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and sensibility analysis of machined surface roughness
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Abstract
The grindability and sensibility analysis of surface roughness of powder metallurgy nickel-base superalloy FGH96 were studied
in comparison to the wrought nickel-base superalloy GH4169. The effects of grinding parameters (such as workpiece infeed
speed, depth of cut, and abrasive wheel speed) on grinding force, grinding temperature, specific grinding energy, abrasive wheel
wear, and surface roughness were analyzed. The results show that the grinding force, grinding temperature, and specific grinding
energy of GH4169 are usually higher than those of FGH96 under the given experimental conditions. However, the wear behavior
of the brown corundum abrasive wheels when grinding these two kinds of nickel-base superalloy material is generally identical.
The sensitivity of GH4169workpiece surface roughness to depth of cut and workpiece infeed speed is higher than that of FGH96,
but the sensitivity of GH4169 to abrasive wheel speed is less than that of FGH96. Finally, it is inferred that the grinding
performance of FGH96 is slightly better than that of GH4169.

Keywords Grindability . Nickel-base superalloy . Grinding force, grinding temperature, specific grinding energy, surface
roughness . Sensibility analysis

1 Introduction

Nickel-base superalloys, at present, are widely used in aero-
engine components owing to their good strength, thermal sta-
bility, thermal ductility, fatigue resistance, and corrosion resis-
tance [1–3]. For example, the wrought nickel-base superalloy
GH4169 has become the most widely used material. Grinding
is usually worked as the last machining procedure of nickel-
base superalloy, which has an important effect on the machin-
ing accuracy and quality of parts [4]. Based on this point, it is
necessary to study the grinding performance of nickel-base
superalloy material in order to provide a technical support
for grinding of aero-engine turbine disk. On the other hand,
the nickel-base superalloys are the typical difficult-to-cut ma-
terial. During the grinding process, nickel-base superalloys
have the characteristics of large grinding force and high

grinding temperature, serious abrasive wheel wear, high ener-
gy consumption, and poor surface integrity of workpiece
[5–7]. In addition, the hardening layer, residual stress, white
layer, and grain deformation are also easily produced on the
surface of nickel-base superalloy materials [8]. Therefore, it is
full of great significance to deeply study the grindability of
nickel-base superalloy materials.

In the recent years, a series of research work has been
carried out to detect the machinability of the different nickel-
base superalloy. Du et al. [9–11] conducted milling and cut-
ting experiments of FGH95 superalloy materials. It was found
that the cutting speed would affect the surface integrity of the
workpiece seriously, and the white layer thickness and micro-
hardness of the machined surface increase with the increasing
of cutting speed. Meanwhile, the thickness of plastic deforma-
tion layer decreases with the increasing of cutting speeds. The
orthogonal grinding experiment of GH4169 superalloy mate-
rials was carried out by Huddedar et al. with different abrasive
wheels under varied feed speed and depth of cut [12], in which
the effect of depth of cut and abrasive grain size on ground
surface roughness was rather significant. Furthermore, Qian
et al. [13] carried out the comparative grinding experiments of
K4125 and Inconel 718 superalloy materials. Under the given
experimental conditions, the grinding force and temperature
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produced during grinding K4125 were higher than those pro-
duced during grinding Inconel 718, and the ground surface
roughness of K4125 was also obviously higher than that of
Inconel 718. The resultant tool wear behavior in case of grind-
ing K4125 was also more serious than that in case of grinding
Inconel 718. At the same time, Xi et al. [14] evaluated the
grindability of Ti-6Al-4V titanium alloy, Inconel 718 superal-
loy, and Ti2AlNb intermetallics, through which it was found
that the grinding power and grinding force during grinding
Inconel 718 were the highest. Balan et al. [15] carried out
experimental research on grinding Inconel 751 superalloy ma-
terials under different cooling conditions, i.e., dry and low-
temperature minimum quantity lubrication (called Cryo-
MQL). The results showed that the Cryo-MQL grinding uses
50% to 65% less energy than dry grinding, which can signif-
icantly improve the grinding performance. Jia et al. [16] stud-
ied the specific energy and surface roughness of minimum
quantity lubrication with mixed vegetable oil-based
nanofluids by grinding GH4169. It was discovered that the
lowest force ratio and specific energy were obtained using
the 8% mass fraction of the soybean/castor mixed oil. Guo
et al. [17] conducted the grinding experiment of GH4169 with
different mixed vegetable oils, in which castor/soybean oil
had the best lubricity comparing with the other mixed oils,
such as palm/soybean, palm/castor, and so on. Li et al. [18]
investigated the chipmorphology of GH4169 under ultrasonic
vibration grinding conditions. Generally, the ultrasonic vibra-
tion has a greater effect on the morphology of grinding chips
compared with the effect of grinding parameters.

Ground surface roughness is a critical parameter to reflect
the performance of machined materials. Therefore, many re-
search works have focused on surface roughness. Yao et al.
[19] studied the surface roughness of grinding Inconel 718
with a resin cubic boron nitride (CBN) wheel and a single
alumina (SA) wheel bonded by vitreous. It was reported that
the better surface was obtained by using a SAwheel, and the
surface roughness was Ra 0.112 μm under the condition of
depth of cut of 0.005 mm, workpiece infeed speed of 16 m/
min, and abrasive wheel speed of 25 m/s. Hecker and Liang
[20] established the predictive model for ground surface
roughness. The abrasive wheel microstructure and material
properties are considered through the chip thickness model.
The predicted results show a nice agreement with the experi-
mental results. At the same time, Ding et al. [21] also built the
model for predicting the surface roughness. The modeling
results of surface roughness agreed with the experimental re-
sult well. In addition, the ground surface roughness would be
improved with the abrasive wheel wear, which led to that
more grains were participated in grinding from the prediction
model.

