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Abstract

Nickel-based superalloy is a typical hard-to-machining material in the aero-engine manufacturing industry. The grindability differ-
ence of two kinds of nickel-based superalloys, i.e., equiaxed cast nickel-based superalloy K4125 and wrought nickel-based superalloy
Inconel718, are discussed in this article. The influence of grinding parameters (e.g., grinding speed, workpiece speed, and depth of
cut) on the grinding force, grinding temperature, and ground surface quality are explored. The results illustrate that under the given
grinding conditions, grinding K4125 generates higher forces than Inconel718. The temperature from the K4125 grinding process is
beyond 400 °C, while the temperature from grinding on Inconel718 is below 200 °C. Moreover, because of the chip adhesion on the
wheel surface when grinding K4125, not only the wheel wear is more severe but also the ground surface of K4125 is worse than that
of Inconel718. Accordingly, it could be inferred that the grindability of K4125 is worse than that of Inconel718.
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1 Introduction

Nickel-based superalloy is a kind of metallic material based
on adding Co, Mo, Al, Nb, W, B, Ti, and other strengthening
elements into the nickel-chromium matrix to ensure good ther-
mal stability, thermal ductility, and corrosion resistance [1, 2].
For this reason, the nickel-based superalloy becomes the ideal
material for parts used in combustors and turbines. Along with
the development of aero-engines, the temperature of combus-
tor exit and high-pressure turbine (HPT) always get higher and
higher; the working temperature of the wrought nickel-based
superalloys (e.g., Inconel718) no longer meets the require-
ment. Thereby, the cast nickel-based superalloy, which can
sustain a higher temperature, is further invented.

On the other hand, those excellent properties of nickel-based
superalloys also lead to difficulty in mechanical machining. In
the common cutting process, the cutting force is usually large
and the cutting temperature is also high. Furthermore, the tool
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wear is severe and the machining quality is unstable [3—6].
Under such conditions, the cutting technology could not meet
the requirements in the present days, while grinding technology
becomes an important method to machine nickel-based super-
alloy [7]. For this reason, it is necessary to investigate the
grindability of the equiaxed cast nickel-based superalloy
K4125 and provide the theoretical support for the industry.
As indicated in the previous literature, Xi et al. [8]
researched the grindability difference among Inconel718 su-
peralloy, Ti,AINb intermetallics, and Ti-6Al-4V alloy. The
grinding forces and G-ratio during grinding Inconel718 super-
alloy are significantly higher than those during grinding Ti-
6Al-4V alloy and Ti,AIND intermetallics; moreover, the
ground surface quality of the Inconel718 is worse.
Accordingly, it was inferred that Inconel718 superalloy was
more difficult to grind than Ti-6Al-4V alloy and Ti,AINb in-
termetallics. Additionally, for a better understanding of mate-
rial removal mechanism, Osterle and Li [9] investigated the
mechanical and thermal response of the IN738LC superalloy
in grinding process with a high material removal rate, in which
they looked into the alloy strength and contact temperature
under some typical machining conditions. The temperature
model was also established when grinding IN738LC with co-
rundum wheel. According to the microstructure of ground
surface, it was found that the temperature can reach to the melt-
ing point of the superalloy at the grain-workpiece contact point;
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therefore, the white layer can be thick, and the surface condition
was poor. However, the tensile residual stress and micro-cracks
can be restricted under 10 pum thick by applying efficient cool-
ant. Op6z and Chen [10] used CBN grain scratch experiments to
detect the material removal mechanism, side-flow and pile-up
phenomenon during the grinding process of the Inconel718 su-
peralloy. In the process, quantities and shapes of the cutting
edges changed when the grains wore out; hence, the machin-
ability of the CBN grains would be descent and the pile-up ratio
of the ground surface would increase. Additionally, Tian et al.
[11] investigated the influence of grinding speed on the material
removal mechanism of Inconel718 through the twice single
grain scratch experiments. In his research, the size effect and
speed effect were proposed. Dai et al. [12] analyzed the chip
formation and grinding forces in single grain grinding of
Inconel718 by means of the finite element simulation. It was
found that the grinding speed generally has a major influence on
the chip formation. However, when the undeformed chip thick-
ness is fixed, the grinding speed hardly affects average grinding
forces. Dai et al. [13] conducted single grain grinding experi-
ments of Inconel718 to analyze the effect of grain wear on the
material removal behavior. The grain wear was usually in the
form of crater wear, flank wear, micro-fracture, and macro-frac-
ture. When the grain wear occurred, the rake angle of the cutting
edge increased; then, the force ratio rose and the machinability
decreased. Furthermore, in order to achieve a better grinding
performance, Liu et al. [14] comparatively assessed the corun-
dum wheels and superabrasive wheels in grinding Inconel718
via performance-cost analysis. Chen et al. [15] and Li et al. [16]
developed porous and brazed CBN wheels to grind Inconel718
superalloy; the burn-free and quality stable surfaces were
achieved. Additionally, Zhong et al. [17] researched the ultra-
high-speed grinding of Inconel718, which decreased grinding
force and residual stress and improved the surface quality.
Generally, the superabrasive wheels performed better than the
corundum wheels in surface grinding; however, the
superabrasive wheels usually have a higher cost and especially
are difficult to dress in profile grinding process.

