpiece surface can be calculated using Eq. (33), and the
maximum temperature will occur in a very short space of time,
thereby affecting the workpiece surface. This should occur at
the contact zone after the entire heat flow passes, that is, after
the heat flow gradually decreases from the maximum value to
the minimum value along the direction of the grinding move-
ment. Therefore, to obtain the highest temperature value dur-
ing grinding, the time required for the whole moving process
can be calculated as,

f=2. (34)

Projecting the triangular heat source onto the cylindrical
surface of the workpiece is a complicated process. In particu-
lar the establishment of a moving heat source model along the
circumferential direction is extremely complex. To simplify
the model without affecting the simulation of the temperature
field, the diameter of the shaft workpiece is set to infinity, and
the model parameters are set according to the form of heat
source in Fig. 7. The temperature simulation flow chart is
shown in Fig. 9.

Based on the above conversion heat source model and
ABAQUS software, a rectangular workpiece was chosen for
the simulation. As such, a triangular heat source is applied to
the workpiece surface, the displacement and speed of the

< Operation initialization >

Define parameters such as material attributes and unit types

v

Define the boundary conditions, loading and grid divided

v

Define the analysis step and the calculation time

v

Calculate the 7 analysis step

Whether the i step is
equal to the total steps N?
That is, i=N?

( Output temperature field )

Fig. 9. Flow chart of simulation.

i=itl

Air heat Heat
exchange || flux

p——

vl

Workpiece
heat
exchange

Workpiece

Fig. 10. Meshing and boundary definition of the model.

movement are set according to the grinding direction, and in
this study, QT700 is chosen as the material for the model. The
grid can then be divided such that it is dense in the close range
and loose at a distance and 8-node rectangular units are used.
Furthermore, the grid can be determined by actual artifacts,
which define the boundary conditions of the model, as shown
in Fig. 10.

Grinding is a continuous process; therefore, to deal with the
calculations the process must be discretized as a ‘time step and
substep’. The heat source load repeatedly moves forward on
the workpiece surface step by step. Then the entire grinding
process can be obtained at any time step by moving the ther-
mal load caused by the temperature change. To make the cal-
culation more accurate and obtain satisfactory results, several
calculations were carried out and compared; the load time step
was taken as 0.002 s, and each time step was divided into
three sub-steps.
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Table 1. Material parameters.

Material parameters QT700 CBN

Density p/(g/cm’) 7.09 3.48
Elastic modulus £/GPa 169 71

Specific heat capacity/(J/kg:m®) 481 500

Heat transfer rate/(W/m-K) 46.5 1300
Tensile strength 6/MPa >700 -
Elongation d/(%) >2 -
Vickers-hardness Hv/HB 225~305 -
Poisson ratio v 0.305 -

According to the actual geometric topography of the model,

the moving heat flux was loaded onto the surface of the model.

A sufficient number of analytical steps was then set to obtain
the maximum temperature and heat transfer of the contact
zone, and the individual contact time was set to discrete. The
contact zone is continuously heated by the heat source based
on the previous heat transfer step. The initial temperature of
the workpiece is set to the ambient temperature. Thermal
properties of the material used in the simulation are shown in
Table 1. The material of CBN is used only in the first four
parameters in Table 1.

3.2 Simulation results and discussion

The temperature field distribution of the surface and subsur-
face near the grinding contact zone of the workpiece at 0.4 s
under different grinding parameters is shown in Fig. 11. The
inclining angle a of point grinding remained constant at 1°.
During the simulation process two variables, grinding speed v,
and grinding depth a, are set.

The grinding temperature in Fig. 11(c) is the highest, and in
Fig. 11(b) the lowest. From Figs. 11(a) and (b), it can be seen
that although the grinding speed increases, the maximum tem-
perature in Fig. 11(b) is still lower than in Fig. 11(a), since the
grinding depth decreases. So, the grinding depth a,, is the main
factor affecting the temperature of the workpiece surface.
When both the grinding speed and grinding depth are in-
creased at the same time, the temperature is much higher in
Fig. 11(c) than Fig. 11(a).

