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Abstract In this study, the machined surface quality of

powder metallurgy nickel-based superalloy FGH96 (simi-

lar to Rene88DT) and the grinding characteristics of brown

alumina (BA) and microcrystalline alumina (MA) abrasive

wheels were comparatively analyzed during creep feed

grinding. The influences of the grinding parameters

(abrasive wheel speed, workpiece infeed speed, and depth

of cut) on the grinding force, grinding temperature, surface

roughness, surface morphology, tool wear, and grinding

ratio were analyzed comprehensively. The experimental

results showed that there was no significant difference in

terms of the machined surface quality and grinding char-

acteristics of FGH96 during grinding with the two types of

abrasive wheels. This was mainly because the grinding

advantages of the MA wheel were weakened for the dif-

ficult-to-cut FGH96 material. Moreover, both the BA and

MA abrasive wheels exhibited severe tool wear in the form

of wheel clogging and workpiece material adhesion.

Finally, an analytical model for prediction of the grinding

ratio was established by combining the tool wear volume,

grinding force, and grinding length. The acceptable errors

between the predicted and experimental grinding ratios

(ranging from 0.6 to 1.8) were 7.56% and 6.31% for the

BA and MA abrasive wheels, respectively. This model can

be used to evaluate quantitatively the grinding performance

of an alumina abrasive wheel, and is therefore helpful for

optimizing the grinding parameters in the creep feed

grinding process.

Keywords Creep feed grinding � Powder metallurgy
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1 Introduction

Powder metallurgy nickel-based superalloy FGH96 (simi-

lar to Rene88DT) is a significant alternative engineering

material for the manufacture of aero-engine turbine disks

owing to its excellent properties of a superfine grain,

homogeneous organization, high elevated temperature

fatigue strength, and high yield strength [1]. However, it is

also a typical difficult-to-cut material because it has low

thermal conductivity and high strength like other nickel-

based superalloy materials [2–6]. Abrasive wheel grinding

is an important method for the machining of powder met-

allurgy nickel-based superalloy FGH96. However, in the

grinding process, high grinding temperatures tend to occur,

which can lead to a high risk of grinding burn and simul-

taneously induce mechanical and microstructural changes

in the workpiece subsurface, including work hardening/

thermal softening, white layers, micro-cracks, and phase

transitions [7–10]. The low machinability of such nickel-

based superalloys significantly increases the difficulty of

obtaining a high quality machined surface [11].

Additionally, during grinding of superalloy FGH96,

abrasive wheel wear can very easily occur [12], which can

reduce the service life of the abrasive wheel. Moreover,

with increasing abrasive wheel wear, the machined surface

quality can significantly degrade. To solve these problems,

further study of the machinability of the powder metallurgy
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nickel-based superalloy FGH96 during grinding is neces-

sary to achieve the expected machined surface quality and

improved machining efficiency.

In recent years, extensive research on the surface quality

and grinding characteristics of nickel-based superalloys has

been conducted. For instance, Zhou et al. [13] carried out

grinding experiments on nickel-based single crystal

superalloy DD98. The effects of abrasive wheel speed,

workpiece infeed speed, and depth of cut on the machined

surface roughness were studied. The results indicated that

the abrasive wheel speed had the greatest impact on the

surface roughness, followed by the workpiece infeed speed,

while the depth of cut had the least impact on the surface

roughness. _Zyłka et al. [14] studied the impact of the

abrasive wheel speed on the ground surface quality by

grinding nickel-based wrought superalloy GH4169 (similar

to Inconel718) with white alumina (WA) abrasive wheels.

