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Abstract

In this work, we reported a novel grinding method with high tangential grinding force and low normal grinding force using
specially developed grinding tools. The tools were made of flexible composites based on the principle of liquid body armor and
the shear thickening mechanism of non-Newtonian fluid. During grinding, abrasive particles are capable of generating a “hydro-
cluster effects” under reverse tangential load, which lead to the decreased normal grinding force and the increased tangential
grinding force. Hence, workpiece materials are removed under “high-shear and low-pressure” grinding mode. A serial of
grinding experiments were carried out on Inconel718. The results showed that the novel grinding tool had an excellent grinding
performance on Inconel718 workpieces. The value of surface roughness decreased from Ra 473.7 nm to Ra 153.0 nm under the
optimal grinding parameters, i.c., wheel speed of 1 m/s, workpiece speed of 2000 mm/min, and grinding depth of cut of 180 pm.
The surface defects of the Inconel718 workpiece were gradually removed. Meanwhile, the uniformed grinding textures were
generated. The surface of the grinding tool had residual wear debris, and there was a little loss of grains after 240 grinding cycles.

Keywords Flexible composites - Grinding tools - High-shear and low-pressure grinding - Precision grinding - Nickel-based

superalloy

1 Introduction

Nickel-based superalloys (i.e., GH333, Inconel718, and
Inconel738) not only have excellent high-temperature
strength, oxidation resistance, corrosion resistance, thermal
stability, and thermal fatigue resistance performance, but also
possess high working reliability. They are capable of handling
complex stresses even under oxidation and gas corrosion con-
ditions of over 650 °C [1-4]. Therefore, nickel-based super-
alloys, as the materials of key parts and components, have
been widely utilized in the fields of aerospace engine turbine,
turboprop, and turbine shaft, etc. As nickel-based superalloy
parts suffer from the corrosive medium and alternating load
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for a long time, their poor surface integrity would accelerate
the fatigue damage of parts and reduce the service life. Hence,
subsequent finishing processing is required [5—7].
Nowadays, grinding is one of the most critical surface
finishing processes to meet desired part requirements for
difficult-to-machine materials in manufacturing industries
[8—11]. Nickel-based superalloys as a typical difficult-to-
machine material have some challenges in the process of
grinding, such as high grinding temperature, easy adhesion
of grinding wheel, low material removal rate, and poor surface
integrity of workpiece [12—14]. In recent years, a large number
of experimental and theoretical investigations have been con-
ducted to improve the machinability of nickel-based superal-
loys in the precision grinding. For example, Dai et al. [15]
investigated the effects of diamond grain cutting-edges mor-
phology and grinding wheel speed on grinding performance
of Inconel718 in terms of grinding force, scratching mecha-
nism, and specific grinding energy of a single diamond grain
of different shapes. Bhaduri et al. [16] explored the effects of
ultrasonic vibration with an open structured alumina-based
grinding wheel during creep feed grinding for Inconel718. It
was demonstrated that ultrasonic vibration increased the num-
ber of active cutting points on the grinding wheel. Yao et al.
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[17] investigated the surface integrity of Inconel718 during
the grinding process with a resin cubic boron nitride (CBN)
wheel and a vitrified bond alumina wheel. The effects of
grinding parameters on grinding force, temperature, and sur-
face integrity were explored. Gong et al. [18] established a
prediction model to predict the tangential grinding force and
the normal grinding force. Influence of grinding parameters
on grinding force, surface roughness, surface microstructure,
and subsurface damage was analyzed.

At the same time, many types of novel grinding tools have
also been developed and fabricated for the grinding of super-
alloys (e.g., monolayer brazed wheel, slotted grinding wheel,
and diamond whisker wheel) [19-21]. Li et al. [19] developed
a novel brazing technique—continuous induction brazing
technique, to prepare a cubic boron nitride (CBN) single braz-
ing grinding wheel. The chemical bond between filler alloy
and CBN grains was achieved. The grinding wheel has excel-
lent grinding performance for nickel-based superalloy
Inconel718. Peng et al. [22] proposed a novel method of pres-
surized internal-cooling and fabricated a pressurized internal-
cooling slotted grinding wheel with 3D printing. The results
proved that this method had better heat transfer efficiency than
that of conventional grinding. Lower grinding temperature
and better workpiece surface quality were obtained.