Because the cast nickel-based superalloy has the excel-
lent thermal strength and low heat conductivity, it is harder
to machine than the wrought nickel-based superalloy. Due
to the difficulty, several researchers explored the process
strategy of grinding the cast nickel-based superalloy. For
example, Xu et al. [18] analyzed the influence of grinding
temperature on the surface integrity when grinding K417.
They drew the conclusion that grinding temperature had a
major impact on the surface roughness, though no crack
was caused. Accordingly, the grinding process may be di-
vided into two steps: the first step was to enhance the
material removal rates without concerning about the sur-
face burn because the heat-affected zone was only 40 pm
thick. The second step was to clean the heat-affected layer
by a small depth of cut to meet the requirement.
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Furthermore, Ding et al. [19, 20] researched the
grindability, surface integrity, and tool wear when creep-
feed deep grinding K424 cast superalloy with a brazed
CBN wheel. Relied on the good heat conductivity, efficient
storage space, and high protrusion height of the wheel, the
straight groove was successfully ground and the grinding
temperature was controlled below 100 °C. They also dis-
covered that grinding temperature was a vital cause of the
grain wear, which could be classified into mild wear (e.g.,
attrition wear and micro-fracture of the grain) and severe
wear (e.g., macro-fracture of the grain and erosion of the
bonding layer). It is noted that even though the material
removal mechanism of grinding nickel-based superalloy
has been explored by several scholars, and the grinding
performance of some nickel-based superalloys has been
investigated, the grindability of different superalloys is sig-
nificantly different. Therefore, as a newly invented cast
nickel-based superalloy, the grindability of K4125 super-
alloy is pending to explore. In addition, the Inconel718
superalloy is a typical hard-to-machining material. The
grindability of K4125 can be clearly revealed by compar-
ing with that of Inconel718. As a result, it is necessary to
conduct the comparative investigation on the grindability
of K4125 and Inconel718.

Though some researchers have pointed out that CBN
wheel performs better when grinding nickel-based superal-
loy, the CBN wheel still encounters a great problem of
dressing nowadays. Owing to the convenience of dressing
and a lower cost, the corundum wheel is still widely applied
in grinding of hard-to-machining alloys. For example, Tso
[2] studied the grinding of Inconel718 via WA, GC, and
CBN wheels. It is found that WA wheel performed better
than GC wheel but worse than CBN wheel. However, the
cost of WA wheel takes the advantage over the CBN wheel.
Spur and Niewelt [21] ground the IN738LC and SC16 sin-
gle crystal alloy via the corundum wheel. They found that
the grinding force of IN738LC scattered around 60 N along
with a severe wheel wear, while the grinding force of SC16
was 50% lower due to the material characteristics. Zhao
et al. [22] ground the Inconel718 through two SG wheels
and one PA wheel with a specific pore volume of 13.5, 14.4,
and 13.4%, respectively. The wheel with a larger pore vol-
ume can decrease the grinding force, specific energy, and
grinding temperature and improve the ground surface.
Sinha et al. [23] conducted the comparative investigation
on surface burn during dry grinding of Inconel718 with
silicon carbide and alumina wheel. The burn-free surface
was obtained through the alumina wheel, while the ground
surface was easily burnt out by silicon carbide wheel be-
cause of the dissociation of SiC and severe diffusion of
carbon over the ground surface.