The powder metallurgy nickel-base superalloy FGH96 is a
type of damage-tolerant nickel-base superalloy. It has become
the first choice material in aero-engine turbine disk because of

the excellent characteristic of homogeneous organization, su-
perfine grain, high yield strength, and high elevated tempera-
ture fatigue strength [22, 23]. However, the correlative re-
search on grinding of FGH96 has been seldom reported, al-
though research works on grinding operation of nickel-base
superalloys, especially for the wrought nickel-base superalloy
GH4169, have been carried out. Therefore, for better under-
standing the processing characteristics, a comparative study
on grinding operation of powder metallurgy nickel-base su-
peralloy FGH96 and wrought nickel-base superalloy GH4169
with brown corundum abrasive wheel is proposed in this
work. Accordingly, the grindability of FGH96 would be eval-
uated by analyzing grinding force, specific grinding energy,
grinding temperature, and abrasive wheel wear. Particularly,
for better understanding the grindability, the sensibility anal-
ysis of machined surface roughness is also investigated.

2 Experimental details and procedure

2.1 Workpiece materials

The ground materials were powder metallurgy nickel-base
superalloy FGH96 and wrought nickel-base superalloy
GH4169. The material properties are listed in Tables 1 and
2. According to Table 1, the element compositions of FGH96
and GH4169 are similar except for individual elements. For
example, the elements Mn and Cu were contained in GH4169
material, while not existed in FGH96 material. But from
Table 2, the mechanical properties of FGH96 and GH4169
are quite different. The tensile strength and yield strength of
GH4169 are resemblant to that of FGH96 at room tempera-
ture. However, the tensile strength and yield strength of
FGH96 at 750 °C are higher than that of GH4169 at 650 °C,
which indicates that FGH96 has a better thermal strength and
stability than GH4169 at high temperature. The workpiece
size was 25 mm× 30 mm× 5 mm. The surface grinding ex-
periment was conducted with brown corundum abrasive
wheel, which has been widely used to grind nickel-base su-
peralloy. The abrasive grains were in the US mesh size 80#
and the actual particle diameter range was 160–200 μm. The
diameter of the abrasive wheel ds was 400 mm, and the width
bs was 20 mm.

2.2 Experimental setup

Figure 1 shows the experimental equipment. The BLOHM
PROFIMAT MT-408 high-speed surface grinder, whose out-
put power was 45 kW and the maximum spindle speed was
8000 rpm, was used to conduct the grinding experiments. A
single point diamond dresser was used to dress the abrasive
wheel after each grinding path. The grinding conditions and
dressing parameters are listed in Table 3.
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2.3 Measuring method

The grinding force was measured by using the Kistler 9317C
type three channel piezoelectric dynamometer. The natural
frequencies of three directions of dynamometer, that is X, Y,
and Z, were 5 kHz, 5 kHz, and 20 kHz, respectively. The
tangential and normal grinding forces were, respectively, mea-
sured by the X and Z directions of the dynamometer. Grinding
temperature was measured by the semi-natural thermocouple.
The semi-natural thermocouple is mainly composited by two
workpieces, mica plate and constantan wire, shown in Fig. 2.
The constantan wire with the diameter 0.02mm as the positive
electrode, while the workpiece as the negative electrode. It
should noted that the mica plate plays the most important role
that make the workpiece be not in contact with constantan
wire, which is the key to the semi-natural thermocouple. In
addition, the semi-natural thermocouple was calibrated by E
type standard thermocouple. The calibration calculated modes
of FGH96 and GH4169 materials were shown in eq. (1) and
(2). The grinding force and temperature measuring diagram-
matic sketch are shown in Fig. 3. The MAHR M1 surface
roughness tester was used to measure the ground surface
roughness. The setting parameter of MAHR M1 surface
roughness tester: diameter of the tip was 0.2 μm, the filtering
was Gaussian filter, and the cut of setting was 0.8 mm.
Sensofar S Neox 3D confocal microscopy was used to mea-
suring the ground surface, and the abrasive wheel surface was
characterized by using Leica DMC 4500 optical microscope,
shown in Fig. 4.

ForGH4169 : TGH4169 ¼ −0:0482u2 þ 22:434uþ 18:985 ð1Þ
ForFGH96 : TFGH96 ¼ −0:0367v2 þ 12:395vþ 25:968 ð2Þ
where TFGH96 and TGH4169 were the grinding temperature of
FGH96 and GH4169 workpiece materials. The u and v were
the measured thermal electromotive force during grinding
process.

