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Abstract
Ni3Al-based intermetallic IC10 exhibits prominent high-temperature performance (e.g., highmelting points, resistant to gas corrosion,
and creep resistance); it acts as an idealmaterial employed tomanufacture aero-engine turbine blades. Since the internal structure of the
Ni3Al-based intermetallics differs from that of the conventional superalloy, its grindability significantly limits its application. Grinding
parameters are vital factors affecting the surface quality of Ni3Al intermetallic IC10. In the present study, single-factor and orthogonal
experiments were performed to ascertain the grinding temperature, grinding force, and grinding surface quality of Ni3Al-based
intermetallic IC10. As revealed from the conclusion drawn in this study, surface quality and grinding force were considerably affected
by cutting depth and feed rate, whereas they were less affected by wheel speed. The process of grinding with high feed rate or deep
cutting depth would lead to the production of grooves, debris, delamination, and other defects on the test sample surface. The grinding
temperature was deeply affected by the cutting depth. The empirical formulas of the relationships between process parameters and
grinding temperature and force were calculated by orthogonal experiments, thereby verifying the correctness of single-factor exper-
iments. Small cutting depth and low feed rate can improve surface integrity and reduce grinding surface defects.
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1 Introduction

As fueled by the advancement of the aviation industry, aero-
engine has been increasingly demanded. As an essential com-
ponent of aero-engine, turbine blades are critical to the function
of the whole aircraft. Ni3Al-based superalloys IC10 refers to a
novel generation of aero-engine turbine blade material. Unlike
other nickel-based superalloys, the Ni3Al-based superalloys
IC10 pertains to an intermetallic, namely, a compound where

a metal and another metal, a metal and a metalloid, are bonded
by a metal bond or a covalent bond. Ni3Al-based intermetallics
exhibit considerable prominent properties (e.g., high strength
and melting point, high temperature fatigue-resistant, as well as
a positive temperature effect of yield strength below the peak
temperature) [1–3]. For the mentioned excellent properties,
Ni3Al-based intermetallics have been extensively employed in
civil and military industries. Superalloys are typical difficult-to-
machine materials for its high hardness, high strength, and low
thermal diffusivity [4]. Hardening layer, grain deformation lay-
er, and remelting layer occur commonly on the superalloy sur-
face in the processing course. In recent decades, numerous re-
searchers analyzed the grinding of nickel-based superalloys.
Dai et al. [5–7] performed grinding experiments to investigate
the grinding temperature, grain wear, and material removal rate
of superalloy Inconel 718. In [6], a single diamond grain was
adopted to perform the grinding experiments; and grain wear is
classified into different types according to the friction, plowing,
and cutting time in the course of grinding. Chen et al. [8] per-
formed grinding experiments on superalloy Inconel 718; they
developed a method to prevent grinding burn and elevated the
material removal rate. Zhao et al. [9] employed a CBNwheel to
perform profile grinding of directionally solidified superalloy
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DZ125; they reported that altering the maximum grinding
thickness could reduce the specific grinding energy.

Creep-feed grinding (CFG), as an advanced processing
method, exhibits a large cutting depth; it is also referred to
as creep-feed deep grinding. CFG exhibits high grinding sur-
face quality and high processing efficiency, so it is commonly
adopted for difficult-to-machine materials processing. Gu
et al. [10] applied microcrystalline alumina grinding wheel
and brown alumina grinding wheel for DD6 superalloy
CFG. Besides, the analyses were conducted on the grinding
force, temperature, surface quality, and wheel wear. As sug-
gested from their results, microcrystalline alumina grinding
wheel is preferable to brown alumina grinding wheel in grind-
ing surface quality, grinding force, and temperature. Ding
et al. [11] ascertained the grinding performance and surface
quality of K424 superalloy during CFG; they also measured
the processing parameters applying to straight groove process-
ing. For the large cutting depth of CFG, the grinding temper-
ature could be too high, and the workpiece surface could be
burned. Wang et al. [12] built a thermal model based on the
grinding force during CFG, which is capable of predicting the
workpiece temperature. Moreover, their experimental results
demonstrated the correctness of the prediction model. Marco
et al. [13] proposed an approach to monitor the grinding sur-
face temperature, which can obtain the maximal grinding tem-
perature and the evolution of the temperature. Several scholars
adopted auxiliary means to lower the risk of surface burned
during CFG. For instance, Abdullah et al. [14] added longitu-
dinal ultrasonic vibration to grinding wheel during CFG. The
grinding force was studied by simulation and experiments. As
suggested from the experimental results, vertical and horizon-
tal grinding forces decreased by 27% and 22%, respectively.