The surface roughness Ra was found to decrease with

increasing abrasive wheel speed. Moreover, the ground

surface roughness Ra value was reduced by approximately

30% with an increase in the abrasive wheel speed from

22 m/s to 25 m/s. However, as the degree of abrasive

wheel wear increased, the surface roughness Ra increased

markedly. Zeng et al. [15] investigated the surface integrity

of GH4169 with a single alumina abrasive wheel under

different grinding parameters. The results indicated that the

depth of cut had the most significant effect on the machined

surface roughness. When the depth of cut was increased

from 5 lm to 40 lm, the surface roughness Ra increased by

a factor of 3, from 0.3 lm to 0.9 lm. A vertical crack

appeared on the workpiece surface with an increase in the

material removal rate to 6.7 mm3/(mm�s). Workpiece sur-

face defects have also been studied. For example, Miao

et al. [16] conducted creep feed grinding experiments on

the abrasive wheel wear of nickel-based wrought superal-

loy GH4169, directional casting superalloy DZ408, and

single crystal DD6 superalloy using microcrystalline alu-

mina (MA) and brown alumina (BA) abrasive wheels. The

results indicated that the surface defect morphology (such

as smeared workpiece material and scratches) produced by

the BA abrasive wheel was not parallel to the grinding

direction mainly because of the fall-out and fracture of the

abrasive particles. In contrast, the defects of the grooves

occurred on the workpiece surface along the grinding

direction for the MA abrasive wheel. The reasons were the

high hardness and ductility of the abrasive particles. Li

et al. [17] analyzed the effects of the dressing parameters of

abrasive wheels on the machined surface quality of

GH4169. They found that the dresser feed speed had a

distinct impact on the machined surface. In addition, the

fewest defects such as material stacking and smearing were

obtained when a dresser feed speed of 200 mm/min and

depth of dressing cut of 0.02 mm were selected. Further-

more, Qian et al. [18] comparatively analyzed the ground

surface defects (including material smearing and chip

redeposition) and surface roughness during grinding of

wrought superalloy GH4169 and cast superalloy K4125

with a BA abrasive wheel. The results indicated that the

surface defects of K4125 were greater than those of

GH4169, and the surface roughness value of GH4169 was

lower than that of K4125. Yao et al. [19] conducted a

comparative experiment on the grinding of GH4169 with a

single alumina abrasive wheel and resin cubic boron nitride

(CBN) abrasive wheels. The results showed that the surface

roughness Ra was 0.112 lm with grinding parameters of

ap = 0.005 mm, vw = 16 m/min, and vs = 25 m/s using the

single alumina abrasive wheel. Wang et al. [20] conducted

minimum quantity lubrication (MQL) grinding experi-

ments on GH4169 with different nanofluids using a white

alumina abrasive wheel. It was found that the highest

grinding ratio, lowest friction coefficient, and lowest sur-

face roughness were obtained during grinding with an

alumina nanofluid. Xu et al. [21] conducted an experi-

mental investigation of the grinding temperature during the

grinding of cast superalloy K417 using a white alumina

abrasive wheel. The surface quality was studied. Grinding

thermal damage was found when the grinding temperature

reached a critical value. With increasing grinding temper-

ature, the surface quality deteriorated, and the surface

roughness increased. In addition, Sinha et al. [22] studied

grinding burn during the grinding of GH4169 with a white

alumina abrasive wheel and a silicon carbide (SiC) abra-

sive wheel. The results indicated that SiC abrasive wheel

grinding was more likely to cause surface burning, and the

roughness of the burned surface was 10% higher than the

unburned surface. Moreover, they found that abrasive

wheel wear played a significant part in the surface burning

of the workpiece. Naskar et al. [23] conducted a grinding

experiment with Inconel 718 using CBN abrasive wheels

and compared the machined surface quality obtained under

different lubrication conditions. The best surface roughness

was obtained with pure-oil MQL grinding. Ding et al. [24]

studied the surface quality during creep feed experimental

grinding of K424 cast superalloy with a CBN abrasive

wheel. The results showed that the grinding temperature

was effectively controlled at approximately 100 �C,

although the specific grinding energy reached 200–300 J/

mm3. Good surface quality was obtained, while burns and

cracks were not observed on the surface of the workpiece.

The above literature has reported extensive research on

the surface quality and grinding characteristics of super-

alloy materials under various machining conditions.

However, these studies have rarely involved powder met-

allurgy superalloy materials. Thus, it is necessary to

research the machinability of the FGH96 material.
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Moreover, alumina abrasive wheels with large pores are

widely used in practice to grind difficult-to-cut materials

like superalloys owing to their easy dressing operation and

low cost. Therefore, in the present study, BA and MA

abrasive wheels were used to creep feed grind the powder

metallurgy nickel-based superalloy FGH96. The machined

surface quality and grinding characteristics including the

grinding force, grinding temperature, and tool wear

behavior were analyzed comparatively under different

combinations of grinding parameters. In addition, an ana-

lytical model for prediction of the grinding ratio was

established. The results can provide guidance for further

improving the grinding process for the FGH96 material.

2 Experimental details

The workpiece material was powder metallurgy superalloy

FGH96, with dimensions of 25 mm 9 25 mm 9 5 mm.

The chemical composition and mechanical properties of

FGH96 are listed in Tables 1 and 2, respectively.

According to Table 2, the FGH96 material could still

maintain high strength at high temperatures. For example,

its tensile strength and yield strength at 750 �C could reach

1 260 MPa and 1 030 MPa, respectively. Surface grinding

experiments were conducted with BA and MA abrasive

wheels (400 9 20 9 127-80F6V45, Sisha Co., Ltd.