3 Experimental results and discussion

3.1 Analysis of grinding force

Grinding force is one of the significant parameters to evaluate
the grinding characteristic of materials, which has an impor-
tant influence on the ground surface roughness and abrasive
wheel wear. The typical curve of grinding force signal and the
influence of depth of cut, workpiece infeed speed, and abra-
sive wheel speed on the grinding force of FGH96 and
GH4169 superalloys materials are shown in Fig. 5.
Figure 5a shows the process of grinding workpiece which
divides into three regions: cutting in region, stable cutting
region, and cutting out region. It is also found from Fig. 5b
that the grinding force per unit width of both the two kinds of
superalloy materials increases with the increasing of depth of
cut when the workpiece infeed speed and abrasive wheel
speed keep constant. The difference of tangential grinding
force per unit width △Ft is not significant with the increasing
of depth of cut, while normal grinding force per unit width
difference △Fn increases gradually. For instance, when the
depth of cut ap = 0.2 mm, the tangential grinding force per
unit width Ft-GH4169 = 5.5 N/mm, Ft-FGH96 = 4.2 N/mm, then
△Ft = 1.3 N/mm; however, Fn-GH4169 = 15.84 N/mm, Fn-

FGH96 = 12.57 N/mm, then △Fn = 3.27 N/mm; when ap =
1.5 mm, Ft-GH4169 = 15.94 N/mm, Ft-FGH96 = 13.35 N/mm,
then △Ft = 2.59 N/mm, and Fn-GH4169 = 58 N/mm, Fn-

FGH96 = 42.73 N/mm, then △Fn = 15.27 N/mm. According to
Fig. 5c, when the abrasive wheel speed and depth of cut are
fixed, the tangential and normal grinding forces per unit width
of GH4169 and FGH96 superalloy materials show a linear
increasing trend with increase of the workpiece infeed speed.
When vs = 25 m/s and ap = 0.5 mm, with the increasing of
workpiece infeed speed from 80 mm/min to 150 mm/min,
the tangential and normal grinding forces per unit width in-
creased from 9.12 N/mm and 21.29 N/mm to 12 N/mm and
39.66 N/mm, respectively, and increased by 31.6% and

Table 2 Mechanical properties of
FGH96 and GH4169 Materials Measuring

temperature (°C)
Tensile strength
σb (MPa)

Yield strength σ0.2
(MPa)

Density ρ
(kg/m3)

Thermal conductivity
k (W/m K)

FGH96 20 1520 1200 8255 9.5

750 1260 1030 – –

GH4169 20 1502 1360 8280 13.7

650 1110 980 – –

Table 1 Composition of FGH96 and GH4169

Elements Co Cr Mo W Al Ti Nb B Zr C Ni Mn Cu Fe

FGH96 13 16 4 4 2.2 3.7 0.8 0.01 0.04 0.04 Bal. – – 0.1

GH4169 1.0 19 3.1 – 0.95 0.96 5.25 – – 0.08 53 0.35 0.3 Bal.
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86.3%, respectively. Seen from Fig. 5d, the tangential and
normal grinding forces per unit width of GH4169 and
FGH96 superalloy materials show a downward trend with
the increase of the abrasive wheel speed. When the abrasive
wheel speed increases from 20 to 35 m/s, the tangential and
normal grinding forces per unit width of GH4169 superalloy
material decreased from 10.56 to 7.5 N/mm and from 27.4 to
25.8 N/mm, which decreased by 29% and 6%, respectively.
The tangential and normal grinding forces per unit width of
FGH96 superalloy material reduced from 8.57 to 5.47 N/mm
and from 25.2 and 18.07 N/mm, which decreased by 36.2%
and 28.3%, respectively. It finds that the decrease rates of
tangential and normal grinding forces per unit width of
GH4169 superalloy material (i.e., 29% and 6%, respectively)
are generally smaller than that of FGH96 superalloy material
(i.e., 36.2% and 28.3%, respectively). From Fig. 5, the normal
and tangential grinding force per unit width of GH4169 su-
peralloy are bigger than that of FGH96 superalloy in the case

of the identical grinding parameters. This is because the yield
strength of GH4169 superalloy material is higher than that of
FGH96 superalloy material, which makes it easier to remove
FGH96 superalloy materials during grinding than to remove
GH4169 superalloy materials.

During the grinding operation, the variation of grinding
force with workpiece infeed speed, abrasive wheel speed,
and depth of cut can be qualitatively analyzed based on dy-
namic active abrasive grain number in the workpiece-wheel
contact zone. The average cutting force of a single grain that
was assumed during grinding is Fgt, so the tangential grinding
force was expressed as [24]

F t ¼ Fgt⋅Nd ⋅A ð3Þ

Nd ¼ k
6V

πd3g

 !2=3
vw
vs

� �1=3 ap
ds

� �1=6

ð4Þ

where A is the area of the grinding arc zone; Nd is the number
of dynamic active abrasive grains of abrasive wheel per unit
area; k is the constant, k = 1.2; V is the volume ratio of the
abrasive grains in the abrasive wheel; dg is the average diam-
eter of the abrasive grain particle, dg = 180 μm; ds is the abra-
sive wheel diameter.

According to formula (4), when the abrasive wheel param-
eters are fixed, the number of dynamic active abrasive grains
in the grinding zone increases with the increase of workpiece
infeed speed and depth of cut, but decreases with the increas-
ing of abrasive wheel speed. Therefore, according to formula
(3), normal and tangential grinding force increases with the
increasing of workpiece infeed speed and depth of cut, but
decreases with the increasing of abrasive wheel speed.