In recent years, the investigation on Ni3Al-based interme-
tallics placed a general emphasis on its material properties,
mechanical properties, and preparing methods [15].
Machinability is considered a vital aspect of Ni3Al-based in-
termetallics. The study here focused on the grinding properties
of Ni3Al-based intermetallics.

2 Experiments

The sample material is Ni3Al-based intermetallic IC10, name-
ly, a solidified columnar crystal with anisotropy. The samples
had the width, length, and height of 10, 20, and 10 mm, re-
spectively. Tables 1 and 2 list the constitution and physical
properties of IC10, respectively. IC10 pertains to face-

centered cubic crystal, and the machined surface of this exper-
iment paralleled to [001] crystal direction.

The Chevalier FSG-B818CNC grinder was employed to
perform grinding experiments. The grinding wheel is made of
brown corundum and white corundummixed wheel, exhibiting
the particle size of 80. The grinding method used was down-
grinding, and the grinding diagram is illustrated in Fig. 1. A
water-based coolant was sprayed in the grinding course. After
grinding a sample, the grinding wheel should be dressed with a
wheel dresser to keep the grinding wheel sharp. Single-factor
experiments and orthogonal experiments were designed based
on the experiential scale of grinding parameters. Tables 3 and 4
list the experimental parameters of the CGF single-factor ex-
periments and orthogonal experiments, respectively.

3 Grinding performance of IC10

3.1 Grinding force and force ratio

Grinding force is a significant index of the grinding process,
which has important influence on grinding surface roughness,
grinding temperature, and plastic deformation [16, 17]. The
grinding force incorporates the tangential force Ft (N) and the
normal force Fn (N), and their relationships with the horizontal
force Fh (N) and the vertical force Fv (N) measured by the dyna-
mometer are presented in Fig. 2, meeting the formula below [18].

Ft ¼ Fvsinθþ Fhcosθ ð1Þ
Fn ¼ Fvcosθ−Fhsinθ ð2Þ

Where θ (rad) is the rotating angle, which could be
expressed as

θ ¼
ffiffiffiffiffiffiffiffiffiffiffi
ap=ds

q
ð3Þ

where ds (mm) is the wheel diameter and ap (mm) is the
cutting depth.

Table 1 Constitution of IC10 (wt%)

Elements Co Ta Al Cr W Hf Mo C B Ni

wt% 11.5~12.5 6.5~7.5 5.6~6.2 6.5~7.5 4.8~5.2 1.3~1.7 1.0~2.0 0.07~0.12 0.01~0.02 Bal

Table 2 Physical
properties of IC10 Contents Value

Density ρ (g/cm3) 7.9

Melting point T (°C) 1640

Microhardness (HV) 414

Crystal structure B2
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The impact of grinding parameters on grinding force is il-
lustrated in Fig. 3. As seen in Fig. 3(a), the variation of tangen-
tial force Ft with the feed rate is not obvious. At the feed rate
less than 150 mm/min, the variation of normal force Fn is not
obvious. However, at the feed rate risen from 150 to 250 mm/
min, the normal force Fn increases from 651 to 876 N.
Accordingly, the feed rate has a smaller effect on the tangential
force Ft and a larger effect on the normal force Fn, and at the
feed rate over 150 mm/min, the normal force Fn increases rap-
idly. Figure 3(b) indicates that at the cutting depth increases
from 0.1 to 0.9 mm, the tangential force Ft increases from
230 N to 432 N, and the normal force Fn increases from 313
to 896 N. As seen in Fig. 3(c), as the wheel speed increases, the
tangential force Ft decreases from 455 to 284 N, but the normal
force Fn decreases only from 648 to 619 N. The variation of
grinding force with the three grinding parameters is associated
with the variance of maximum undeformed chip thickness
(UCT). The relationships between UCT hmax (mm) and grind-
ing parameters are expressed in Eq. (4) [19].