In the grinding of nickel-based superalloys, many issues are
faced such as high grinding temperature, low material removal
rate, and poor surface integrity. From the viewpoint of the grind-
ing mechanism analysis, this is contributed to the high normal
grinding force and low tangential grinding force [23-25]. For
some difficult-to-machine materials, the energy required for elas-
tic and plastic deformation as well as material removal is quite
huge during grinding [26, 27]. The normal grinding force of the
difficult-to-machine materials is tens of times or even hundreds of
times larger than that of the ordinary materials. Hence, it is im-
portant to increase tangential grinding force, reduce normal grind-
ing force, and improve the ratio of tangential force to normal
force for difficult-to-machine materials. However, current studies
on the grinding force model and experimental investigation are
still unable to change the fact of large normal grinding force and
low tangential grinding force during grinding. Few studies are
focused on how to reduce the grinding force and the ratio of the
normal force to the tangential force in the grinding process.

In this work, we proposed a novel high-shear and low-
pressure grinding method and developed a specially grinding
tool made of flexible composites. The basic composition of
the grinding tool and the grinding concept were introduced in
detail. Grinding experiments on Inconel718 were carried out
to investigate the grinding performance. Effects of wheel
speed, workpiece speed, and grinding depth of cut on surface
roughness were analyzed. The optimal parameters were ob-
tained under the selected conditions. The surface roughness
and micro-morphology of the Inconel718 workpieces were
investigated. The grinding characteristics with the novel
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grinding tool were explored through SEM observation and
EDS analysis.

2 Introduction of the high-shear
and low-pressure grinding method

As illustrated in Fig. 1, the novel grinding tool is consisted of
two parts, i.e., grinding tool substrate and abrasive layer. The
substrate material of the grinding tool was made of 304 stain-
less steel which owned enough rigidity and corrosion resis-
tance. The abrasive layer was fabricated through flexible com-
posites, i.e., the plain weave fabrics that were impregnated
into micro/nano abrasive mixed shear thickening fluid (STF)
[28, 29]. The composition of the abrasive layer mainly includ-
ed abrasive particle (white fused alumina), high-performance
fibers (Kevlar29), dispersed phase (nano-silica), dispersion
medium (PEG), and other additives.

The machining concept of the high-shear and low-pressure
grinding was introduced as the following three steps:

In step 1, the grinding tool starts to come into contact with
the surface of the workpiece. The abrasive particles and the
dispersed phase are uniformly dispersed in the dispersion me-
dium of the abrasive layer. Moreover, the fibers are uniformly
distributed, and the directivity is distinct.

In step 2, the abrasive layer of the grinding tool collides and
squeezes with the micro-convex peak of the workpiece sur-
face in the contact interface. The micro-convex peak generates
a large reverse tangential load on the grains of the abrasive
layer instantaneously under the condition of high relative mo-
tion. Meanwhile, the micro/nano grains in the contact area
quickly produce “hydro-cluster effects” and form “particle
clusters” [30]. The macroscopic viscosity of the STF around
the grains increases sharply and tends to be stable. The “par-
ticle clusters” collides with the micro-convex peak of the
workpiece surface. When the force exceeds the critical yield
stress of the workpiece material, the micro-convex peak is
removed by the grains in abrasive layer of the grinding tools.

In step 3, the “particle clusters” involved in the grinding
process gradually disappears after the material is removed,
and the reverse tangential load disappears. The grains and
the dispersed phase become uniformly dispersed again in the
dispersion medium. The grinding tool returns to the initial
state. The high-shear and low-pressure grinding is achieved
through recycling the three steps.

3 Experimental details
3.1 Experimental materials

The major chemical reagent, which were used in the study,
included hydrophilic fumed silica (H-300) (BET specific
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Fig. 1 Microscopic diagram of high-shear and low-pressure grinding principle

surface area 300 m*/g, primary particle size 7-40 nm), poly-
ethylene glycol (PEG-200, chemically pure, Newtonian fluid,
viscosity of 32 mPa s under 25 °C), and ethyl alcohol absolute
(mass fraction >99.7%, viscosity of 1.074 mPa s under 20 °C).
The high-performance Kevlar29 was woven into plain weave
fabric by a warp knitting interval (1500D, 200 g/m?). White
fused alumina (Al,O;) with average particle size of 6.5 pm
was selected as the abrasive in the experiments. The
Inconel718 block was used as the workpiece. The main chem-
ical composition of the workpiece was listed in Table 1.