3.2 Analysis of specific grinding energy

The specific grinding energy represents the energy consumed
by grinding per unit volumematerials, which is also one of the
most important parameters for evaluating the grinding perfor-
mance of the workpiece material. It has an important influence

Table 3 Grinding conditions

Content Values

Machine tools Blohm Profimat MT-408 surface
grinder

Grinding mode Surface up-grinding

Abrasive wheel Brown corundum wheel
(80 US Mesh)

Abrasive wheel speed vs/(m/s) 20, 25, 30, 35

Workpiece infeed speed
vw/(mm/min)

80, 100, 120, 150

Depth of cut ap/(mm) 1.5, 1.0, 0.5, 0.2

Dressing speed vd/(m/s) 30

Dressing infeed rate fd/(mm/min) 200

Dressing depth of cut ad/(mm) 0.2

Cooling condition 5% emulsified water; 90 L/min,
pressure at 1.5 MPa

Fig. 1 Experimental equipment

Fig. 2 Semi-natural thermocouple diagrammatic sketch
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on the surface integrity and grinding temperature, which can
be expressed as [25]

es ¼ F tvs
bvwap

ð5Þ

It is reported that the maximum undeformed chip thickness
which as one of the most important parameters influenced the
specific grinding energy significantly [5, 12, 26]. The maxi-
mum undeformed chip thickness was expressed as [13, 27]

agmax ¼ 2 N dCð Þ−0:5 vw
vs

� �0:5 ap
ds

� �0:25

ð6Þ

where agmax is the maximum undeformed chip thickness; C is
the coefficient related to the sharpness of abrasive particles;
for the abrasive wheel with the abrasive grain particle size of
160–200 μm, C is chosen as 6.89 [13].

The specific grinding energy of two kinds of materials
varies with the depth of cut, workpiece infeed speed, abrasive
wheel speed, and maximum undeformed chip thickness as
shown in Fig. 6. It can be seen that the specific grinding
energy during grinding GH4169 (es-GH4169) superalloy

material is obviously higher than that during grinding
FGH96 (es-FGHs96) superalloy material, which indicates that
the energy consumed in grinding of GH4169 superalloy ma-
terial is higher than that of grinding FGH96 superalloy mate-
rial. So, it can be inferred that the grinding difficulty of
FGH96 superalloy material is smaller than that of GH4169
superalloy. Figure 6a shows the specific grinding energy that
shows a downward trend as depth of cut increases from 0.2 to
1.5 mm in the case of vw = 100 mm/min and vs = 25 m/s.
When ap = 0.2 mm, es-GH4169 = 411.68 J/mm3, es-FGH96 =
315.12 J/mm3, while when ap = 1.5 mm, es-GH4169 =
159.08 J/mm3, es-FGH96 = 133.23 J/mm3. Figure 6b shows
the same trend as that of Fig. 6a. When ap = 0.5 mm and v-

s = 25 m/s, es-GH4169 = 350.77 J/mm3, and es-FGH96 = 268.08 J/
mm3 at vw = 80 mm/min, while es-GH4169 = 240 J/mm3 and es-
FGH96 = 194.8 J/mm3 at vw = 150 mm/min. From Fig. 6c,
when ap = 0.5 mm and vw = 100 mm/min, the specific grind-
ing energy increases with the increasing of abrasive wheel
speed from 20 to 25 m/s, es-GH4169 from 252.93 to 297.6 J/
mm3, and es-FGH96 from 205.27 to 250 J/mm3. While the spe-
cific grinding energy shows a downward trend with the in-
creasing of abrasive wheel speed from 25 to 30 m/s, es-GH4169

Fig. 3 The grinding temperature and force measuring diagrammatic sketch

Fig. 4 Measuring device of abrasive wheel surface and ground surface
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reduces to 276.65 J/mm3, and es-FGH96 decreases to 226.71 J/
mm3. However, with the abrasive wheel speed increases from
30 to 35 m/s, the specific grinding energy shows an increasing
trend too, es-GH4169 increases to 314.37 J/mm3, while es-FGH96
increases to 229.29 J/mm3. This phenomenon may be related
to the “size effect” [28]. According to Fig. 6d, with the in-
creasing of the maximum undeformed chip thickness, specific
grinding energy shows a downward trend. Moreover, the spe-
cific grinding energy of GH4169 is in the range of 150 to
430 J/mm3, while the specific grinding energy of FGH96 is
in the range of 130 to 330 J/mm3. When the maximum thick-
ness of undeformed chip is identical, the specific grinding
energy of GH4169 is larger than that of FGH96.

3.3 Analysis of grinding temperature

Grinding is the process of abrasive grain particle cutting at
negative front angle, where a large amount of energy would
be produced. And most of these energies are converted into

heat accumulating on the workpiece surface, which results in a
sharp rise in the workpiece surface temperature [29]. When
the grinding temperature is too high, it would cause surface
burn, residual stress, and crack of workpiece [30]. Therefore,
the grinding temperature has an important effect on the ma-
chined surface integrity.