To study the effect of temperature on the subsurface quality
of the workpiece, three points are taken along the same verti-
cal direction, as shown in Fig. 11(a). These points are the
workpiece surface D = 0 mm, below the surface D = 0.3 mm
and D = 0.5 mm where D represents the depth of the point
from the workpiece surface. The temperature of the three
points varies with simulation time, as shown in Fig. 12. The
temperature of the selected point moves along with the heat
source on the workpiece surface, and first increases then de-
creases. The time taken for the temperature to reach the
maximum value is delayed as depth increases. With the in-
crease in depth, the maximum value reached by each point
gradually decreases, and then each point tends to an identical
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Fig. 11. Distribution of temperature field.
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Fig. 12. Temperature versus time for different depths.

temperature, indicating that the overall temperature of the
workpiece after processing remains roughly the same.

4. Experimental details

The NPGWs used in the experiments are made of CBN vit-
rified bond with coarse grinding zone angle 6. Select 6 = 0°,
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Table 2. The main parameters of NPGW.

Table 3. Experimental parameters.

External/inner Abrasw? layer Coarse grinding | Abrasive [Concentra-
. width/thickness| . .
diameter (mm) zone angle § | grain size tion
(mm)
0°/4°/7°/10%/13°/ 0
180/32 5/5 169/20° 120# 100 %

Coarse grinding *
¢| area angle &

2000. 00Km

(b) Magnified image of 6

Fig. 13. Image of NPGWS with coarse grinding zone angle 6.

4°,7°,10°, 13°, 16°, 20°. The grinding wheel with 8 = 0° is
the traditional point grinding wheel as a comparison test. Its
coarse grinding zone width X = 1.8 mm, the precision grinding
zone width b = 3.2 mm (Fig. 2). After setting the parameters X,
b are fixed, only changing 6 to fabricate seven NPGWs. The
parameters of NPGW are shown in Table 2. The seven
NPGWs fabricated are only different in coarse zone angle 6.
The other parameters are the same. The grinding wheels
manufactured are shown in Fig. 13(a), and a magnified image
of the coarse grinding zone angle 0 is shown in Fig. 13(b).

The strain gauge is used to measure grinding force. The
core clamper of the grinder is processed four planes which are
the same size and perpendicular to each other, at the neck of
core clamper. And then the strain gauges are, respectively,
pasted on the four planes. After calibration, the sensitivity of
the force measurement core clamper in the vertical direction is
3.2 N/ue and the sensitivity in the horizontal direction is
4.5 N/ue. Experiments were conducted on MK9025A optical
curve grinder, using seven fabricated NPGWs and QT700
stepped shaft workpiece with diameter d,, = 55 mm. The per-
formance parameters of the material are shown in Table 1.
The grinding parameters are adopted from Table 3 and grind-
ing experiments are shown in Fig. 14.

Since the coordinate transformation is used to establish
grinding force theoretical model, the measured grinding forces
F,e and Fg need to be transformed to the grinding force at the
contact zone F,, F; by the Eq. (35). Then F,, F; are divided by
the width of wheel 5 mm. Thus, the grinding force of unit
width is obtained, and contrasted them with the theoretical
values F/, F'.

F — FnE

c;):sﬁ (35)
F; = 1E .

cosa

o o Vr Vs
No. | o) o) @mm) | /min) | (ms)
1,050,
1 o 0 0.03 12 45
047,10,
2 05 yieag | 003 12 45
0.01,0.03,
3 05 0 0050065, | 12 45
0.08
06,12,

4 05 0 0.03 iy | s
35,4045,
5 05 0 0.03 12 [S5ee

Grinding

wheel
/ s

Workpiece
Eorce measurement
" core clamper

Fig. 14. Point grinding force experiment.

During the point grinding process, the grinding zone tem-
perature characteristics include the short duration and high
temperature gradient. A thermocouple is placed in the grind-
ing zone to accurately measure the local temperature. While
measuring the temperature, the wires may become winding
due to the simultaneous rotation of the workpiece, which is an
issue that must be solved.