3.2 Preparation and test of the abrasive layer

In this study, the solid content of SiO,/PEG system in the
shear thickening fluid (STF) was 15 wt.% while the white
fused alumina abrasive had a mass fraction of 5 wt.% in the
SiO,/PEG/AlL, O3 system of the shear thickening abrasive fluid
(STAF).

The abrasive layers, i.e., the flexible composites were pre-
pared as the following procedure. The appropriate amount of

Table 1 Main chemical composition of Inconel718 workpiece

Element Ni Cr Fe Nb Mo Ti Al Cu Mn O

Wt% 50.26 203 1849 3.31 289 141 0.61 0.54 046 028

the fumed nano-silica and PEG-200 was weighed according to
the ratio. The fumed nano-silica was sufficiently dispersed in
PEG-200 to prepare the STF. The right amount of white fused
alumina abrasive was weighed. After vacuum treatment for
Si0,/PEG system STF, the white fused alumina was dispersed
in the STF to prepare the STAF. The STAF was diluted with
ethanol (1:2). Then, the high-performance fiber fabrics were
immersed in the diluted solution. The abrasive layer was fi-
nally obtained after drying. The prepared abrasive layer was
mounted on the grinding tool substrate to fabricate the novel
grinding tool. The SEM images of the fumed nano-silica and
the white fused alumina selected in the experiment are respec-
tively shown in Fig. 2a, b.

The rheological measurements of the prepared SiO,/PEG
system, i.e., STF and the SiO,/PEG/Al,O5 system, i.e., STAF
were tested using an Aaton Paar Physica MCR302 rotary rhe-
ometer. The measurement fixture was a 50-mm diameter par-
allel plate apparatus, and test temperature was kept at a con-
stant temperature at 25 °C. The relationship between viscosity
and shear rate for the STF (15 wt% SiO, loading) and the
STAF (15 wt% silica+ 5 wt% Al,O3 loading) was shown in
Fig. 3.

As shown in Fig. 3, it was found that the prepared STF and
the STAF have obvious shear thickening effects. With the
increase of shear rate, STF and STAF disperse system exhib-
ited three distinct viscosity changes: zone I, II, and III. Zone I
and III were shear thinning zone in which the dispersion
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Fig. 2 SEM images of a fumed nano-silica and b white fused alumina

exhibited a continuous decrease in viscosity, while zone I1 was
a shear thickening zone where the dispersion exhibited a sharp
increase in viscosity and produce “hydro-cluster effects” to
form “particle clusters” in micro/nano scale. The maximum
shear thickening viscosity was 310.67 Pa s for STF while it is
68.03 Pa s for STAF.

Figure 4 shows the SEM images of neat Kevlar, Kevlar/
STF composite, and the Kevlar/STF/Al,O3 abrasive layer. It
was seen that the neat Kevlar29 plain weave fabric had good
fiber direction and smooth surface. There were no fiber dam-
ages as shown in Fig. 4a. As for Kevlar/STF composite, the
Kevlar29 fiber was attached with a large amount of fumed
nano-silica particles. Meanwhile, there were sufficient STFs
between fibers as exhibited in Fig. 4b. This was able to con-
tribute to shear thickening effects during grinding. As shown
in Fig. 4c, there were a large number of fumed nano-silica
particles and #2000 Al,O5 abrasive attached to the fiber sur-
face of the STAF abrasive layer. Through optimizing the shear
thickening effects, the fumed nano-silica particles were coated
with AL,O3 grains to generate “hydro-cluster effects” to re-
move the micro-convex peaks on the surface of the workpiece.
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Fig.3 Rheological behavior of pure shear thickening fluid with a 15 wt%
SiO, loading and b 15 wt% silica + 5 wt% Al,O5 loading
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3.3 Experimental setup and conditions