Figure 7 shows the typical grinding temperature curve and
the effects of workpiece infeed speed, depth of cut, abrasive
wheel speed on grinding temperature, respectively. When the
abrasive wheel starts grinding the workpiece material, the
grinding arc zone is far away from the measuring point, and
the grinding temperature is gradually rising. This is the result
of grinding heat transfer in the workpiece material. As the
grinding process goes on, the grinding arc zone moves to the
measuring point. The grinding temperature reaches to the
highest. When the grinding arc zone is far away from the
measuring point, the grinding temperature begins to decrease.
And after the grinding process is finished, the surface temper-
ature of the workpiece drops to the room temperature, as
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Fig. 5 Grinding force per unit width: a typical grinding force signal curve; and effect of b depth of cut, c workpiece infeed speed, and d abrasive wheel
speed on grinding force
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shown in Fig. 7a. It apparently found that from Fig. 7b–d, the
grinding temperatures of GH4169 (TGH4169) and FGH96
(TFGH96) gradually increase with the increasing of workpiece
infeed speed, depth of cut, and abrasive wheel speed. From
Fig. 7b, when vw = 100 mm/min and vs = 25 m/s, with the
increasing of depth of cut from 0.2 to 1.5 mm, TGH4169 in-
creased by 30.2% from 725 to 944 °C, while TFGH96 increase
by 34.2% from 588 to 789 °C. In Fig. 7c, with the workpiece
infeed speed increase from 80 to 150 mm/min at vs = 25 m/s
and ap = 0.5 mm, TGH4169 increases from 746 to 951 °C and
increases by 27.5%; TFGH96 increases from 667 to 754 °C and
increases by 13%. From Fig. 7d, with the increasing of abra-
sive wheel speed from 20 to 35 m/s at vw = 100 mm/min and
ap = 0.5 mm, TGH4169 increases from 810 to 868 °C and by
7.2%; TFGH96 from 694 to 723 °C and by 4.2%. In addition, it
can be found that the grinding temperature of GH4169 is
significantly higher than that of FGH96 under the current
grinding conditions. For example, at vw = 100 mm/min, vs =
25 m/s, and ap = 1 mm, TGH4169 = 900 °C and TFGH96 =
754 °C, and the grinding temperature difference is △T =

146 °C; at vw = 120 mm/min, vs = 25 m/s, and ap = 0.5 mm,
TGH4169 = 920 °C and TFGH96 = 739 °C, △T = 181 °C; at vw =
100 mm/min, vs = 30 m/s, and ap = 0.5 mm, TGH4169 = 855 °C
and TFGH96 = 709 °C, △T = 146 °C.

3.4 Simulation analysis of grinding temperature

Numerical simulation is one of the most commonly used re-
search methods. There are several researches to use numerical
methods to explore the investigated subject [29, 31–33]. In
addition to directly measuring the temperature of the grinding
arc zone, the grinding temperature can also be simulated and
analyzed using the finite difference method. The numerical
simulation principle of the finite difference method has been
described in reference [33]. The heat produced in the flood
grinding process is dispersed in the abrasive wheel, grinding
fluid, chips, and workpiece matrix, respectively. That means
that the total heat qt consists of the following four parts: the
heat transferred into the abrasive wheel qg, the heat transferred
into the grinding fluid qf, the heat transmitted to the chips qc,
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Fig. 6 Effect of a depth of cut, b workpiece infeed speed, c abrasive wheel speed, and d undeformed chip thickness on specific grinding energy
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and the heat transferred into the workpiece qw. The total heat qt
can be expressed as follows [33]:

qt ¼ qg þ q f þ qc þ qw ð7Þ

where the heat carried away by grinding fluid and chips would
not affect the ground surface of the workpiece, but the energy
transferred into the workpiece is one of the most important
factors affecting the surface integrity of the workpiece.

The total heat produced during the grinding process can be
expressed as [30]:

qt ¼
F tvs
blc

ð8Þ

Then, the heat transferred into workpiece is shown as

qw ¼ Rwqt ð9Þ
where Rw is the energy ratio coefficient transferred into work-
piece material, expressed as [24]

Rw ¼ 1

2þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λρcð Þs
λρcð Þw

s ð10Þ

As is well known, the grinding fluid could effectively re-
duce the grinding temperature of the workpiece surface during
the grinding process. So, the convection heat transfer of the
grinding fluid cannot be ignored in the simulation work.
Considering that the grinding fluid based onwater-based cool-
ant is used during the grinding process, and the jet pressure
and jet velocity of the grinding fluid are very high, the con-
vection heat transfer on the workpiece surface outside the
grinding arc zone obtained by calculating is turbulent forced
convection heat transfer. However, the boiling heat transfer
occurs because of the high grinding temperature at the grind-
ing arc zone. So, the convection heat transfer mode of the
grinding fluid in the grinding arc zone is boiling heat transfer.
Therefore, the heat transfer coefficient of grinding fluid
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Fig. 7 Grinding temperature: a typical temperature signal curve during grinding, and effect of b depth of cut, c effect of workpiece infeed speed, and d
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consists of turbulent forced convection heat transfer coeffi-
cient and boiling heat transfer coefficient.

The turbulent forced convection heat transfer coefficient
can be expressed as [34]

h f ¼ k lN u

b
ð11Þ

where Nu is the Nussel number

Nu ¼ 0:037R4=5
e Prl

1=3 ð12Þ

where Re is the Reynolds number

Re ¼ νllw=μl ð13Þ

The boiling heat transfer coefficient would be shown as
[35]

h ¼ K
Llgρvk

3
v ρl−ρvð Þffiffiffiffiffiffiffiffiffiffiffiffi

8σT satql
ρvLlk l

q
μllc

2
64

3
75
0:25

ð14Þ

where h is the heat transfer coefficient of grinding fluid
W/(m2 ∙K), K is the constant, g is the acceleration of gravity
(m/s2), ql is the heat flux of grinding fluid (W/m2), Ll is the
latent heat of vaporization of grinding fluid (J/kg), Prl is the
Trump number, vl is the jet velocity of grinding fluid (m/s), lw
is the workpiece length (m), lc is the grinding arc length (m), ρl
is the density of grinding fluid (kg/m3), ρv is the density of
steam (kg/m3), kl is the thermal conductivity of grinding fluid
W/(m ∙K), kv is the thermal conductivity of steam W/(m ∙K),
μl is the dynamic viscosity of grinding fluid (m2/s), σ is the
surface tension of grinding fluid (N/m), Tsat is the saturation
temperature of grinding fluid (°C), σ is the surface tension of
grinding fluid (N/m).