The thermocouple is fixed with a clip-on structure, and the
workpiece used in the thermocouple temperature test is shown
in Fig. 15. Mica sheets with a thickness of 0.03 mm are used
to provide insulation between the metal workpiece and ther-
mocouple. A lock nut allows the sleeve to be clamped to the
mandrel, and the clamping force secures the thermocouple in
the slot. The ends of the constantan wire and Ni-Cr wire must
always be in contact, and are insulated below the contact point,
drawn out through the sleeve and slotted onto the shaft. The
bushings and mandrel are also insulated with insulating sheets,
and the pins of the respective thermocouple wires are con-
nected to the two bushings. The outer circumference of the
bushings are in contact with the two brushes, and avoid the
thermocouple compensation wire as it is wound around the
workpiece during the workpiece rotation. The two wires are
connected to an amplifier, data acquisition card and PC in
sequence to realize the data recording and display. Finally, the
collected voltage signal is converted to temperature, according
to the thermoelectric characteristics of the thermocouple.
Since the thermocouple is not standard, it has to be calibrated
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Fig. 15. Workpiece for thermocouple measurement.
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Fig. 16. Thermocouple calibration curve.

prior to temperature measurements in order to convert the
collected voltage signal into a temperature value. The thermo-
couple calibration curve is presented in Fig. 16.

An MGR40P X-ray diffraction residual stress measurement
instrument was also used in this experiment, with left and
right X-ray detectors, as shown in Fig. 17. The X-ray target
used for the diffraction crystal face is made of Cr palladium
[2,1,1], and the angle is 156.41°, according to Bragg’s law.
During measurements, the ray tube swings along the orbit and
can measure 7 different angles such that 2 detectors can col-
lect data for up to 14 points. The curves were fitted by means
of the ellipse method. The residual stress is measured from the
surface to 6 different depths, along direction from the surface
into the substrate, 0.1 mm, 0.25 mm, 0.5 mm, 0.75 mm and 1
mm. The depth is measured using the focal distance of the
machine after polishing and acid corrosion. First, the residual
stress is measured on the surface and then the surface of the
corrosion layer is stripped by polishing and acid corrosion.
Measurements are then taken at a distance of 0.1 mm from the
surface, and so on, measuring the residual stress at all depth
positions until the stress value of the last two groups are simi-
lar, thus tending toward stability. A negative measurement
indicates compressive stress, a positive measurement indicates
tensile stress, and the magnitude of stress is given by the abso-

Fig. 17. Surface residual stress measurement system.

lute value.

An L,4(4°) orthogonal experiment was conducted to investi-
gate the influence of five factors — coarse grinding zone angle
0, inclining angle «, grinding depth a,, axial feeding speed vy,
grinding wheel speed v, on the grinding temperature. Single
factor experiment was conducted to investigate the influence
of each parameter on grinding force and verify the correctness
of grinding force theoretical model and the simulation of
grinding temperature. Plastic deformation is attributed to the
production of compressive stress and grinding heat is attrib-
uted to the production of tensile stress. The coupling effect of
grinding force and grinding temperature can be analyzed by
researching residual stress of workpiece surface and subsur-
face.

5. Results and discussion

5.1 Grinding force

Fig. 18 shows the experimental measurements of seven
wheels. The normal grinding force F, and tangential grinding
force F; tend to decrease as the absolute value of the inclining
angle a increasing, but with a lesser extent. All the curves are
approximately symmetric about X = 0, so it is considered that
+a has the same influence on the grinding force. Thus, point
grinding process can reduce the grinding force. What’s more,
it can also be seen from the seven curves that when the
NPGWs with larger 6, F, and F; are corresponding smaller.
Especially, when 6 = 0°, the values of grinding force are
maximum, and when 6 = 20°, the values are minimum.

Fig. 19 shows that the normal grinding force F;, and tangen-
tial grinding force F; increase as the grinding depth a, increas-
ing. But both of them decrease as the coarse grinding zone
angle 6 increasing. Because when grinding depth g, increases,
the maximum undeformed chip thickness 4, increases,
thereby the grinding force increases, which is coincided with
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the theoretical model Eqgs. (13) and (24).

Fig. 20 shows that the normal grinding force F;, and tangen-
tial grinding force F; decrease as the wheel speed v; increasing,
and both of them decrease as the coarse grinding zone angle 6
increasing. Because when the wheel speed v, increases, the
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maximum undeformed chip thickness 4,,,, decreases, thereby
the grinding force decreases, which also coincides with the
theoretical model.