Given all that, aimed at developing the strategy of
grinding the equiaxed cast nickel-based superalloy
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Table 1 Chemical

composition of K4125 Element  Chemical composition/wt%
and Inconel718 Nickel-
based superalloy K4125 Inconel718
C 0.09-0.13 <0.08
Cr 8.7-9.1 17.0-21.0
Co 9.5-10.5 <1.0
W 6.6-7.4 -
Mo 1.6-2.4 2.80-3.30
Al 4.6-5.0 0.30-0.70
Ti 2.3-2.7 0.75-1.15
B 0.01-0.02 < 0.006
Zr 0.03-0.07 -
Ta 3.6-4.0 -
Hf 14-1.7 -
Nb - 4.75-5.50
Mn - <035
Si - <035
Ni Balance 50.0-55.0
Fe - Balance

K4125, this article concentrates on the grinding perfor-
mance of K4125 by the brown corundum wheel. A com-
parative investigation is conducted on K4125 and
Inconel718 to explore the influence of grinding parame-
ters on the grinding force, specific grinding energy, grind-
ing temperature, and machined surface quality.

2 Experimental materials and conditions
2.1 Workpiece materials

The workpiece materials used are equiaxed cast nickel-based
superalloy K4125 and wrought nickel-based superalloy
Inconel718. The chemical composition and mechanical proper-
ty are listed in Table 1 and Table 2 [8]. According to Table 2, ata
middle-temperature range, K4125 could bear a resemblance to
the mechanical property of Inconel718; at a high-temperature
range, however, the K4125 always has a better thermal strength
and stability, creep and impact resistance than Inconel718.

Table 2 Mechanical property of K4125 and Inconel718 nickel-based
superalloy

Property K4125 Inconel718 K4125 Inconel718
Testing temperature/°C 650 1050 900
Tensile strength/MPa 830 900 480499 140-280
Reduction of area/% >6.0 8.0 - -

Single point
diamond dresser

Fig. 1 Grinding experimental setup

2.2 Experimental setup

The setup of the grinding experiment is shown in Fig. 1.
All tests were carried out on the Blohm Profimat MT-408
surface grinder, the maximum output power of which is
45 kW, and the maximum rotational speed is 8000 rpm.
The grinding wheel is brown corundum wheel, coded as
F13A80FF22V35M, as shown in Fig. 2. The grain is in 80
US mesh with a grain diameter of 160-200 um. The po-
rosity of the wheel is 23% and the hardness grade is F. The
dimension of the workpiece is 25 mm long by 25 mm high
and by 5 mm wide. The detailed grinding condition is
listed in Table 3. After each grinding path, the corundum
wheel was dressed by a single point diamond dresser. The
dressing parameters: the dressing speed of vq=20 m/s,
workpiece speed of f3=200 mm/min, and the depth of
cut of a4 =0.01 mm, were applied. Under such condition,
nearly every grain on the wheel surface can be dressed [8].
The coolant used was the 5% emulsified water with 90 L/
min flow capacity at 1.5 MPa pressure [24].

Fig. 2 Brown corundum wheel surface
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Table 3  Grinding experimental conditions
Machine tool Blohm Profimat MT-408 surface grinder
Grinding mode Surface down-grinding
Abrasive wheel Brown corundum wheel (80 US Mesh)
Wheel speed vy/(m/s) 15-30
Workpiece speed 480-1800
Vy/(Mmm/min)
Depth of cut a,/(mm) 0.01-04
Grinding width 5/(mm) 5

Cooling mode 5% emulsified water;

90 L/min, pressure at 1.5 MPa

2.3 Testing method

Aimed at exploring the grindability of K4125 and Inconel718,
the horizontal and vertical force signals were captured by
Kistler 9317C piezoelectric dynamometer and amplified by
Kistler S018A current amplifier. The signals were processed
by DynoWare software to transfer to force values. The grind-
ing zone temperature was measured by Constantan-workpiece
semi-artificial thermocouple and NI USB6008 card [15, 19].
The spindle power was measured by Load Controls PPC-3

Power cell with the full scale of 100 kW. Every test was
undertaken triple times to get reliable data.

The ground surface was observed by Sensofar S Neox 3D
confocal microscopy and HK-7700 3D microscopy. The sur-
face roughness R, was measured by MAHR M2 perthometer.
Meanwhile, the HK-7700 3D microscopy was applied to ob-
serve the wheel surface and count the active cutting points.