In the process of flood grinding, in order to calculate each
parameter value of grinding fluid conveniently, it can be re-
placed by the parameter value of water. It is necessary to note
that firstly, the grinding arc zone is the wedge area formed by
the abrasive wheel and the workpiece material. In this wedge
region, it can be considered that the heat flux density of grind-
ing fluid is the same as that of workpiece surface, that is, ql =
qw; secondly, due to the high jet pressure and velocity of
grinding fluid, the convection heat transfer coefficient is much
higher than that of air. Therefore, the convection heat transfer
coefficient of air is neglected in the simulation work.

As shown in Fig. 8, the grinding heat distribution of
FGH96 and GH4169 is obtained by MATLAB finite differ-
ence simulation at vw = 100 mm/min, vs = 25 m/s, and ap =
0.5 mm, respectively. The simulation results agree with the
results in Fig. 7 that the grinding temperature of GH4169 is
higher than that of FGH96. It has two main reasons on this
result: on one hand, the grinding force and specific grinding
energy obtained by grinding GH4169 are higher than those of

FGH96, so the heat flux is higher than FGH96, which leads to
the grinding temperature being higher; on the other hand, it
can be seen from Table 2 that the heat transfer coefficient of
GH4169 is higher than that of FGH96 superalloy material.
Then, the heat transferred into GH4169 workpiece surface is
more than that of FGH96 workpiece during grinding.
Therefore, the magnitude of heat transfer coefficient is also
one of the important factors affecting grinding temperature.

3.5 Analysis of abrasive wheel wear

The abrasive wheel wear behavior is another important param-
eter to evaluate the grinding characteristics of materials, which
has an extremely important influence on the surface integrity
of workpiece. In this article, only the wear behavior of abra-
sive wheel in stable grinding stage is studied. The radial wear
of abrasive wheel is the most direct parameter to evaluate the
wear degree of abrasive wheel. In the experiment, the abrasive
wheel surface can be compounded by grinding blade which
made by stainless steel with the thickness is 0.02 mm. The
wear of the abrasive wheel is indirectly measured by measur-
ing the height difference between the unworn surface and the
worn surface on the blade, shown in Fig. 9a. As shown in Fig.
9b–d, the radial wear of abrasive wheel varies with grinding
parameters. It can be found that the abrasive wheel wear of
two kinds of superalloy materials varies greatly with the
change of grinding parameters, which indicates that the abra-
sive wheel wear is serious in the process of grinding these two
Ni-based superalloys. Seen from Fig. 9b, the radial wear of
abrasive wheel increases with increasing of depth of cut.
Radial wear of abrasive wheel when grinding FGH96 (WR-

FGH96) increases linearly, while the radial wear of abrasive
wheel when grindingGH4169 (WR-GH4169) is increasing slow-
ly, when the depth of cut increases from 0.2 to 1.5 mm. In
addition, in case of ap < 0.8 mm,WR-GH4169 is higher thanWR-

FGH96 with the increase of depth of cut. For instance, at ap =
0.5 mm, RGH4169 = 0.34 μm/mm, WR-FGH96 = 0.29 μm/mm;
when ap > 0.8 mm, WR-GH4169 is less than WR-FGH96 with the
increase of depth of cut. For instance, at ap = 1 mm, WR-

FGH96 = 0.4 μm/mm, WR-GH4169 = 0.36 μm/mm. Seen from
Fig. 9c, at ap = 0.5 mm and vs = 25 m/s, when the workpiece
infeed speed increases from 80 to 100 mm/min and from 120
to 150 mm/min, the radial wear of abrasive wheel decreases
with the increasing of workpiece infeed speed. When the
workpiece infeed speed increases from 100 to 120 mm/min,
the radial wear of abrasive wheel increases with the increasing
of workpiece infeed speed. The decrease-increase-decrease
trend may be related with the grain damage of abrasive wheel
surface after dressing. But the mechanism of abrasive wheel
wear should be deeper studied. In addition, when vw <
108 mm/min, WR-GH4169 is higher than WR-FGH96, for exam-
ple, at vw = 80 mm/min, WR-GH4169 = 0.4 μm/mm, and WR-

FGH96 = 0.34 μm/mm; when vw > 108 mm/min, WR-GH4169 is
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less than WR-FGH96, for example, at vw = 120 mm/min, WR-

GH4169 = 0.37 μm/mm, and WR-FGH96 = 0.44 μm/mm. From
Fig. 9d, at vw = 100 mm/min and ap = 0.5 mm, WR-GH4169

shows a trend of firstly increasing and then decreasing and
then increasing, while WR-FGH96 gives a trend of decreasing
first and then increasing.