There is another common phenomenon, both the theoretical
values and experimental values, under the same grinding pa-
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Table 4. Table of orthogonal experiments.
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No. Factors
o(°) (°) ap(mm) v(mm/min) vy(ny/s) Temperature (°C)
1 -1 0 0.01 0.6 35 251.69
2 -1 7 0.03 1.2 45 311.94
3 -1 13 0.05 1.8 50 293.62
4 -1 20 0.08 2.4 60 323.64
5 -0.5 0 0.03 1.8 60 388.53
6 -0.5 7 0.01 2.4 50 291.57
7 -0.5 13 0.08 0.6 45 301.77
8 -0.5 20 0.05 1.2 35 259.5
9 0.5 0 0.05 2.4 45 390.23
10 0.5 7 0.08 1.8 35 272.55
11 0.5 13 0.01 1.2 60 259.87
12 0.5 20 0.03 0.6 50 270.47
13 1 0 0.08 1.2 50 270.91
14 1 7 0.05 0.6 60 252.79
15 1 13 0.03 2.4 35 275.71
16 1 20 0.01 1.8 45 2353
K1 1180.89 1301.36 1038.43 1076.72 1059.45 -
K2 1241.37 1128.85 1246.65 1102.22 1239.24 -
K3 1193.12 1130.97 1196.14 1190 1126.57 -
K4 1034.71 1088.91 1168.87 1281.15 1224.83 -
k1 29522 325.34 259.61 269.18 264.86 -
k2 310.34 282.21 311.66 275.56 309.81 -
k3 298.28 282.74 299.03 297.5 281.64 -
k4 258.68 272.23 292.22 320.29 306.21 -
R 51.66 53.11 52.05 51.11 44.95 -
Influence degree 0> a,> o> ve> v
Optimal parameter combination 0(20°), a(1°), a,(0.01mm), v(0.6mm/min), vy(35m/s)
6.2 4.0
6.0 38}
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Fig. 21. The effect of # on grinding force.

rameters, the values of normal grinding force F, are larger
than those of the tangential grinding force F,. This is because
the grains of the grinding wheel have larger negative rake
angle.

Furthermore, to compare the effects of different coarse
grinding zone angle 6 on grinding force, the arithmetic mean
of the experimental data was calculated as the average grind-

ing force. And then, we compared the average grinding force
of every NPGW.

From Fig. 21, when 6 = 0°, the values of normal grinding
force F, and tangential grinding force F; are the largest and
when 6 = 20°, both F}, and F; are smallest. Although there is a
slight fluctuation, the overall trends of normal grinding force
F, and tangential grinding force F, are the same. Both F,, and
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F decrease as the coarse grinding zone angle 6 increases. It
means that the NPGW can decrease the grinding force.

5.2 Grinding temperature

Based on the data obtained in the orthogonal experiment
shown in Table 4 and via the range analysis, primary and sec-
ondary orders of the degree of influence of each factor on the
grinding temperature are obtained. The experimental results
show horizontal changes in each factor affect the results dif-
ferently. Greater range value R indicates a greater influence of
each factor on the experimental results. The range values R,
from Table 4, show that R, > R,, > R, > R,¢> R,, which sug-
gests that the coarse grinding zone angle @ has the greatest
influence on the grinding temperature, followed by the grind-
ing depth a,, inclining angle o, axial feeding speed v;, and
grinding wheel speed v,. The grinding depth a, has a greater
influence on the grinding temperature than the grinding wheel
speed v, which coincides with results obtained in the simula-
tion. According to the calculated values of &, the minimum
value of & can be selected for each factor such that the optimal
parameter combination to reduce the grinding zone tempera-
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ture is 6 = 20°, o = 1°, a, = 0.01 mm, v¢= 0.6 mm/min, v, =
35 m/s.

5.3 Test verification of grinding force theoretical model

To verify the correctness of grinding force model of NPGW,
the theoretical values and experimental results are compared,
as shown in Figs. 22-25.

From all above figures, the trend of theoretical calculations
coincides well with experimental measurements, and the val-
ues are close. Fig. 22 shows that the theoretical values and
experimental values have the same trend and the grinding
force decreases as the 6 increases. From Fig. 23, both of the
normal grinding force F), and tangential grinding force F; de-
crease as the absolute value of the inclining angle o increasing,
and the curve of grinding force is symmetric on X = 0. When
the inclining angle o is within the interval [-1, 1], it has a little
effect on the grinding force. This coincides with the theoreti-
cal model. The theoretical formula contains only cosa, so the
theoretical model has the same calculated values for +a. In
addition, due to the changing interval of inclining angle a is
small, and the impact on the grinding force value is also small.
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From Figs. 24 and 25, the theoretical values and experimental
values are close and have the same trend, such that the normal
grinding force F,, and tangential grinding force F| increase as
the grinding depth a,, increases, and F), and F; decrease as the
wheel speed v increases.