hmax ¼ 4v
vsNdC

ffiffiffiffiffi
ap
ds

r� �1=2

ð4Þ

where ap (mm) is the cutting depth, vs (m/s) is the grinding
wheel speed, vw (mm/min) is the feed rate,Nd is effective grain
number per unit area, ds (mm) refers to the diameter of the
wheel, and C refers to a constant in connection with the angle

of the abrasive particle tip. The grinding force varies with the
feed rate for two reasons. On the one hand, the UCT of a
single abrasive grain increases as the increase of workpiece
feed rate, and the grinding force of the effective abrasive grain
increases. On the other hand, setting the cutting depth con-
stant, as the workpiece feed rate increases, the material remov-
al rate of the workpiece increases, and the cutting thickness of
the single abrasive grain increases, inevitably resulting in an
increase in the grinding force. The grinding force varies with
the cutting depth also for two reasons. On the one hand, as the
cutting depth increases, the UCT of the single abrasive grain
increases, and the grinding force of the single abrasive grain
increases. On the other hand, the rise in cutting depth makes
the grinding arc length of grinding wheel larger, and the num-
ber of dynamic effective abrasive grain involved in grinding in
the grinding arc area increases, leading to the rise in the total
grinding force. According to Eq. (4), decreasing grinding
wheel speed would result in the rise in UCT. The rise in
UCT led to greater friction between abrasive particle and
grinding surface, so the grinding force increases.

Given the results of orthogonal experiments, the least
square method can be adopted to fit the relational expression
between grinding force and grinding parameters. The relation
is expressed as follows:

Ft ¼ 117:9v0:21w a0:27p v−0:27s ð5Þ

Fn ¼ 197:8v0:29w a0:32p v−0:04s ð6Þ

Equations (5) and (6) show that the indices of ap and vw are
positive, that is, the cutting depth and the workpiece feed rate
are positively correlated with the grinding force. The index of
vs is negative, that is, the grinding wheel speed is negatively
correlated with the grinding force. Cutting depth has the most
significant impact on grinding force, and the second is work-
piece feed rate. The regression correlation coefficient of tan-
gential grinding force is 0.74, and the correlation coefficient of
normal grinding force is 0.75. It is therefore suggested that the
correlation is credible.

Grinding force ratio Fn/Ft refers to an essential parameter in
grinding. The magnitude of the grinding force ratio can reflect
the wear of the grinding wheel in the grinding course. A large
grinding force ratio indicates a more severe wheel wear in the
grinding course. Qw' is the material removal rate in unit grind-
ing width, and its calculation formula is:

Qw0 ¼ apvw: ð7Þ

Figure 4 gives the curve of force ratio Fn/Ft versus the
material removal rate Qw. When Qw' increases from 0.25 to
2.25 mm3/(mm s), the grinding force ratio Fn/Ft increases
from 1.36 to 2.07. Equation (7) shows that when the feed rate
vw is constant, Qw' is positively related with the cutting depth
ap. Accordingly, as the cutting depth increases, the sharpness

Fig. 1 Diagram of CFG

Table 3 Single-factor experiments of CFG

No. Grinding parameters Level

− 2 − 1 0 1 2

1 Feed rate vw (mm/min) 50 100 150 200 250

2 Cutting depth ap (mm) 0.1 0.3 0.5 0.7 0.9

3 Wheel speed vs (m/s) 12 17 22 27 32

Int J Adv Manuf Technol (2020) 108:809–820 811



of the grinding wheel decreases and the wear becomes more
serious.

3.2 Grinding temperature

The surface quality of the test sample is significantly affected
by the grinding temperature [20]. A temperature too high will
cause subsurface remelting and surface burns. To ascertain the
grinding temperature, artificial semi-thermocouples were
manufactured with IC10 samples and constantan wires. Given
the Seebeck effect, the thermodynamic potential of IC10 and
constantan wires at different temperatures was ascertained. The
relationships between thermoelectric potential and temperature
were fitted according to the measurement results, and the cali-
bration straight line of temperature was obtained (Fig. 5).