High-shear and low-pressure grinding experiments of the
Inconel718 workpiece were conducted on a CNC center as
shown in Fig. 5. The CNC center (VKN640) was equipped
with a positioning resolution of 5 pm in X-, Y-, and Z-axes.
The developed novel grinding tool was installed on the spin-
dle of the CNC center. The workpiece was connected to the
precision vice. The surface topography and elemental varia-
tion of the workpieces were measured by the Quanta 250 field
emission scanning electron microscopy. The surface topogra-
phy of the workpieces was characterized using a metalloscope
(Axio Lab Al, Germany). The surface roughness was mea-
sured with the TR 200 rough meter before and after grinding.
Five times in the chosen area were measured. The average
value of the five measurements was taken as the surface
roughness value of the area. Sampling length of the measure-
ment was 0.8 mm. Assessment length was 4.0 mm.

The dimension of the Inconel718 workpiece is 10 mm
(length) x 7 mm (width) X 3 mm (height). The surface pre-
treatment was performed with a 60 # alumina wheel (grit size
250 pum) to obtain a uniform surface with an initial surface
roughness of ~ 500 nm prior to the grinding experiments. The
experimental conditions were listed in Table 2. In the grinding
tests, the effects of grinding wheel speed were first explored.
Then, the optimal workpiece speed was further conducted
under the optimal wheel speed. Finally, the optimal wheel
speed and the workpiece speed as prerequisite were selected
to investigate the effects of the grinding depth of cut on the
grinding performance.

4 Experiments and discussion
4.1 Surface roughness
The influencing factors studied for the grinding experiments

are wheel speed, workpiece speed, and grinding depth of cut.
The whole grinding process consisted of 240 grinding cycles.
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The grinding wheel passed through the workpiece surface
once for one grinding cycle. The effects of wheel speed, work-
piece speed, and grinding depth of cut on the surface rough-
ness of Inconel718 workpiece were investigated. The optimal
process parameters were obtained under the selected
conditions.

Figure 6 shows surface roughness variation versus wheel
speed when the workpiece speed was selected as 2000 mm/
min, and the grinding depth of cut was fixed at 180 um. The
results showed that surface roughness values Ra of 153.0 nm,
178.6 nm, and 249.4 nm were correspondingly obtained at the
wheel speed of 1 m/s, 2 m/s, and 3 m/s. It was seen that the
best grinding performance was attained when the wheel speed
was selected as 1 m/s, followed by 2 m/s and 3 m/s. The
surface roughness reduced from Ra 473.7 nm to Ra 153 nm
at the wheel speed of 1 m/s after 240 grinding cycles. The
value of surface roughness was reduced by 68%. It was found
that the surface roughness of Inconel718 workpiece increased

Fig. 5 Grinding setup

CNC center

Abrasive layer

29'/;1111

Fig. 4 SEM images of a neat Kevlar, b Kevlar/STF composite, and ¢ Kevlar/STF/Al,O5 abrasive layer

with the increase of the wheel speed. This was attributed to the
decreases of the viscosity of STAF with wheel speed increas-
ing. The holding force of the grains reduced on the novel
grinding tool.

Figure 7 shows the effects of workpiece speed on the
ground surface roughness at the wheel speed of 1 m/s and
the grinding depth of 180 um. The workpiece speed of
2000 mm/min, 6000 mm/min, and 10,000 mm/min were re-
spectively adopted. The corresponding surface roughness Ra
of 150.3 nm, 242.8 nm, and 342.6 nm was attained after 240
grinding cycles. It was obviously found that the surface qual-
ity of the Inconel718 workpiece was inversely proportional to
the workpiece speed, as shown in Fig. 7. As the relative pro-
cessing time of the grinding tool on the workpiece surface
becomes short at the large feed speed, the grinding surface
quality becomes poor.