China). The size of 80# abrasive grains is approximately

150–180 lm. The Vickers hardness and fracture toughness

of the BA abrasive wheel are 20.3 GPa and 2.7 MPa�m1/2,

respectively, and they are 21.5 GPa and 3.9 MPa�m1/2 for

the MA abrasive wheel, respectively [16, 25]. The surface

morphologies of the two types of abrasive wheels are

shown in Fig. 1.

The grinding experiments were conducted on a surface

grinder with high speed (model BLOHM PROFIMAT MT-

408) having a maximum output power and spindle speed of

45 kW and 8 000 r/min, respectively. The precision of the

grinder was 1 lm. The experimental setup and conditions

for the grinding process are shown in Fig. 2 and Table 3,

respectively, in which the creep feed grinding parameters

were used [26]. The wheel dressing was performed by a

single diamond and the dressing parameters were as fol-

lows: the total depth of dressing was 0.2 mm; the depth of

the dressing cut was 0.02 mm; and the dresser feed speed

was 200 mm/min. In general, this parameter combination

could ensure good grinding performance of the BA and

MA alumina wheels based on pre-experiment results in

Ref. [17].

A 3-channel piezoelectric dynamometer (KISTLER

9317C) together with a charge amplifier (KISTLER 5018)

and semi-natural thermocouple were utilized to monitor the

grinding force and temperature, respectively. Sampling

frequencies of 5 kHz, 5 kHz and 20 kHz, were set for the

x, y, and z directions of the dynamometer, respectively. It is

generally believed that the grinding force is composed of

normal and tangential grinding forces during a surface

grinding process without axial feeding. Thus, the x and z

directions of the dynamometer were exploited to monitor

the tangential and normal grinding forces, respectively.

The components of the semi-natural thermocouple are

shown in Fig. 2. The grinding temperature was computed

using Eq. (1). The role of the mica plate was to isolate the

workpiece and the constantan wire. The sealant was used to

prevent the grinding fluid from damaging the thermocouple

during grinding, and the wire was connected to the signal

collector to record the temperature signal data. The

machined surface roughness was analyzed by a surface

roughness tester (Mahr M1) and the ground surface was

measured by Sensofar S Neox 3D confocal microscopy.

The setting parameters were a tip diameter of 0.2 lm, a

Gaussian filter for the filtering, and a setting cut of 0.8 mm.

The experimental results were averaged based on five

measured values. In addition, the abrasive wheel was

dressed according to the given parameters after every test.

The surface morphology of the workpiece and the abrasive

wheel were examined using a KH-7700 optical microscope

and a Quanta 200 scanning electron microscope.

TFGH96 ¼ �0:0367u2 þ 12:395uþ 25:968; ð1Þ

where TFGH96 is the grinding temperature of the workpiece

material and u is the measured thermal electromotive force.

3 Results and discussion

3.1 Grinding force analysis

The grinding force, which has an important influence on

tool wear and machined surface quality [27, 28], can be

used to estimate the grinding features of materials. Figure 3

shows a comparison of the specific grinding force between

the BA abrasive wheel and MA abrasive wheel. Although

the grinding forces of the BA abrasive wheel are slightly

Table 1 Chemical composition of FGH96 material

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

Content (mass fraction, %) 13 16 4 4 2.2 3.7 0.8 0.01 0.04 0.04 Bal. – – 0.1
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higher than those of the MA abrasive wheel, the tangential

grinding force and normal grinding force of both types of

abrasive wheels are generally very close. In Fig. 3a, as the

depth of cut gradually increases from 0.2 mm to 1.0 mm,

both the tangential grinding force and normal grinding

force exhibit an increasing trend. For instance, the tan-

gential forces of the BA and MA abrasive wheels increase

from 5.39 and 5.31 N/mm to 10.47 and 9.8 N/mm,

respectively, and the normal force increases from 17.17

and 17.13 N/mm to 41.41 and 41.0 N/mm, respectively.

According to Fig. 3b, both the tangential force and normal

force also exhibit a slightly increasing trend as the work-

piece infeed speed gradually increases from 80 mm/min to

200 mm/min. The normal grinding forces of the BA

abrasive wheel and the MA abrasive wheel increase from

26.37 and 26 N/mm to 35.63 and 33.5 N/mm, respectively,

and the tangential grinding forces increase from 7.3 and

7.67 N/mm to 8.91 and 9.67 N/mm, respectively. With

increasing abrasive wheel speed from 20 m/s to 35 m/s, a

decreasing trend was observed in the tangential grinding

force, as seen in Fig. 3c. The tangential grinding forces of

the BA and MA abrasive wheels decrease from 8.72 and

9.18 N/mm to 6.72 and 6.64 N/mm, respectively, but the

change in the normal grinding force is not obvious, and a

slightly decreasing trend is also observed. The normal

grinding forces of both the BA abrasive wheel and MA

Table 2 Mechanical properties of FGH96 material at 20 �C and 750 �C

Materials Temperature/�C Tensile strength rb/MPa Yield strength r0.2/MPa Density q/(kg�m-3) Thermal conductivity k/(W�(m�K)-1)