5.4 Test verification of grinding temperature simulation

5.4.1 Influence of a, on grinding temperature

It can be seen that the trends of temperature values of the
simulation and experimental histograms are consistent, while
the simulation results are larger than the actual measured from
Fig. 26. The values of simulation are about 1.4 times of ex-
periments. The reason is that the vibrations, the wear of grind-
ing wheel and the thermocouple measurement errors are ig-
nored in the simulation process.

In additional, the grinding temperature increases with in-
creasing grinding depth a,. Since a, increases, the cutting
depth of each grain increases, the arc length of contact also
increases, the number of active grains involved in the grinding
process increases; hence, the grinding power increases when
the line speed remains unchanged, which thereby increases the
grinding temperature.
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Fig. 26. Influence of a, on grinding temperature.

5.4.2 Influence of vyon grinding temperature
From the histogram (Fig. 27), the trends of temperature val-
ues of the simulation and experiment are also consistent, and
the simulation results are still about 1.4-times of experiments.
In addition, the influence of the axial feeding speed v; on
grinding temperature is shown in Fig. 27. The grinding tem-
perature increases with increasing vi. As vy increases, the
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grinding power also increases, the friction between grains and
the workpiece increases, the heat source strength increases,
and the grinding temperature therefore increases.

5.4.3 Influence of v, on grinding temperature

From the histogram (Fig. 28), the trends of temperature val-
ues of the simulation are also coincided with experimental
values. In addition, the grinding temperature increases with
increasing grinding wheel. Since v, increases, the number of
grains involved in grinding also increases in unit time, and the
plowing and sliding of the grains are intensified, which results
in more heat thus raising the grinding temperature.

5.4.4 Influence of a on grinding temperature

From the histogram (Fig. 29), the trends of temperature val-
ues of the simulation also coincide with experimental values.
In addition, the influence of the inclining angle a on the grind-
ing temperature is approximately symmetrical about X = 0.
Therefore, the sign of the inclining angle o is shown to have
little influence on the grinding temperature, which mainly
depends on the absolute value. The inclining angle a can re-
duce the grinding temperature, and the larger the absolute
value of a, the lower the value of the grinding temperature.

The reason is that during the point grinding process the
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Fig. 29. Influence of a on grinding temperature.

grinding wheel turns at the angle o relative to the workpiece. It
results in a decrease in the size of the contact zone between
the grinding wheel and workpiece, thus reducing the number
of grains involved in grinding per unit time. The maximum
undeformed chip thickness of a single grain decreases, thereby
resulting in a reduction in heat generated during the grinding
process. Furthermore, the existence of o is beneficial, as it
improves the heat dissipation conditions. Within a certain
range, a larger o can lead to better heat dissipation. For these
reasons, the temperature in the point grinding process is lower
than in traditional cylindrical grinding.

When coarse grinding zone angle € varies from 0° to 20°,
the temperatures are 275.3 °C, 261.6 °C, 256.2 °C, 255.8 °C,
249.5 °C, 246.7 °C, 241.6 °C, respectively. This means the
grinding temperature decreases with increasing 6, which dem-
onstrates that under the same conditions, @ leads to a decrease
in the grinding temperature. This is due to the existence of 6,
which allows the grinding chips to be more easily discharged
from the grinding zone, thereby reducing the phenomenon of
chips accumulation. Therefore, to a certain extent the heat
generated during grinding is reduced, the heat dissipation con-
ditions of the point grinding process are improved, and the
heat generated during the grinding process can be better dis-
tributed. Moreover, the contact zone between the grinding
wheel and workpiece becomes smaller, the grinding process is
smoother, and the grinding temperature is decreased. In a
word, the simulation provides an auxiliary and predictive
method for the actual process and the NPGW can make the
grinding zone temperature decreased.