In order to further investigate the effects of grinding depth
of cut on the surface roughness, the grinding depth of cut was

(Precision vice

Grinding tool
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Table 2  Experimental conditions

Items Parameters
Workpiece material Inconel718

Initial roughness (nm) Ra~500

Wheel speed (m/s) 1,2,3

Workpiece speed (mm/min) 2000, 6000, 10,000
Grinding depth of cut (um) 120, 150, 180

set as 120 pm, 150 pwm, and 180 pm, respectively. The grind-
ing wheel speed of 1 m/s and workpiece speed of 2000 mm/
min were fixed during the grinding tests. As shown in Fig. &,
the surface roughness slightly decreased with the increase of
the grinding cycles when the grinding depth was selected as
120 um. The surface roughness (Ra) only reduced to
419.8 nm from the initial 495.0 nm after 240 grinding cycles.
However, the value of surface roughness of the Inconel718
workpiece decreased with grinding depth increasing. In par-
ticularly, the value of surface reduced down to 150 nm at the
grinding depth of cut of 180 um only after 120 grinding cy-
cles. The value of surface roughness was the lowest at the
grinding depth of cut of 180 um, followed by that at the
grinding depth of cut of 250 um and 120 pum, respectively.
This grinding characteristic with the novel grinding tool was
opposite to that of the conventional grinding wheel. The rea-
son is due to high elasticity for the flexible composited tool.
The contact area between the tool and the workpiece became
large with the increase of grinding depth of cut. The cutting
behavior of each active grain enhanced accordingly.

As observed from Figs. 6, 7, and 8, it can be concluded that
the grinding depth of cut has the most significant influence on
surface roughness of the workpiece after grinding, while the
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Fig. 6 Surface roughness variation versus wheel speed
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wheel speed has the least significant influence on the surface
roughness. The surface roughness of the workpiece greatly
reduced after 60 grinding cycles, whereas it became stable
after 120 grinding cycles. This indicated that the material re-
moval behavior was substantially completed during the first
60 grinding cycles. In the subsequent 60 grinding cycles, the
surface roughness slightly decreased due to the rigidity of
machine and the elasticity of the grinding tool. In addition,
the number of micro-convex peaks on the surface reduced due
to the removal of the workpiece material. This caused a neg-
ative impact on the grinding performance of the novel grind-
ing tools. Within the grinding parameters selected, the optimal
parameters were concluded as wheel speed of 1 m/s, work-
piece speed of 2000 mm/min, and grinding depth of cut of
180 um.
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4.2 Surface topography

The surface morphology of the ground Inconel718 workpiece
was investigated under the optimal grinding parameters. The
workpiece surface was observed using a metalloscope (Axio
Lab A1, Germany) before and after grinding. The magnifica-
tion of the metalloscope was chosen as 200 times. Figure 9
shows the specifically area micro-morphology of the
Inconel718 workpiece at each 60 grinding cycles. The surface
of the workpiece exhibited obvious pre-treatment textures by
grinding with the conventional wheel in Fig. 9a. The surface
texture by pretreatment was obvious. There were serious sur-
face defects on the surface. As shown in Fig. 9b, the grinding
texture generated by the pretreatment substantially disap-
peared after 60 grinding cycles, leaving only a small amount
of deep scratches. As shown in Fig. 9c—e, the marks of deep
scratches gradually became shallow with the increase of the
grinding cycles. However, the grinding textures with the novel
grinding tool became visible as the grinding cycles increased.

In order to understand the surface characteristics of the
workpiece, field-emission scanning electron microscopy
(Quanta 250) was employed to further characterize the surface
of the workpiece before and after grinding with the novel
grinding tool. The workpiece was ultrasonically cleaned with
ethanol prior to observation. Figure 10 shows the surface
micro-morphology of the Inconel718 workpiece before and
after grinding. The ground workpiece had undergone 240
grinding cycles. As shown in Fig. 10a, the surface obtained
by pretreatment with a conventional alumina wheel (grit size

150 um
T |

250 um) had a large number of grinding textures and surface
defects. The scratches produced by the grinding were different
in depth and width due to different protrusion heights of abra-
sive grains on the surface of the conventional grinding wheel.
As shown in Fig. 10b, after 240 grinding cycles with the novel
grinding tool, the original scratches, pits, and other defects on
the surface of the workpiece disappeared, only leaving a small
amount of original deep scratches on the surface. The marks of
deep scratches had also become very shallow. This resulted in
the generation of new surface with good surface quality. The
depth of the new created grinding texture was shallower. The
width of the texture was smaller as well. The main reason was
caused by small particle size (grit size 6.5 pm). The holding
strength of the “particle clusters” was also limited in the de-
veloped novel grinding wheel. Hence, the equivalent grinding
thickness of the single grain was small. The result showed that
the novel grinding tool had a good processing performance on
the Inconel718 superalloy although there were residual deep
pretreatment textures on the surface of the workpiece.