According to the fitting result, the relational expression between
the thermoelectric potential and the temperature is:

T ¼ 54:43þ 11:53U ð8Þ

Figure 6 indicates the impact of grinding parameters on
grinding temperature in single-factor experiment.
Figures 6(a, b) clearly show that the grinding temperature
displayed noticeable positive correlations with feed rate and
cutting depth. As the feed rate ranges from 50 to 250 mm/min,
the measured temperature ranges from 908 to 1104 °C. As the
cutting depth ranges from 0.1 to 0.5 mm, grinding temperature
ranges from 320 to 999 °C, and as the cutting depth ranges
from 0.5 to 0.9 mm, the grinding temperature increased from
999 to 1092 °C. Thus, when the cutting depth value is below
0.5 mm, the grinding temperature is sensitive to the augment
of cutting depth. A change in cutting depth within this range
will cause a sharp increase in temperature. At the cutting depth
value above 0.5 mm, grinding temperature is insensitive to
cutting depth. The reason that grinding temperature increases
with the variation of cutting depth or workpiece feed rate is
that the rise in cutting depth or workpiece feed rate will result
in an increase in grinding force, and the plow force and fric-
tion between the wheel and grinding surface will increase, and
the course of working needs to consume more energy.
Moreover, the rapid rise of grinding temperature is also related
to the boiling effect of coolant [21–23]. During CFG, the
cutting depth has an important effect on the grinding process,
the coolant is easy to boil, and the cooling effect is very lim-
ited after the coolant boiling.

Table 4 Orthogonal experiments
of CFG No. Grinding parameters Grinding force Grinding

temperature T (°C)
Feed rate vw
(mm/min)

Cutting
depth ap (mm)

Wheel speed
vs (m/s)

Ft (N) Fn (N)

1 50 0.1 12 168 277 293

2 50 0.3 17 219 299 586

3 50 0.5 22 249 395 917

4 50 0.7 27 296 444 983

5 100 0.1 17 270 372 343

6 100 0.3 12 344 397 566

7 100 0.5 27 397 567 892

8 100 0.7 22 403 618 1036

9 150 0.1 22 231 329 341

10 150 0.3 27 256 370 754

11 150 0.5 12 374 490 867

12 150 0.7 17 395 527 966

13 200 0.1 27 261 379 656

14 200 0.3 22 289 492 845

15 200 0.5 17 395 630 1082

16 200 0.7 12 422 787 1113

Fig. 2 Diagram of grinding force and measured force
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Fig. 3 Impact of grinding parameters on grinding force

Fig. 4 Variation of force ratio versus specific material removal rate Fig. 5 Calibration straight line of grinding temperature
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As illustrated in Fig. 6(c), grinding temperature increases
with the rise in grinding wheel speed. The grinding tempera-
ture increases from 838 to 1081 °C as the wheel speed in-
creased from 12 to 32 m/s. The rise of grinding wheel speed
will increase the abrasive grains in contact with the workpiece
in unit time, and more grinding heat will be produced in unit
time, thereby leading to the rise in the grinding temperature.

Given the results of the orthogonal experiment, the rela-
tional expression parameters between grinding temperature
and grinding parameters can be estimated by the least square
method as:

T ¼ 240:0vw0:21ap0:48vs−0:23 ð9Þ

According to the estimation by Eq. (8), grinding tempera-
ture is positively correlated with the cutting depth, feed rate,

and grinding wheel speed. The grinding temperature is most
affected by the cutting depth, with wheel speed ranked behind.
This complied with the results of the single-factor experiment,
thereby demonstrating the correctness of the single-factor
experiment.

4 Surface integrity of IC10

4.1 The roughness and surface topography

Generally speaking, grinding is the final process of machin-
ing, so the surface roughness andmorphology after grinding is
critical. Figures 7 (a), (b), and (c) indicate the effect of work-
piece feed rate vw, cutting depth ap, and grinding wheel speed

Fig. 6 Effect of grinding parameters on grinding temperature
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vs on grinding surface roughness, respectively. According to
Fig. 7(a), when feed rate vw increases from 50 to 150 mm/min,
the grinding surface roughness of test sample ranges from
0.085 to 0.148 μm, whereas at the feed rate rising from 150
to 250 mm/min, the surface roughness increases from 0.148 to
0.571 μm. Accordingly, at the feed rate less than 150 mm/
min, the variation of surface roughness is relatively stable.
Once the feed rate is greater than 150 mm/min, the surface
roughness will increase rapidly. According to Fig. 7(b), as the
cutting depth ap ranges from 0.1 to 0.5 mm, the surface rough-
ness of test sample ranges from 0.122 to 0.152 μm, while the
surface roughness ranges from 0.152 to 0.567 μm as the cut-
ting depth increases from 0.5 to 0.9 mm. Thus, in the cutting
depth range between 0.1 and 0.5 mm, the rise in cutting depth
has less effect on the surface roughness. When the cutting

depth varies from 0.5 to 0.9 mm, the rise in cutting depth
has a great impact on the surface roughness. The UCT has a
remarkable effect on grinding surface roughness [24].
According to Eq. (4), with the augment of feed rate vw and
cutting depth ap, the UCT augment and hence the grinding
force increases. Large grinding forces cause drastic plastic
deformation of the grinding surface, which usually led to in-
creased surface roughness.