3 Experimental results and discussion

3.1 Grinding force and specific grinding energy
analysis

Grinding force has a great influence on the grinding tempera-
ture, residual stresses, tool wear, etc. Therefore, it is necessary
to investigate the grinding force for a better understanding of
the grindability of K4125 and Inconel718 superalloys [25, 26].

Figure 3a illustrates that the normal and tangential grinding
forces F,, F; rise with the increase of depth of cut a,,, which is
due to a larger undeformed chip thickness @gmax relatively.
When the depth of cut increases from 0.01 to 0.1 mm, agmax
rises from 0.38 to 0.68 um, which are calculated by Eq. 1, and
the tangential force of K4125 and Inconel718 increase from

1 75
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3.81 t0 29.01 N and 2.22 to 19.34 N, respectively. The normal

forces of K4125 and Inconel718 change at the same trend when
the depth of cut is from 0.01 to 0.05 mm. However, when the
depth of cut is above 0.05 mm, the normal force of K4125
sharply rises from 55.8 to 119.13 N by 113%, and the normal
force of Inconel718 increases slightly from 39.74 to 40.67 N by
2.34%. 1t is illustrated in Fig. 3b that the tangential force of
K4125 and Inconel718 show a similar changing tendency with
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Furthermore, the normal force of K4125 and Inconel718
scattered around 60 and 40 N as the workpiece speed increases
from 480 to 960 mm/min. The normal forces increase slowly
from 67.27 to 71.68 N for K4125 rather than decrease from
45.14 t0 41.65 N for Inconel718, as workpiece speed changes
from 960 to 1200 mm/min. The tangential force of K4125 and
Inconel718 and normal force of Inconel718 generally decrease
slightly as the grinding speed rises, which is due to the fact that
Agmax descents from 0.74 to 0.52 um with the enhancement of
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Fig. 5 Effects of a grinding speed, b workpiece speed and ¢ depth of cut on the grinding temperature
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Table4 R, of K4125 and Inconel718

Vs (m/s) vy, (mm/min) g, (mm) F (N) R, (%)
K4125 15 720 0.05 22.13  0.251

20 720 0.05 19.92 0271
Inconel718 15 720 0.05 17.07  0.555

20 720 0.05 1436  0.488

the vy from 15 to 30 m/s, leading to a smaller load on the
abrasive wheel. At the same time, the normal force of K4125
scatters around 60 N since the grinding speed rises from 15 to
30 m/s, as demonstrated in Fig. 3c.

In particular, the undeformed chip thickness dgmay in grind-
ing is determined by the following expression:

e m
VSN dC d s
where N, is the active cutting point (i.e., 12 mm 2 as measured
by the microscope in this experiment), C is a constant related
with the shape of the grain, and for grain with 160-200 pm in
diameter, it is taken to 6.89. dj is the diameter of the wheel
(i.e., 400 mm in this experiment).

Furthermore, when the grinding speed over workpiece
speed (vy/vy) is fixed, that is agmay stays unchanged, increas-
ing grinding speed brings about a higher thermal softening
effect and a lower workpiece strength [12]. Thereby, the grind-
ing force of K4125 and Inconel718 decreases accordingly
when the grinding speed rises from 15 to 25 m/s, as shown
in Fig. 3d. However, when the grinding speed is above 25 m/s,
the normal force of K4125 increases slightly from 55.80 to
67.51 N, while the normal force of Inconel718 continues
dropping. Besides, it is found in Fig. 3 that the grinding force
of K4125 is always larger than that of Inconel718 by maxi-
mum 68.40%, under no matter what conditions.

Specific grinding energy e is another important index of
grindability, which means the required energy to remove a unit
volume of workpiece material. The expression is followed as:

Agmax —

P F v
- 2)

. = =
bvya,  bv,a,

where P is the grinding power and b is the width of the
grinding zone.