Figure 10 shows the surface morphology of the abrasive
wheel after grinding different superalloy materials in case of
vw = 100 mm/min, vs = 25 m/s, and ap = 1 mm. Generally,
there is no serious adhesion or hole plugging on the surface
of the abrasive wheel after grinding FGH96 and GH4169
superalloy materials. However, according to the experimental
results of the radial wear of the abrasive wheel, under the same
grinding conditions, the abrasive wheel wear produced in
grinding FGH96 and GH4169 superalloy material is basically
the same, which shows that the grinding performance of the
brown corundum abrasive wheel used in the experiment is
similar to that of the two kinds of superalloy materials. What
is more, the wear degree difference of abrasive wheel between
the two kinds of superalloy materials is not obvious. On one
hand, the grinding force of FGH96 is slightly smaller than that
of GH4169; then, the effect of grinding force on the difference

of abrasive wheel wear for these two materials can be
neglected. On the other hand, although the temperature of
FGH96 is smaller than that of GH4169, it should not ignore
the fact that the mechanical strength of FGH96 superalloy
material is higher than that of GH4169 superalloy material at
elevated temperature, as listed in Table 2, which results in a
higher wear rate of abrasive wheel.

3.6 Sensitive analysis of ground surface roughness

Ground surface roughness, which has an important effect on
fatigue life and durability of workpiece, is also an important
parameter to reflect the surface integrity of workpiece [36].
Figure 11 is a sampling diagram for surface roughness of two
kinds of workpiece materials ground at vw = 100 mm/min, v-
s = 25 m/s, and ap = 1.5 mm. The sampling method is to mea-
sure the roughness of multiple positions in the vertical grind-
ing direction and calculating the average value. As can be seen
from Fig. 11, when the depth of cut is 1.5 mm, the height of
surface grooves of two kinds of superalloy materials are very
high. The values of the height values of grooves on ground
surface of FGH96 workpiece range from − 3.3 to 2.2 μm,

Fig. 8 Simulated grinding
temperature fields of a FGH96
and b GH4169
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Fig. 10 Surface morphology of abrasive wheel after grinding a FGH96 and b GH4169 superalloy materials
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while for GH4169 workpiece, the height values range from −
2.4 to 2.8 μm. This indicated that the surface roughness values
of both materials are relatively large.

The ground surface roughness values of FGH96 and
GH4169 are shown in Fig. 12. From Fig. 12a, when vw =
100 mm/min and vs = 25 m/s, the ground surface roughness
values of FGH96 (Ra-FGH96) and GH4169 (Ra-GH4169) increase
with the increase of depth of cut. Ra-FGH96 increases from 0.28
to 0.99 μm, increasing by 254%, while Ra-GH4169 increases
from 0.42 to 0.79 μm, increasing by 88.1%, which shows that
the influence of depth of cut on ground surface roughness of
FGH96 workpiece is greater than that on GH4169. In addi-
tion, when ap < 0.55 mm, Ra-GH4169 > Ra-FGH96, while when
ap > 0.55 mm, Ra-GH4169 < Ra-FGH96. This may be because
the wear rate of abrasive wheel in grinding FGH96 is higher
than that in grinding GH4169 when ap < 0.55 mm. From
Fig. 12b, Ra-FGH96 increases from 0.51 to 0.87 μm increasing
by 70.6%, while Ra-GH4169 increases from 0.45 to 0.66 μm
increasing by 46.7% at vs = 25 m/s and ap = 0.5 mm with the
workpiece infeed speed increase from 80 mm/min to 150 mm/
min. From Fig. 12c, the surface roughness of those two kinds
of superalloy materials shows a tendency of decreasing firstly
and then increasing with the abrasive wheel speed increasing
from 20 to 35 m/s when vw = 100 mm/min and ap = 0.5 mm.
At vs = 30 m/s, the minimum values of ground surface rough-
ness are obtained, Ra-FGH96 = 0.47 μm and Ra-GH4169 =
0.45 μm, respectively.

The ground surface roughness mainly depends on the ap-
pearance height of abrasive grains on the surface of abrasive
wheel. When the extruding height of abrasive grains is higher,

that is when the actual cutting depth of abrasive grains is
larger, the surface grooves of ground workpieces are deeper,
then the surface roughness value is relatively larger [5, 37, 38].
It should be noted that the actual cutting depth of the abrasive
grains is related to the grinding parameters under the identical
tool conditions and the identical dressing parameters. So, the
ground surface roughness can be expressed by the grinding
parameters.

The relationship between ground surface roughness and grind-
ing parameters by least square fitting can be expressed as follows:

For FGH96 : Ra ¼ 2:36a0p
:586

v0:32w v−0:554s ð15Þ

ForGH4169 : Ra ¼ 11:1a0p
:329

v0:751w v−0:982s ð16Þ

Where the average error value of formula (15) is 6.1%,
while the average error value of formula (16) is 4.9%. As is
well known, the surface state of abrasive wheel and grinding
conditions has a great effect on the ground surface roughness.
It notes that the fitting eq. (13) and (14) are merely the rela-
tionship between surface roughness Ra and grinding parame-
ters, while it does not consider the effect of surface state of
abrasive wheel and other factors on ground surface roughness.