Figure 7(c) suggests that as the grindingwheel speed vs ranges
from 12 to 22 m/s, the surface roughness of test sample reduced
from 0.325 to 0.154 μm. However, when the grinding wheel
speed vs ranges from 22 to 32 m/s, the surface roughness aug-
ment from 0.154 to 0.171 μm. Theoretically, increasing the
wheel speed vs will reduce the surface roughness and grinding
force. However, the surface roughness increases when the wheel

Fig. 7 Effect of grinding parameters on surface roughness
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speed is overly high. The reason is that when the wheel speed is
large, the heat generated in the grinding arc area increases. Under
the high temperature of grinding, the grinding wheel adheres to
the workpiece, and the cutting ability of the grinding wheel de-
creases, which makes the grinding surface quality deteriorate
rapidly and the surface roughness increase [25].

Since the grinding surface roughness is most heavily affect-
ed by feed rate vw among the three grinding parameters, Mahr
XT 20 3D surface profile scanner was employed to scan the
grinding surface topography at different feed rates. Figure 8

suggests that under the other identical parameters, the grinding
surface has a lower hollow and a higher protrusion as the feed
rate increases. The effect of feed rate on 3D topography of
grinding surface complied with the effect on the surface
roughness.

4.2 Surface and subsurface defects

From the mentioned analysis, the surface topography and sur-
face roughness are significantly affected by cutting depth and

Fig. 8 Influence of feed rate on the 3D topography of grinding surface
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feed rate. The surfaces exhibiting different grinding parame-
ters were observed under a scanning electron microscope
(SEM).

Figure 9 gives the SEM topography of the test sample
grinding surface at different feed rates. According to Fig. 9,
the test sample grinding surface is relatively smooth at a feed
rate of 50 mm/min, the major defects of the grinding surface
are holes and shallow scratches; at the feed rate of 250 mm/
min, the main defects on the grinding surface are deep
scratches, grooves, debris, and delamination.

Figure 10 presents the SEM topography of the grinding
surface with different cutting depths. At the cutting depth of

0.1 mm, the topography of the test sample grinding surface is
similar to that at the feed rate of 50 mm/min. The major de-
fects of the grinding surface are shallow scratches and holes.
At the cutting depth of 0.9 mm, the main defects of the test
sample grinding surface are cracks, delamination, and large
unremoved areas, and the surface appeared to be highly rough.

As the cutting depth and feed rate increase, the UCT in-
creases, which results in the increase of grinding force. On the
one hand, large grinding forces cause greater plastic deforma-
tion of the grinding surface. On the other hand, large grinding
force increases the force on the abrasive grain of the grinding
wheel, making it easier to fall off from the grinding wheel.

Fig. 10 Grinding surface SEM topography with different cutting depths

Fig. 9 Grinding surface SEM topography with different feed rates
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Under the extrusion effect of the grinding wheel, the dropped
abrasive grains carve and plow on the surface of the workpiece,
resulting in irregular scratches on the workpiece surface.

Figures 11 and 12 illustrate the microstructure of the grind-
ing surface at different feed rates and cutting depths.
According to Fig. 11(a), at the minimum feed rate of
50 mm/min, the microstructure of the subsurface layer is sim-
ilar to that inside the sample, and slight microstructure change
is identified. Figure 11(b) shows that at the maximum feed
rate of 250 mm/min, there are considerable remelting points
between 10 and 20 μm below the grinding surface. The width
of the remelting region formed by the remelting points is about
10 μm. The grinding temperature is 908 °C at the minimum
feed rate of 50 mm/min, while the grinding temperature is
1104 °C at the maximum feed rate of 250 mm/min. The high
grinding temperature results in considerable remelting points
in the subsurface layer of the grinding surface.

As seen from Fig. 12(a), there is no obvious microstructure
defect in surface and subsurface at the cutting depth of 0.1 mm.
As seen from Fig. 12(b), at the cutting depth of 0.9 mm,
remelting areas appear in surface layer and remelting points

appear in subsurface layer. The corresponding grinding temper-
ature is 320 °C at the cutting depth of 0.1 mm, and the corre-
sponding grinding temperature is 1092 °C at the cutting depth of
0.9 mm.