The specific grinding energy from grinding K4125 and
Inconel718 enhances along with the increase of grinding speed,
as illustrated in Fig. 4a, while the specific grinding energy de-
scents along with the rise of the workpiece speed and depth of
cut, as shown in Fig. 4b, c. This trend agrees well with the
expression of specific grinding energy above. Figure 4d dem-
onstrates the effect of undeformed chip thickness d@gpmqy 0n the
specific grinding energy, which shows that the smaller the un-
deformed chip thickness is, the larger the specific energy is.
This phenomenon can be explained by the size effect [14,
27-29]. Fitted by the least square method, the specific grinding
energy is represented by the following expression:

For K4125 : e, = 26.11ag; (3)
For Inconel718 : e, = 12.94a,,,? (4)

In short, the recorded specific grinding energy of K4125 is
in the range of 100-240 J/mm’ in regardless of grinding pa-
rameters in the present experimental investigation.
Nonetheless, the specific grinding energy of Inconel718
changes in the range of 60~150 J/mm?. Therefore, it is clear
that the specific grinding energy of K4125 is always higher
than that of Inconel718, maximum by 45.40%.

3.2 Grinding temperature analysis

Grinding nickel-based superalloy always generate a lot of en-
ergy, and most of the energy (more than 90%) would transfer
into the workpiece materials, abrasive wheel, and cooling flu-
id by the form of heat [30]. The grinding temperature usually
reaches to 400 °C easily when grinding superalloys, which
brings about thermal stress, cracks, surface burns, softening,
residual stress, etc. [31, 32].

Figure 5 shows the effect of grinding parameters on the grind-
ing temperature. When grinding K4125 at a speed of 15-25 m/s,
the grinding temperature maintains an increasing trend above
400 °C, though the temperature generated by grinding
Inconel718 decreases from 459.42 °C significantly to 52.82 °C,
as shown in Fig. 5a. Figure 5b illustrates that the grinding tem-
perature of K4125 remains stable above 500 °C along with the
increase of workpiece speed; at the same time, the grinding tem-
perature of Inconel718 slightly grows from 46.1 to 59.4 °C ini-
tially, then dramatically increases to 558 °C because of the

Table 5 The simulated temperature and thermal field depth of K4125 and Inconel718

Items K4125 Inconel718

Grinding speed (m/s) 15 20 25 30 15 20 25 30
Simulated temperature (°C) 420.23 482.33 459.62 552.82 42235 372.05 80.56 85.47
Depth of thermal field (mm) 2.67 2.69 243 2.90 5.12 4.69 3.48 3.50
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loading of the abrasive wheel. When the depth of cut rises from
0.01 to 0.1 mm, the grinding temperature of K4125 and
Inconel718 rapidly increase, as shown in Fig. 5c. This is because
the deeper depth of cut, on one hand, enlarges the agmax and
increases the grinding force, which generates more heat, and,
on the other hand, makes the heat difficult to dissipate. From
the aspect of grinding temperature, the temperature of K4125
changes differently from Inconel718 because of the competition
between the more friction, elastic and plastic deformation energy
caused by the thinner g, and more heat brought out by chips

100 98.05

B k4125
I 1nconel718

50

Wheel radial wear Ay (um)

20 40 60 80 100 120

Specific material removal volume V' (mm’/mm)
Fig. 7 Wheel radial wear trend

and cooling fluid. For example, in regard to Inconel718, the agpax
descents with the increase of grinding speed; therefore, more heat
is transferred into chips and then brought out; the cooling fluid is
also easier to enter the grinding zone, then improves the cooling
and lubricant. As a result, the grinding temperature of Inconel718
decreases. On the contrary, since the thermal conductivity of
K4125 is lower, the heat brought out by the thinner chips and
the effect of cooling fluid is limited. Besides, as mentioned above,
the thinner @gm,y leads to more sliding and plowing which pro-
duce more heat. Thereby, the grinding temperature of K4125
enhances along with the grinding speed.

In addition, the thermal conductivity of K4125 is
13.2 W/m K, which is lower than that of Inconel718,
i.e., 17.8 W/m K. Due to this fact, the proportion of heat
transferring to workpiece Ry, of K4125 is smaller; as a
result, the heat gathers on the surface and the grinding
temperature consequently is high. The mentioned propor-
tion R, can be derived by the combination of theoretical
computation and experimental measurement. Based on the
two-dimensional heat transfer models of oblique moving
heat source with uniform heat flux [33], the proportion of
heat transferring to workpiece R, can be calculated as:
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Fig. 8 Worn wheel surfaces and
fittings of linear relation between
normal and tangential forces of a
K4125 and b Inconel718
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where A is the contact area between the heat source and
workpiece and « and « are the diffusivity and thermal
conductivity of the material. The proportion R,, of
K4125 and Inconel718 can be computed according to
Eq. 5, and it is shown in Table 4 that the R,, of K4125
is much lower than that of Inconel718.