From eq. (15) and (16), it can be found that the grinding
surface roughness is positively correlated with workpiece
infeed speed and depth of cut, while it is negatively correlated
with abrasive wheel speed at the same surface state of abrasive
wheel and cooling conditions. However, the sensitivity of sur-
face roughness to the variation of grinding parameters cannot
be obtained from formulas (15) and (16). By analyzing the
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sensitivity of surface integrity in milling process, ideal con-
clusions were obtained in Ref. [39, 40]. Therefore, the

sensitivity analysis method was used to achieve the sensitivity
of surface roughness produced in grinding GH4169 and
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Fig. 12 Effect of a depth of cut, b workpiece infeed speed, and c abrasive wheel speed on ground surface roughness

Table 4 Calculation results of absolute sensitivity of ground surface roughness to grinding parameters of GH4169 and FGH96

vs (m/s) vw (mm/s) ap (mm) ∂Ra
∂ap

∂Ra
∂vw j ∂Ra

∂vs j

FGH96 25 100 1 0.46 0.62 0.017

25 100 0.2 0.89 0.24 0.007

20 100 0.5 0.69 0.47 0.016

35 100 0.5 0.51 0.34 0.007

25 80 0.5 0.44 0.38 0.008

25 150 0.5 1.04 0.47 0.02

GH4169 25 100 1 0.23 0.4 0.027

25 100 0.2 0.67 0.24 0.016

20 100 0.5 0.45 0.4 0.034

35 100 0.5 0.26 0.23 0.011

25 80 0.5 0.3 0.3 0.018

25 150 0.5 0.49 0.35 0.029
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FGH96 to different grinding parameters under the current ex-
perimental conditions.

The absolute sensitivity of ground surface roughness to
depth of cut, workpiece infeed speed, and abrasive wheel
speed for GH4169 and FGH96 is calculated as follows:

For depth of cut

:

∂Ra−GH4169

∂ap
¼ 1:38a−0:414p v1:32w v−0:554s

∂Ra−FGH96

∂ap
¼ 3:65a−0:671p v0:751w v−0:982s

8>><
>>: ð17Þ

For workpiece infeed speed

:

∂Ra−GH4169

∂vw
¼ 3:12a0p

:586
v0:322w v−0:554s

∂Ra−FGH96

∂vw
¼ 8:33a0p

:329
v0w

:249
v−0:982s

8><
>: ð18Þ

For abrasive wheel speed

:
j ∂Ra−GH4169

∂vs
j ¼ 1:31a0p

:586
v1:32w v−1:55s

j ∂Ra−FGH96

∂vs
j ¼ 8:33a0p

:329
v0:249w v−0:982s

8><
>: ð19Þ

Table 4 lists the results of the absolute sensitivity analysis
of the ground surface roughness of GH4169 and FGH96 to the
depth of cut, workpiece infeed speed, and the abrasive wheel
speed. It is found that the sensitivity of ground surface rough-
ness of FGH96 superalloy material to the depth of cut and
workpiece infeed speed is greater than that of GH4169 super-
alloy material. The sensitivity of ground surface roughness of
FGH96 superalloy material to the abrasive wheel speed is less
than that of GH4169 superalloy material, which is also con-
sistent with the surface roughness results of the two kinds of
superalloy materials. The surface roughness of the two kinds
of superalloy materials is the most sensitive to depth of cut,
followed by workpiece infeed speed, and the least sensitive to
the abrasive wheel speed through the comprehensive compar-
ison analysis. When the abrasive wheel speed and workpiece
infeed speed are the same, the sensitivity of ground surface
roughness to depth of cut decreases with the increase of depth
of cut. For example, as for FGH96, when vw = 100 mm/min

and vs = 25 m/s, ∂Ra
∂Rp

¼ 0:89 at ap = 0.2 mm, while ∂Ra
∂ap ¼ 0:46

at ap = 1 mm.When the depth of cut and abrasive wheel speed
are the same, the sensitivity of ground surface roughness to
workpiece infeed speed increases with the increase of work-
piece infeed speed. For example, as for FGH96, when vs =
25 m/s and ap = 0.5 mm, ∂Ra

∂vw ¼ 0:38 at vw = 80mm/min, while
∂Ra
∂vw ¼ 0:47 at vw = 150 mm/min. When the workpiece infeed

speed and depth of cut are identical, the sensitivity of ground
surface roughness to abrasive wheel speed increases with the
increase of abrasive wheel speed. For instance, as for FGH96,

when vw = 100 mm/s and ap = 0.5 mm, j ∂Ra
∂vs j ¼ 0:016 at vs =

20 m/s, while j ∂Ra
∂vs j ¼ 0:007 at vs = 35 m/s.

4 Conclusion

(1) The grinding force, grinding temperature, and specific
grinding energy of GH4169 superalloy material are gen-
erally higher than those of FGH96 superalloy material,
and the abrasive wheel wear pattern in grinding GH4169
and FGH96 is generally the same under the given exper-
imental conditions.

(2) The surface roughness of both the two kinds of nickel-
base superalloy materials is the most sensitive to depth of
cut, followed by workpiece infeed speed, and the least
sensitive to the abrasive wheel speed. Furthermore, the
sensitivity of ground surface roughness of FGH96 super-
alloy material to the depth of cut and workpiece infeed
speed is greater than that of GH4169. The sensitivity of
ground surface roughness of FGH96 to the abrasive
wheel speed is less than that of GH4169.

(3) Based on the comprehensive analysis, the machinability
of FGH96 is slightly better than that of GH4169 under
the identical grinding experimental conditions.
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