Thus, large cutting depth and feed rate would rise grinding
temperatures, probably causing remelting defects in the sur-
face and subsurface. Large cutting depth and feed rate should
be avoided in the grinding process.

4.3 The microhardness

The microhardness of the ground surface changes under the
dual function of grinding heat and grinding force. The Vickers
hardness of the IC10 superalloy matrix material is 414 HV.
The previous analysis revealed that the workpiece feed rate
and cutting depth exerted a prominent effect on the grinding
force and the grinding temperature.

The effects of different cutting depths and feed rates on the
microhardness of the test sample grinding surface are ana-
lyzed below. Figure 13(a) indicates that the microhardness at
10 μm below the grinding surface is 453 HV at the minimum

Fig. 12 The microstructure below the grinding surface with different cutting depths

Fig. 11 The microstructure below the grinding surface with different feed rates
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feed rate of 50 mm/min, 9.4% higher than the microhardness
of the matrix material, and the thickness of the microhardness
changing layer is approximately 30μm.At the maximum feed
rate of 250 mm/min, the microhardness at 10 μm below the
grinding surface is 536 HV, 29.5% higher than the microhard-
ness of the matrix material, and the thickness of the micro-
hardness changing layer is about 220 μm.

As shown in Fig. 13(b), the microhardness at 10 μm below
the grinding surface is 479 HV at the cutting depth of 0.1 mm,
15.7% higher than the microhardness of the matrix material, and
the thickness of the microhardness changing layer is approxi-
mately 20μm.At the cutting depth of 0.9mm, themicrohardness
at 10 μm below the grinding surface is 478 HV, 15.5% higher
than the microhardness of the matrix material, and the thickness
of the microhardness changing layer is approximately 230 μm.

The above analysis indicates that CFG will result in work
hardening on the surface of IC10. As the distance from the
grinding surface increases, the microhardness decreases and
finally approaches the microhardness of the bulk material.
Work hardening is primarily caused by grinding force, the
greater the cutting depth and feed rate, the greater the grinding
force will be. The larger grinding force will lead to a strong
plastic deformation on the test sample grinding surface, there-
by making the metal lattice seriously distorted and the grain
broken, thus preventing the metal from further deformation
and increasing the hardness of the grinding surface.

5 Conclusions

The effects of grinding parameters on grinding force, grinding
temperature, and surface integrity were investigated during
CFG of IC10 superalloy. Single-factor and orthogonal

grinding experiments were performed under different feed
rates, cutting depths, and grinding wheel speeds. The conclu-
sions drawn include:

(1) During CFG, grinding force displayed obvious positive
relationships to workpiece feed rate and cutting depth
and obvious negative associations with grinding wheel
speed. Cutting depth has the most visible impact on
grinding force, with workpiece feed rate ranked behind.
The surface roughness displayed noticeable positive cor-
relations with cutting depth and workpiece feed. The
surface roughness was negatively related to the grinding
wheel speed as the grinding wheel speed was lower than
22 m/s. The surface roughness was positively related to
the grinding wheel speed at the grinding wheel speed
higher than 22 m/s.

(2) Increasing feed rate, cutting depth and wheel speed
would rise the grinding temperature. The cutting depth
most obviously impacted grinding temperature, with
grinding wheel speed ranked behind.

(3) The larger the cutting depth and feed rate, the more the
surface defects would be. The main surface defects in-
cluded deep scratches, grooves, debris, delamination,
and unremoved areas. When cutting depth and work-
piece feed rate were overly large, there would be
remelting points in the subsurface.

(4) CFG will alter the microhardness of the grinding subsur-
face. With the rise in cutting depth and workpiece feed
rate, the subsurface microhardness value and the thick-
ness of the microhardness changing layer will be elevat-
ed. By setting other parameters unchanged, at the feed
rate of 50 mm/min and 250 mm/min, the corresponding
thickness of the microhardness changing layer under the

Fig. 13 The effects of different grinding parameters on the microhardness of the grinding subsurface
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grinding surface is 30 μm and 230 μm, respectively.
Likewise, with other parameters unchanged, when the
cutting depth is 0.1 mm and 0.9 mm, the corresponding
thickness of the microhardness changing layer under the
grinding surface is 30 μm and 230 μm, respectively.
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