4.3 Elemental change analysis

Figure 11 shows the SEM images of the Inconel718 work-
piece and the abrasive layer before and after 240 grinding
cycles under the optimal grinding parameters. The EDS anal-
ysis results are shown in Fig. 12. The areas of red rectangles
shown in Fig. 11a—d are corresponding to the EDS analysis
results of Fig. 12a—d. As shown in Fig. 11a, b, the defects like
the corrugated pits on the surface of the workpiece were

150 pm
o M

150 um
e

Fig.9 Surface topography of Inconel718 workpiece using the developed grinding tool grinding tool during grinding process a before grinding, b after 60
grinding cycles, ¢ after 120 grinding cycles, d after 180 grinding cycles, and e after 240 grinding cycles
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Fig. 10 SEM image of workpiece
with before and after grinding. a
before grinding and b after
grinding

substantially eliminated. The elemental analysis of the
Inconel718 workpieces before and after grinding is shown in
Fig. 12a, b. The main elements of Inconel718 were detected as
Ni, Cr, Fe, Nb, Mo, O, Al, and Ti on the workpiece surface.
The compositions of the main elements were basically un-
changed before and after grinding. There were no large
amounts of element diffusion phenomena and abrasive ingre-
dient adhesion on the surface of the workpiece. As shown in
Fig. 11c, the surface of the grinding tool was smooth, and the
fiber direction was consistent before grinding. The surface has
been adhered by a large amount of STAF. However, after
grinding, the surface of the grinding tool was slightly worn
and broken for several fibers as shown in Fig. 11d. The overall

Fig. 11 SEM images of
Inconel718 a before grinding and
b after grinding. SEM images of
abrasive layer ¢ before grinding
and d after grinding
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worn status was not very serious. It was observed that STAF
had a large amount of flocculation due to shear thickening
effects. Elemental analysis of the abrasive layer before and
after grinding was respectively shown in Fig. 12c, d. Before
grinding, the main elements, i.e. O, C, Si, and Al, were detect-
ed on the surface of the abrasive layer. However, after grind-
ing, it appeared a large amount of the main elements of
Inconel718 such as Ni, Cr, and Fe. It was found that the Al
element was slightly lost. The reason for the elemental change
was contributed to adhesion of the worn Inconel718 debris
onto the surface of the abrasive layer after grinding. As the
novel grinding tool was not bonded, there was a little grain
loss during the grinding.
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5 Conclusions

A novel high-shear and low-pressure grinding method was
proposed in this work. A novel grinding tool made of flexible
composites was designed and developed. In order to explore
the fundamental grinding characteristics and material removal
mechanism, the grinding experiments were carried out on the
Inconel718 superalloy with the developed grinding tool. The
effects of grinding parameters on surface roughness, surface
morphology, and elemental change were investigated. The
results obtained can be summarized as follows:

(1). The measured rheological behavior for both STF and
STAF showed that the two fluids owned significant
shear thickening characteristics. The maximum shear
thickening viscosity of the STF and STAF were
310.67 Pa s and 68.03 Pa s, respectively. In the abrasive
layer of the flexible composited tool, the STAF was
uniformly distributed among the fibers.

(2). The grinding results showed that the optimal grinding pa-
rameters were wheel speed of 1 m/s, workpiece speed of
2000 mm/min, and grinding depth of cut of 180 pm under
the grinding conditions selected. The surface roughness
(Ra) of the Inconel718 workpiece reduced from
473.7 nm to 153.0 nm under the optimal parameters.

(3). The original grinding textures generated by pretreatment
were almost eliminated after high-shear and low-pressure
grinding with the novel grinding wheel. The ground
Inconel718 workpiece became quite smooth while the
shallow marks generated as the grinding cycles increased.

(4). Through EDS analysis, there was no large amount of
element diffusion and abrasive ingredient adhesion on
the workpiece surface. There were residual worn debris
attached to the surface of the novel grinding tool, where-
as the tool still sustained a good condition. In addition, it
was found that there was a little loss of grains for the
novel grinding tool after 240 grinding cycles.
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