FGH96 20 1 520 1 200 8 255 9.5

750 1 260 1 030 – –

Fig. 1 Surface morphology of a BA abrasive wheel and b MA abrasive wheel

An investigation on machined surface quality and tool wear during creep feed grinding of… 163

123



abrasive wheel are maintained at approximately 31.0 N/mm.

According to Fig. 3d, with increasing material remove rate,

the tangential grinding force of the two types of abrasive

wheels shows a gradually increasing trend.

3.2 Grinding temperature analysis

Grinding is a process that removes material with a negative

rake angle of the abrasive grains. Accordingly, most of the

energy consumed during grinding is converted into heat,

which accumulates within the grinding zone to cause a

temperature rise [29–31] and can adversely affect the

machined surface quality. For example, when the grinding

temperature exceeds the critical value, the machined sur-

face of the workpiece will be burned and the fatigue life of

the finished parts will be reduced [32]. The measured

values were the thermal electromotive force of the grinding

zone, as shown in Fig. 4. The temperature was computed

using Eq. (1). A comparison of the grinding temperature

results during the grinding of FGH96 using two types of

abrasive wheels is shown in Fig. 5. It can be found that the

grinding temperatures of the two types of abrasive wheels

are very close. The grinding temperature of the MA abra-

sive wheel is slightly lower than that of the BA abrasive

wheel. With increasing depth of cut, as shown in Fig. 5a, a

gradually increasing trend was observed in the grinding

temperature. The grinding temperatures of the BA abrasive

wheel and MA abrasive wheel increase from 84.4 �C to

91.2 �C and from 83.6 �C to 90.0 �C, respectively, with

increasing depth of cut from 0.2 mm to 0.7 mm. From the

aspect of the coolant, this is related to the nuclear cooling

of the grinding fluid during creep feed deep grinding

Fig. 2 Experimental setup and measuring sketch map

Table 3 Grinding conditions

Conditions Parameters Conditions Parameters

Grinding mode Down-grinding Grinding width of workpiece, bw/mm 5

Abrasive wheel speed, vs/(m�s-1) 20, 25, 30, 35 Cooling lubricant 5% emulsified dilution liquid

Workpiece infeed speed, vw/(mm�min-1) 80, 100, 120, 150, 180, 200 Flow rate/(L�min-1) 90

Depth of cut, ap/mm 0.2, 0.5, 0.6, 0.7, 1.0 Flow pressure/MPa 1.5
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[33, 34]. However, when ap is 1.0 mm (the material

removal rate is 1.67 mm3/(mm�s), the grinding temperature

increases sharply to more than 700 �C, leading to a

detrimental influence on the machined surface quality. As

shown in Fig. 5b, as the workpiece infeed speed increases

from 80 mm/min to 200 mm/min, the grinding temperature

of the two types of abrasive wheels exhibit an increasing

trend. When the workpiece infeed speed increases from

80 mm/min to 180 mm/min, the grinding temperatures of

the BA and MA abrasive wheels gradually increase from

81.5 �C to 99.0 �C and from 80.1 �C to 97.5 �C, respec-

tively. When vw is 200 mm/min, the grinding temperatures

of the MA abrasive wheel and BA abrasive wheel are

103.9 �C and 583.0 �C, respectively. This is due to the

deterioration of the grinding conditions when the work-

piece infeed speed is set as 200 mm/min using the BA

abrasive wheel [35]. As a result, the generated heat rapidly

increases and exceeds the cooling capacity of the grinding

liquid. At this time, the cooling state within the workpiece-

tool grinding zone is changed from the nuclear state into

film-forming boiling, which leads to a rapidly increasing

temperature of the grinding zone [36]. In contrast, the wear

resistance of the MA abrasive wheel is better than that of

Fig. 3 Effects of a depth of cut, b workpiece infeed speed, c abrasive wheel speed and d material remove rate on specific grinding force (the

tangential force Ft, normal grinding force Fn)