The thermal fields of grinding K4125 and Inconel718 at
grinding speed of 15, 20, 25, and 30 m/s are acquired by
ANSYS software. The results are listed in Table 5. The
graphs of thermal fields and temperature curves at different
depth under the grinding speed of 20 m/s are shown in
Fig. 6. It is clear that due to the lower thermal conductivity
and smaller R,, of K4125, the heat is gathered around the
ground surface, relatively the temperature gradient of
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El AN Series unn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.$] [at.3) [wt.s
Ni 28 K-series 42.71 48.89  21.37 1.86
C 6 K-series 20.37 23.32 49.81 8.65
O 8 K-series 8.50 9.73 15.61 3.80
Al 13 K-series 4.83 5.53 5.26 0.46
Co 27 K-series  4.41 5.04 2.20 0.45
Na 11 K-series 2.75 3.14 3.51 0.48
Ti 22 K-series 2.08 2.38 1.28 0.23

Cr 24 K-series 1.72 1.96 0.97 0.22

Total: 87.36 100.00 100.00

Redepositédohip

15 2 4 6 8 10 12
Tangential grinding force F, (N)

(b) Wheel wear in Grinding Inconel718

K4125 is higher. Moreover, the depth of thermal field of
K4125 ground surface is much smaller than that of
Inconel718, almost half of that of Inconel718, e.g., as
shown in Table 5 and Fig. 6; at the grinding speed of
20 m/s, the depth of thermal field of K4125 is 2.69 mm,
whereas the Inconel718’s is 4.69 mm.

In general, as demonstrated in Figs. 5 and 6, due to the
mechanical property, the R, of K4125 is smaller than the
R, of Inconel718; hence the grinding heat of K4125 is
easy to gather around the ground surface and the thermal
field depth of K4125 is shallower. Consequently, the tem-
perature generated by the grinding K4125 process is evi-
dently higher than the temperature from the grinding
Inconel718 process.
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El AN Series wunn. C norm. C Atom. C Error (1 Sigma)

[wt.3] [wt.%] [at.%] [we.%]
Ni 28 K-series 45.65 62.09 38.96 1.79
C 6 K-series 9.33 12.68  38.90 5.08
Co 27 K-series 6.50 8.84 5.52 0.49
Al 13 K-series  5.01 6.81 9.30 0.45
Cr 24 K-series 4.63 6.29 4.46 0.32
Ti 22 K-series 1.77 2.41 1.85 0.19
S 16 K-series 0.65 0.88 1.01 0.11

Total: 73.52 100.00 100.00

Fig. 9 The energy spectrum and element contents of ground surface and redeposited chip of K4125
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Fig. 10 Element content analysis of a K4125 and b Inconel718

3.3 Wheel wear analysis

When grinding nickel-based superalloy, the severe wheel
wear can take places and further deteriorates the grinding per-
formance [34, 35]. The worn wheel surface was copied by
grinding graphite. Then, the cross-sectional surface of the
graphite was observed to measure the radial wear of the wheel
A, Figure 7 shows the wheel radial wear A, against the spe-
cific material removal volume V. The wheel radial wear A,
increases almost linearly along with the specific material re-
moval volume. When grinding K4125, the wheel radial wear
is raised from 17.66 to 98.05 um. For Inconel718, the wheel
radial wear increases from 5.59 to 25.34 um, along with the
material removal volume. The increasing trend of radial wear
of grinding K4125 is greater than that of grinding Inconel718.
The slope of radial wear line of grinding K4125 in Fig. 7 is
0.80, which is four times of the slope of radial wear line of
grinding Inconel718, i.e., 0.20. This is clearly demonstrated
that the wheel is easier to wear when grinding K4125; in turn,
the lifetime is shorter.

Figure 8 illustrates the phenomenon of chip adhering on the
wheel surface when grinding K4125 and Inconel718. It is
more severe for K4125 chips to stick to the wheel than
Inconel718 chips. The proportion of the chips adhering to
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the wheel A,q is defined as the area of chip adhesion over
the wheel surface area, and it was measured in this experi-
ment. When V' =25 mm®/mm, the A,y of K4125 is 0.34%;
nonetheless, the A,q of Inconel718 is 0.11%.