5.5 Residual stress

During the grinding process, a large degree of plastic de-
formation of the metal occurs at the surface and subsurface
level, and is considered cold plastic deformation. Along the
direction of grinding, tensile deformation occurs at the work-
piece surface, crystal grains are elongated, and the metal den-
sity decreases, such that specific volume increases. The mate-
rial restricts deformation, thus producing residual compressive
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Fig. 30. Influence of « on residual stress of surface and subsurface.

stress. Conversely, severe friction between the grains and the
materials causes a large amount of heat to be generated in the
grinding zone, which is then transmitted from the workpiece
surface to the interior resulting in thermoplastic deformation.
After the grinding process, the workpiece is cooled to ambient
temperature, and the volume of material retracts. The work-
piece surface is subjected to thermal plastic deformation, vol-
ume expansion, and shrinkage, resulting in the generation of
tensile stress. Residual stress is also generated as a result of
the superposition of various influencing factors. When plastic
deformation plays a major role, the residual stress can be ex-
pressed as compressive stress. In contrast, when the influence
of the grinding heat plays a major role, the residual stress is
expressed as tensile stress.

5.5.1 Influence of a on residual stress

In Fig. 30, the machined workpiece surface produces com-
pressive stress, indicating plastic deformation played a major
role. When a = -1°, compressive stress on the workpiece sur-
face is lower than when a = 0°. This is because the grinding
wheel and workpiece are changed to a point contact when o =
-1°, thereby reducing the contact area and the effects of plastic
deformation, which coincides with the results of grinding
force.

Also from Fig. 30. the compressive stress gradually de-
creases and the tensile stress gradually increases in the super-
ficial subsurface region, as the compressive stress gradually
changes to tensile stress, indicating grinding heat plays a ma-
jor role. The tensile stress reaches a maximum value at
0.1 mm below the surface. With a further increase in depth,
the tensile stress gradually decreases to the substrate value.
The maximum tensile stress of the workpiece subsurface
when a = -1° is lower than when a = 0°. Because it is benefi-
cial to reduce the grinding heat generation and improve the
heat dissipation conditions when « = -1° which coincides with
the results of grinding temperature. Hence, the effect of the
grinding heat is reduced when o = -1° compared with o = 0°,
which results in the decrease of the tensile stress. In general,
the point grinding process can reduce the residual stress, in-
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Fig. 31. Influence of @ on residual stress of surface and subsurface.

cluding the compressive stress and tensile stress. And the in-
clination angle a has little effect on the residual stress of the
surface and subsurface because the two curves are close for
the same range.

5.5.2 Influence of 0 on residual stress

As can be seen from Fig. 31, compressive stress is gener-
ated on the workpiece surface, which helps to suppress the
generation of cracks. The residual stress on the workpiece
surface when 6 = 10° is less than € = 0°, because as 8 in-
creases, the grinding force decreases, the extrusion force de-
creases, and plastic deformation decreases, which results in a
decrease in residual stress. However, with increasing 6, the
grinding heat rapidly decreases and the extent of this decrease
is greater. So, the combined effects of the two factors lead to
an increase in the residual compressive stress value. Thus,
when 6 = 20°, the residual stress on the workpiece surface is
greater than 6 = 10°. In summary, the NPGW reduces residual
stress on the workpiece surface, and the grinding wheel with 8
= 10° results in the greatest reduction. Compared to the con-
ventional point grinding wheel, the NPGW reduces the resid-
ual stress by 12 %.

The compressive stress changes to tensile stress with in-
creasing depth (Fig. 31). Moreover, the tensile stress reaches a
maximum value at 0.1 mm below the surface. With further
increasing depth, the tensile stress decreases gradually. The
maximum value of tensile stress of the workpiece subsurface
is largest when @ = 0°. This is because the grinding tempera-
ture is highest when 6 = 0°, hence the tensile stress is also
largest. According to the above analyses, the NPGW reduces
the residual stress of surface and subsurface, including the
compressive stress and tensile stress.

5.5.3 Influence of a, on residual stress

As seen from Fig. 32, when @, = 0.03 mm and a, =
0.05 mm, compressive stress is generated on the workpiece
surface. The residual compressive stress decreases with in-
creasing grinding depth a,. When @, = 0.08 mm, tensile stress
is generated on the workpiece surface, since when q,, is small,
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Fig. 32. Influence of a, on residual stress of surface and subsurface.

the grinding temperature is low and plastic deformation
mainly occurs on the metal surface, so stress on the grinding
surface is compressive. However when a,, is large, the average
undeformed chip thickness of single grain increases, the grind-
ing temperature increases, the proportion of grinding heat
increases playing a major role, and stress is expressed in the
form of residual tensile stress.