Fig. 4 Measured typical grinding temperature signal
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the BA abrasive wheel. At the same material removal rates,

the MA abrasive wheel can maintain sharpness as a result

of its self-sharpening behavior, and thus less heat is gen-

erated in the grinding zone. Therefore, the grinding fluid

could still transfer the grinding heat through the nuclear

boiling process, thereby ensuring a low grinding tempera-

ture. It can be seen from Fig. 5c that the grinding tem-

perature is gradually reduced as the abrasive wheel speed

increases and is maintained between 70 �C and 110 �C
owing to the nuclear boiling heat transfer of the coolant

according to the theory of normal creep-fed deep grinding

[37]. As shown from Fig. 5d, based on the experimental

results for the grinding temperature, the maximum material

removal rates (Qw
0) of the BA and MA abrasive wheels

without grinding burn are 1.5 mm3/(mm�s) and 1.6 mm3/

(mm�s), respectively. This indicates that the MA abrasive

wheel has a slightly higher grinding efficiency compared to

the BA abrasive wheel.

3.3 Ground surface analysis

The grinding surface roughness and surface topography

such as marks or defects are generally the most significant

parameters for estimating the grinding surface quality

[38–41]. Figure 6 shows the cross-sectional profiles

obtained using the two types of abrasive wheels in the case

of ap = 0.5 mm, vs = 25 m/s, and vw = 100 mm/min. The

surface roughness values were measured at multiple posi-

tions perpendicular to the grinding direction. As shown in

Figs. 6a, b, the peak values for the groove height on the

machined surface with BA and MA abrasive wheel are all

- 2.0 lm and 0.8 lm.

Figure 7 shows the experimental results for the ground

surface roughness, which are generally similar for the two

types of abrasive wheels. In Fig. 7a, as the depth of cut

increases from 0.2 mm to 1.0 mm, the machined surface

roughness values with the BA and MA abrasive wheels

increase from 0.26 and 0.29 lm to 0.82 and 0.82 lm,

respectively. It should be noted that when ap is below

Fig. 5 Effects of a depth of cut, b workpiece infeed speed, c abrasive wheel speed and d material remove rate on grinding temperature
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Fig. 6 Ground surface profile produced by a BA and b MA abrasive wheels

Fig. 7 Effects of a depth of cut, b workpiece infeed speed, c abrasive wheel speed and d material remove rate on surface roughness
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1.0 mm, the machined surface roughness Ra with both the

BA and MA abrasive wheels is less than 0.8 lm, while

when ap is 1 mm, the ground surface roughness Ra is more

than 0.8 lm. This is mainly due to the adverse effect of the

grinding temperature on the machined surface. As shown in

Fig. 7b, with increasing workpiece infeed speed from

80 mm/min to 200 mm/min, the surface roughness tends to

increase, showing that the ground surface roughness with

the BA abrasive wheel and MA abrasive wheel increases

from 0.35 and 0.34 lm to 0.7 and 0.53 lm, respectively.

As the abrasive wheel speed increases from 20 m/s to

35 m/s, the machined surface roughness values with the

BA abrasive wheel and MA abrasive wheel are less than

0.6 lm, and the surface roughness values gradually

decrease from 0.55 lm to 0.27 lm and from 0.55 lm to

0.3 lm, respectively, as shown in Fig. 7c. With increasing

material removal rate, the surface roughness of the ground

workpiece tends to increase, as shown in Fig. 7d.

Figure 8 shows the typical surface morphology and

surface defects during grinding of the FGH96 material by

two types of abrasive wheels. Under the conditions of vs-

= 25 m/s, vw = 200 mm/min, and ap = 0.5 mm, the

workpiece surface morphology obtained with MA abrasive

wheel grinding is obviously better than that obtained with

the BA abrasive wheel, as shown in Figs. 8a, b. Under the

current experimental conditions, this is mainly due to the

high grinding temperature during the BA abrasive wheel

grinding, which leads to smearing of the workpiece mate-

rial. Moreover, when the grinding parameters are vs-

= 25 m/s, vw = 100 mm/min, and ap = 0.5 mm and

0.7 mm, there is no obvious difference between the ground

surfaces obtained with the BA abrasive wheel and MA

abrasive wheel, as shown in Figs. 8e–h. However, the

furrows on the machined surface produced by the MA

abrasive wheel grinding are shallower than those from the

BA abrasive wheel at vs = 30 m/s, vw = 100 mm/min, and

ap = 0.5 mm, as shown in Figs. 8c, d.