In addition, it is an interesting phenomenon that the chips
of K4125 have a strong inclination to adhere to the grinding
wheel, while the chip adhesion is not noticeable for
Inconel718. The element contents were captured through the
energy spectrum, as shown in Fig. 9. The element content
analysis of original workpiece material, ground surface, and
the redeposited chip is illustrated in Fig. 10a. The Al content
of ground surface hardly changes. While due to the adhesion,
some Al transferred from corundum grain into the chip and the
content in the redeposited chips increases slightly. Thereby,
the Al element has a limited contribution to the chip adhesion.
The top 5 elements by contents in K4125 are Ni, Co, Cr, Al,
and Ti. After grinding, the Ni, Co, and Cr element contents
drop dramatically by 27.95, 55.90, and 80.67% respectively
(as shown in Fig. 10a); this might explain the chip adhesion
phenomenon. The deposited chip, which firstly stuck to the
grain and then redeposited on the ground surface, is further
analyzed, and the element changes bear a resemblance with
the ground surface. Since the oxides of Cobalt (Co,05) and
Chrome (Cr,03) have similar lattice structure parameters with

Grainl

m/s, v, =720 mm/min, a,=0.05 mm, two grinding passes)

Fig. 11 Morphology of grains after grinding: a grain with adhesion chip, b two grains covered by a chip, ¢ blunt grain with fracture, d sharp grain (vs=30
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Fig. 12 Effects of a grinding speed, b workpiece speed and ¢ depth of cut on ground surface roughness

the corundum, when the chips contact with the grains, the Co,
Cr, and Ni elements transfer into the grains, take the place of
Al, and have strong covalent bonds with O element. As a
result, the chips are easy to attach to the grains. As for
Inconel718, however, the element content analysis shows that
the element transference of Ni, Fe, Cr, and Nb is lower than
K4125. Relatively, the contents of Ni, Fe, Cr, and Nb drop by
20.42, 14.21, 19.05, and 10.83% respectively (as shown in
Fig. 10b). Accordingly, the lower element exchange and in-
teraction lead to little chip adhesion for Inconel718.
Correspondingly, due to chip adhesion, there are four
typical types of grain morphology when grinding K4125,
i.e., grains with adhering chips (Fig. 11a), several grains

200pm

$3400 20.0kV 7.2mm x200 SE

1:00mm

Wl

$3400 20.0kV 8.7mm x50 S. $3400 20.0kV 8.6mm x200
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Fig. 13 Surface generation of grinding K4125: a SEM graph of the wheel
surface, b SEM graph of the ground surface, ¢ SEM graph of the fracture
grain, d SEM graph of the grain with a adhering chip, e SEM graph of the
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covered by adhering chips (Fig. 11b), blunt grain with at-
trition or fracture (Fig. 11c), and sharp grains (Fig. 11d).
Whereas the grain condition is much better when grinding
Inconel718, which consists of sharp grains (Fig. 11d),
grains with attrition (similar with the grain shown in
Fig. 11a) and the effect of chip adhesion can be neglected.

3.4 Ground surface roughness analysis

The ground surface roughness is also an important index of the
grinding performance, since the fatigue lifetime of the part
strongly depends on surface roughness [36—38]. Therefore, it
is necessary to investigate the influence of the grinding
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parameters on the ground surface roughness. The influence of
grinding parameters on the surface roughness is illustrated in
Fig. 12. As mentioned above, with the rise of the grinding speed,
the temperature in the grinding zone rises, the plasticity of
Inconel718 is raised, and the material removal ability of grains
decreases. Consequently, the side-flows and pile-ups increase
and then worsen the surface. As for K4125, the better thermal
strength constrains the side-flows and pile-ups; furthermore, the
smaller agmax reduces the residual materials on the surface
[39—41]. Accordingly, the surface roughness of K4125 im-
proves from 0.75 to 0.50 pm along with the increase of the
grinding speed. When the workpiece speed increases, the sur-
face roughness of K4125 stays stable around 0.6 pum. On the
contrast, the surface roughness of Inconel718 is deteriorated
from 0.27 to 0.41 um. When the depth of cut rises, the surface
roughness of K4125 and Inconel718 increase respectively. This
is attributed to the change of dgmax. For the Inconel718, it is easy
to obtain the R, 0.4 pum surface by grinding. However, it is
challenging for K4125 to obtain the R, 0.4 pum surface.