Also, the compressive stress changes to tensile stress with
increasing depth. The tensile stress reaches a maximum value
at 0.1 mm below the surface. When a, = 0.08 mm, the tensile
stress is largest at 289.7 MPa. The maximum tensile stresses
when a, = 0.05 mm and a, = 0.03 mm are 253.3 MPa and
224.5 MPa, respectively. Then, along the depth direction, the
residual tensile stress gradually decreases. In conclusion, if the
residual stress of the machined workpiece surface is taken as
the main quality index, a smaller grinding depth g, is recom-
mended. However, decreasing the grinding depth will lead to
lower grinding efficiency. Therefore, the influence of other
factors should also be taken into account in the actual grinding
process.

5.5.4 Influence of v, on residual stress

From Fig. 33, the stress produced on the grinding surface is
residual compressive stress. The residual compressive stress
decreases as the grinding wheel speed v; increases. This is due
to the effect of grinding heat, which has influence less than the
mechanical load, so the stress manifests as compressive stress.
With increasing grinding wheel speed v;, the grinding force
decreases and the effect of plastic deformation decreases. Fur-
thermore, as the number of grains involved in grinding per
unit time increases, the grinding temperature increases and the
proportional effect of the grinding heat increases, such that the
compressive stress is gradually reduced and tensile stress
gradually increases. Therefore, the following experimental
results are explained: The maximum tensile stress is
324.7 MPa when v, = 60 m/s; the maximum tensile stresses
when v, = 35 m/s and v, = 45 m/s are 192.5 MPa and
253.3 MPa, respectively. The tensile stress reaches the maxi-
mum value at 0.1 mm below the surface and the residual ten-
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Fig. 33. Influence of v, on residual stress of surface and subsurface.

sile stress is gradually reduced.

In general, the residual stress is affected by the grinding
force and the grinding temperature coupled. The stress on the
machined workpiece surface is compressive, indicating that
grinding force plays a major role. Due to the existence of
compressive stress, the workpiece surface is not easy to crack;
however, below the workpiece surface at a superficial position,
there is still tensile stress, indicating that grinding heat plays a
major role and a risk of generating cracks.

6. Conclusion

The calculated values of grinding force theoretical model of
NPGW coincided with the experimental measurements. The
grinding zone temperature can be simulated by using the finite
element method, and the simulation results were verified by
experiments. Thereby, the theoretical model and simulation
provide an auxiliary and predictive method for an actual proc-
ess.

The NPGW and point grinding process can reduce the
grinding force and the grinding zone temperature. In addition,
the grinding force would increase as the grinding depth a,
increasing and decrease as the wheel speed v; is increasing.
The grinding zone temperature increases with increasing
grinding depth a,, axial feeding speed v; and grinding wheel
speed v

Through L,«(4’) orthogonal experiment, the primary and
secondary factors affecting grinding zone temperature are as
follows: coarse grinding area angle 6 > grinding depth a, >
inclining angle o > feed speed vs > wheel speed v,. The opti-
mum parameter combinations to reduce the grinding tempera-
ture were determined to be 6 = 20°, & = 1°, a, = 0.01 mm, v;=
0.6 mm/min, v, =35 m/s.

Stress on the grinding workpiece surface is mainly com-
pressive, which shows that plastic deformation plays a major
role, and the subsurface compressive stress is gradually trans-
formed into tensile stress, which shows that the grinding heat
plays a major role with increasing depth. The tensile stress
reaches a maximum value at 0.1 mm below the surface, and
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further decreases with increasing depth. On the workpiece
surface, the effect of grinding force is greater than grinding
temperature, while on subsurface, the effect of grinding tem-
perature is greater than grinding force. The NPGW and point
grinding process can reduce the residual stress of workpiece
surface and subsurface, in the case of tensile and compressive
stress. Finally, the residual stress on the workpiece surface
decreases, and the maximum tensile stress of the subsurface
increases as the grinding depth g, and the grinding wheel
speed vy is increasing.
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