Ground surface defects on a workpiece will inevitably

appear during the grinding process owing to the influence

of the machining conditions and the properties of the

workpiece material. Defect formation is strongly controlled

by the tool wear behavior [16]. For instance, workpiece

surface scratches, as shown in Fig. 8e, are mainly caused

by the slippage of crushed or broken abrasive grain parti-

cles. At the same time, deep grooves appear on the work-

piece surface, as shown in Fig. 8h. These are formed when

the crushed or broken abrasive particles are pressed into the

material matrix and then skid. In addition, material that is

not removed from the grinding zone in time and has large

plastic deformation and material that has adhered to the

abrasive wheel surface can cause workpiece surface

smearing, as shown in Fig. 8f. Furthermore, voids in the

workpiece surface are observed, as shown in Fig. 8g; these

may be introduced by the preparation process of the

FGH96 material. The generation of machined surface

micro-cracks is mainly caused by the release of residual

stress after grinding [42, 43]. However, further research is

required to establish the specific causes.

3.4 Tool wear analysis

The wear behavior can reflect the wear-resisting ability of

an abrasive wheel to a certain extent, and it is an important

factor affecting the ground surface quality. The radial wear

of the abrasive wheels in the current study was measured

by grinding a graphite block to duplicate the wear profile of

the abrasive wheel. However, it is difficult to detect

because the amount of wear on the abrasive wheel is very

small after a single grinding stroke. In order to improve the

measurement accuracy, the abrasive wheel was measured

after five grinding strokes. As shown in Fig. 9, the vertical

distance between the two parallel lines on the graphite

block is the value of the abrasive wheel radial wear. The

experimental results for the abrasive wheel radial wear per

unit length (i.e., the ratio of radial wear to workpiece

length) are shown in Fig. 10. The radial wear of the BA

and MA abrasive wheels exhibits almost the same trends

with the various grinding parameters. In addition, the radial

wear of the MA abrasive wheel is slightly lower than that

of the BA abrasive wheel because the hardness of the BA

abrasive wheel is lower than that of the MA abrasive

wheel. It can be seen that as the abrasive wheel speed,

workpiece infeed speed, and depth of cut increase, the

radial wear of the two types of abrasive wheels also tends

to increase. Moreover, as shown in Fig. 10a, as the depth of

cut increases from 0.2 mm to 1 mm, the radial wear of the

BA and MA abrasive wheels increases from 0.24 and

0.23 lm/mm to 0.45 and 0.44 lm/mm, respectively, which

are both equivalent to an increase of approximately 87.5%.

As the workpiece infeed speed increases from 80 mm/min

to 200 mm/min, the BA and MA abrasive wheel radial

wear increase from 0.25 lm/mm to 0.33 and 0.32 lm/mm,

respectively, equivalent to increases of 32% and 28%, as

shown in Fig. 10b. As shown in Fig. 10c, with increasing

abrasive wheel speed, the radial wear values for the BA

abrasive wheel and MA abrasive wheel have similar ranges

to those displayed in Fig. 10b. The increase percentage is

up to 32%. This tendency may occur because the contact

frequency of the tool and workpiece increased with an

increase in the abrasive wheel speed from 20 m/s to 35 m/

s. Moreover, as the material removal rate increases, the

abrasive wheel wear exhibits an increasing trend, as shown

in Fig. 10d.

The wear surface morphologies of the MA and BA

abrasive wheels are shown in Fig. 11. Band-shaped chips

clogging the pores of the abrasive wheels can be clearly
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observed in Figs. 11a, b; the chip topography is shown in

Fig. 11g. An abrasive wheel with a high porosity is gen-

erally selected to store the chips and the coolant when

grinding nickel-based superalloys [44]. However, when the

pores become filled with a large amount of chips, the

porosity of the abrasive wheel surface decreases, which can

lead to a significant decrease in the grinding ability of the

abrasive wheel and aggravate the abrasive wheel wear.

Thus, it can be inferred that both the BA and MA abrasive

wheels produce severe tool wear when grinding the FGH96

Fig. 8 Typical surface topography: the normal surface a, c and d and the burn surface b and surface defects of ground surface: e scratches,

f material smeared, g voids and microcrack and h deep grooves
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Fig. 9 Abrasive wheel wear measurement diagram

Fig. 10 Effects of a depth of cut, b workpiece infeed speed, c abrasive wheel speed and d material remove rate on abrasive wheel radial wear
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Fig. 11 Wear topographies of a, c, e and g BA abrasive wheel and b, d, f, h MA abrasive wheel
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material. In addition, in Figs. 11c, d, it is observed that a

large number of abrasive grain particles have broken due to

the adhesion of the workpiece material, and micro-cracks

and wear flats are also observed, as shown in Figs. 11d, f,

h. This means that the main wear pattern of the two

abrasive wheels during the grinding of the FGH96 material

is abrasive grain fracture and attritious wear.