3.5 Ground surface topography analysis

Figures 13 and 14 are the demonstrations of the ground sur-
face generation of K4125 and Inconel718. From the SEM

S3400 20.0kV 15.3mm x500 SE

_____________;_HeTngt_&____

graphs of the ground surfaces in Figs. 13b and 14b, it is illus-
trated that the surface quality of K4125 is worse than that of
Inconel718. The ground surface of K4125 consists of some
defects, such as wide and deep striations, smearing,
redeposited chips, as shown in Fig. 13f-h, whereas the ground
surface of Inconel718 is formed by tiny grinding tracks with
few defects as shown in Fig. 14. The ground surface quality
heavily depends on the grain conditions [42], which are
shown in Figs. 11 and 13. The blunt grains with attrition or
fracture (Figs. 11c and 13c) have weaker material removal
ability and, therefore, can cause some side-flows, pile-ups,
and smearing along the grinding tracks (Fig. 13f). The adher-
ing chips cover the cutting edges of grains, then make the
grains wider and higher (Figs. 11a and 13d). Specially, some
chips fill in the pores between grains and joint several cutting
edges together (Figs. 11b and 13e) make the joint cutting edge
more than 150 um wide. This deteriorates the sharpness of the
grains, harms the grains’ protrusion height distribution, and
further leads to deep and enlarged striations on the ground
surface (Fig. 13g, h). More specifically, in Fig. 131, the profile
of ground surface, the groove I is caused by a blunt grain,
while the groove Il is formed by the grain with an adhering
chip and the groove III is generated by joint grains. In addi-
tion, the adhering chips blunt the grains and increase the
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Fig. 14 Surface generation of grinding Inconel718: a SEM graph of the wheel surface, b SEM graph of the ground surface, and ¢ the sectional profile of

the ground surface
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friction between the grain and workpiece, therefore bringing
about more plowing and plastic flows on the surface. As for
grinding Inconel718, most grains are sharp (Fig. 14a), and
chips are stored in the pores instead of sticking to the wheel
surface, so the ground surface is formed by tiny grinding
tracks with a few defects, as shown in Fig. 14b.
Consequently, the smearing, side-flows, and pile-ups on the
K4125 ground surface are more than the ground surface of
Inconel718. It is more challenging to grind a fine surface of
K4125 than Inconel718.

4 Conclusion

In this paper, the comparative experiments of grinding
equiaxed cast nickel-based superalloy K4125 and wrought
nickel-based superalloy Inconel718 are conducted by the
brown corundum wheel. The influence of grinding parameters
(i.e., grinding speed, workpiece speed, and depth of cut) on
the grinding force, specific grinding energy, wheel wear, and
ground surface quality is investigated. Some findings are ob-
tained as follows:

(1) Because of the better mechanical property of K4125 than
Inconel718 and a strong affinity between the K4125 and
the corundum wheel, it is more difficult to grind K4125.
Therefore, the grinding force and specific grinding ener-
gy of K4125 are always larger than those of Inconel718
regardless of the grinding parameters in this experiment.

(2) Due to the lower thermal conductivity, the Ry, value of
K4125 is smaller than that of Inconel718; hence, the
grinding heat of K4125 is much easier to gather around
the ground surface, and the thermal field depth of K4125
is shallower. Consequently, the grinding temperature of
K4125 is evidently higher than that of Inconel718, e.g.,
the temperature from the grinding K4125 process is
above 400 °C and, as for grinding Inconel718 process,
the temperature is below 200 °C under the present exper-
imental conditions.

(3) Because of the exchange of Co and Cr elements between
the workpiece and grains, the chips are easier to adhere
on the wheel surface when grinding K4125, the propor-
tion of chip adhering area of K4125 is three times of that
of Inconel718. When grinding K4125, the grains are in
four conditions, i.e., grains with chips, several grains
jointed by chips, grains with attritions or fractures and
sharp grains. As a result, the wheel wear of grinding
K4125 is severe and the lifetime is shorter.

(4) The defects such as smearing, redeposited chips, and
striations on the ground surface of K4125 are more than
those on the ground surface of Inconel718. Besides, the
surface roughness of K4125 is higher than that of

@ Springer

Inconel718. Thereby, it is more challenging to obtain a
fine ground surface of K4125.
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