However, compared with the BA abrasive wheel, more

micro-cracks are observed on the cutting edges of the

abrasive grains on the MA abrasive wheel. Previous

research has shown that micro-cracks on the cutting edge

of the abrasive grains of the MA abrasive wheel might be

favorable for its self-sharpening property [45]. This means

that when the MA abrasive grains break along the micro-

cracks, additional cutting edges will be exposed, resulting

in more cutting edges actually participating in the grinding.

This process is beneficial for removing the material more

efficiently and reducing the grinding force [46]. In addi-

tion, the toughness and hardness of the MA abrasive wheel

are higher than those of the BA abrasive wheel, which

promotes wear resistance of the MA abrasive wheel during

the grinding process. Thus, the wear amount of the MA

abrasive wheel is lower than that of the BA abrasive wheel,

as shown in Fig. 9. This is also the reason why the MA

abrasive wheel achieves a higher material removal rate

without surface burning than the BA abrasive wheel, as

shown in Figs. 4a, b.

3.5 Grinding ratio analysis

The abrasive wheel wear is affected by a large number of

factors, such as the cooling conditions, abrasive wheel

characteristics, and grinding parameters. Therefore, it is

difficult to analyze the abrasive wheel wear quantitatively.

However, the wear resistance of the abrasive wheel can be

quantitatively evaluated by the grinding ratio. Through

experimental studies of friction and wear, researchers have

found that the wear volume of abrasive particles can be

expressed as [47–49]

Vgrain ¼ a
P

9=8
N

K
1=2
c H5=8

E

H

� �4=5

l; ð2Þ

where Vgrain is the wear volume of abrasive particles, a a

constant independent of the material, PN the normal load,

Kc the fracture toughness of the abrasive particles, H the

hardness of the abrasive particles, E the elastic modulus of

the abrasive particles, and l the friction length of the

abrasive particles.

From Eq. (2), it can be found that the wear of abrasive

particles is related to the load and friction length. There-

fore, it can be obtained by an analogy method considering

that the abrasive wheel wear during the grinding process is

related to the grinding forces (including the tangential force

(Ft) and normal grinding force (Fn)), abrasive wheel

characteristics, and grinding length. In addition, the

grinding width is also an important factor for the volume of

abrasive wheel wear. Thus, the wear volume of the abra-

sive wheel (Vwheel) can be expressed as a function of the

above three parameters,

Vwheel ¼ kFx
nF

y
t l
0
cbs; ð3Þ

where k a constant related to the characteristics of the

abrasive wheel, l0c the grinding length and bs the grinding

width. In addition, the normal and tangential grinding

forces can be expressed as functions of the grinding dosage

(abrasive wheel speed (m/s), workpiece infeed speed (mm/

min), and depth of cut (mm)), that is

Fn ¼ f ap; vw; vs

� �
¼ K1a

n1
p vn2

w vn3
s ; ð4Þ

Ft ¼ g ap; vw; vs

� �
¼ K2a

m1
p vm2

w vm3
s ; ð5Þ

where K1 and K2 are constants. According to Eqs. (3)–(5),

the wear volume of the abrasive wheel during the grinding

process can be expressed as

Vwheel ¼ kanpv
m
wv

z
sl
0
cbs: ð6Þ

The model for the grinding ratio, G, during the grinding

process is shown in Eq. (7)

G ¼Vmaterial

Vwheel

¼ apl
0
cbw

kanpv
m
wv

z
sl
0
cbs

¼ bw

kbs

a1�n
p v�m

w v�z
s : ð7Þ

The established process for Eq. (7) can provide a new

concept for model building, which is convenient for rapid

prediction. According to Eq. (7), the grinding ratio of the

abrasive wheel can be predicted, and thus it can be used to

clarify the grinding performance of the abrasive wheel as

well as to optimize the grinding parameters. For any

grinding conditions, the values of k, n, m, and z can be

obtained through preliminary experiments.

According to Eq. (6), four groups of grinding parame-

ters (ap = 0.5 mm, vw = 100 mm/min, and vs = 25 m/s;

ap = 1 mm, vw = 100 mm/min, and vs = 25 m/s; ap-

= 0.5 mm, vw = 200 mm/min, and vs = 25 m/s; ap-

= 0.5 mm, vw = 100 mm/min, and vs = 30 m/s) were

selected to compute the values of k, n, m, and z under the

current machined conditions. Then, the relationship

between the wear volume (mm3) of the abrasive wheels

and the grinding parameters, grinding length, and grinding

width of the abrasive wheel were obtained, as follows

VBA¼ 0:00293a0:70
p v0:21

w v0:51
s l0cbs; ð8Þ

VMA¼ 0:00306a0:65
p v0:21

w v0:50
s l0cbs: ð9Þ

The grinding ratio, G, of the two types of abrasive

wheels can be obtained from Eqs. (7)–(9), as shown in
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Table 4 Experimental and predicted grinding ratios G of MA and BA abrasive wheel

ap/mm vw/(mm�min-1) vs/(m�s-1) G ratio of MA abrasive wheel G ratio of BA abrasive wheel

Experimental Predicted Error/% Experimental Predicted Error/%

0.2 100 25 0.70 1.05 50 0.68 1.08 58.8

0.6 100 25 1.54 1.55 0.65 1.49 1.51 1.34

0.7 100 25 1.70 1.64 3.53 1.68 1.58 5.95

1 100 25 1.81 1.86 2.76 1.76 1.76 0

0.5 80 25 1.56 1.53 1.92 1.57 1.50 4.46

0.5 120 25 1.41 1.40 0.71 1.40 1.37 2.14

0.5 150 25 1.34 1.34 0 1.32 1.31 0.76

0.5 180 25 1.28 1.29 0.78 1.26 1.26 0

0.5 100 20 1.60 1.63 1.88 1.58 1.60 1.27

0.5 100 35 1.22 1.23 0.82 1.21 1.20 0.83

Fig. 12 Predicted and experimental grinding ratio of a depth of cut, b workpiece infeed speed, (c) abrasive wheel speed and d material remove

rate
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Eqs. (10) and (11) for the BA and MA abrasive wheels,

respectively. The predicted and experimental grinding

ratios, G, of the two types of abrasive wheels with other

grinding parameters are listed in Table 4. In addition, the

overall results are shown in Fig. 12. From Table 4, the

average relative errors in Eqs. (10) and (11) are 7.56% and

6.31%, respectively. The experimental results show that the

grinding ratio of the MA abrasive wheel is larger than that

of the BA abrasive wheel. Furthermore, the wear resistance

of the MA abrasive wheel is superior to that of the BA

abrasive wheel. Thus, the grinding performance of the MA

abrasive wheel is slightly better than that of the BA abra-

sive wheel from the point of view of abrasive wheel wear,

GBA¼ 342:5a0:30
p v�0:21

w v�0:51
s ; ð10Þ

GMA¼ 326:8a0:35
p v�0:21

w v�0:50
s : ð11Þ

It has been reported that compared with the BA abrasive

wheel, the MA abrasive wheel has a much better grinding

performance [44, 50]. However, the advantages of the MA

abrasive wheel in grinding the FGH96 material are not

significant from the perspective of the grinding force,

temperature, abrasive wheel wear, and machined surface

quality. This is mainly because the excellent grinding

performance advantage of the MA abrasive wheel is not

highlighted in this case because the two types of abrasive

wheels are severely worn in the grinding process of the

difficult-to-cut FGH96 material, as shown in Fig. 11.

It can be seen that the grinding ratio of powder metal-

lurgy superalloy FGH96 is less than 1.8, as shown in

Fig. 12. However, the grinding ratio is much larger when

the alumina abrasive wheel is used to grind ordinary metal

materials. For example, the grinding ratio in wet grinding

of 100Cr6 steel using the MA abrasive wheel is from 90 to

120, as reported by Nadolny [51], while the grinding ratio

of ductile iron using the BA abrasive wheel is 19 according

to Shen et al. [52], and the grinding ratios of EN24 steel

and casting iron are 23 and 20, respectively, using the same

BA abrasive wheel according to Kalita et al. [53]. From the

point of view of the grinding ratio, it is shown that the

abrasive wheel wear is more severe during grinding of the

FGH96 material regardless of whether the MA abrasive

wheel or BA abrasive wheel is used. Thus, there is no

significant difference between the two types of abrasive

wheels in terms of the grinding characteristics and

machined surface quality.

4 Conclusions

This study conducted an experimental investigation on the

creep feed grinding of FGH96 material using MA and BA

abrasive wheels. The workpiece surface quality and

grinding characteristics were estimated comparatively. The

conclusions are as follows.

(i) Under the current grinding conditions, the BA and

MA abrasive wheels did not show significant

differences in terms of the grinding characteristics

and machined surface quality. This was mainly

because the grinding advantages of the MA

abrasive wheel were weakened for the difficult-

to-cut FGH96 material.

(ii) Serious tool wear occurred with both the MA and

BA abrasive wheels as wheel clogging and

workpiece material adhesion took place during

the grinding of FGH96, which had adverse effects

on the machined surface quality.

(iii) A prediction model for the grinding ratio was

established with acceptable errors of 7.56% and

6.31% for the BA and MA abrasive wheels,

respectively, during the current creep-feed deep

grinding of FGH96. The predicted results showed

good agreement with the experimental results

(ranging from 0.6 to 1.8).
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