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Abstract: The application of a specific rheological polishing
slurry is proposed first for high-efficiency machining of
steel materials to achieve high-quality ultraprecision fin-
ished surfaces. The rheology of the polishing slurry was
explored to show that the non-Newtonian medium with
certain parameters of content components exhibits shear-
thickening behavior. Then the new high-efficiency nano
polishing approach is applied to process spherical surfaces
of bearing steel. Several controllable parameters such
as shear rheology, abrasive data, rotational speed, and
processing time are experimentally investigated in this
polishing process. A special finding is that the surface
roughness and material removal rate can increase simul-
taneously when a small abrasive size is applied due to
the thickening mechanism during the shearing flow of
slurries. Excessive abrasives can decrease surface quality
due to the uneven agglomeration of particles scratching
the surface. Under optimized conditions, a high-accuracy
spherical bearing steel surface with a roughness of 12.6 nm
and roundness of 5.3 um was achieved after a processing
time of 2.5h. Thus, a potential ultraprecision machining
method for target materials is obtained in this study.
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1 Introduction

Precisely finished components have increasing practical
applications such as aero engine blades, biomedical arti-
ficial pacemaker implants, optical multiple lenses, and
bearing elements [1]. The performance of these compo-
nents usually depends on form accuracy and ultra-smooth
surface with low or even no subsurface damage [2]. There-
fore, high-efficiency deterministic finishing method is an
important factor in the entire manufacturing process.

In this sense, Jones [3] developed the computer-con-
trolled optical surfacing (CCOS) technology to achieve the
shaping of high-precision surfaces. Law et al. [4] devel-
oped a CCOS system for correcting form errors on aspheric
surfaces and obtained a 55 mm diameter aspheric work-
piece with peak-to-valley (PV) error of 662nm and root-
mean-square (RMS) of 115nm. Some polishing methods,
such as magnetorheological finishing (MRF) [5], bonnet
polishing [6], and chemical mechanical polishing (CMP)
[7] can successfully remove tiny amounts of material
and at the same time they hardly induce fracture in the
machined material. Nevertheless, the high cost of magneto-
rheological fluids (i.e., slurries) in MRF, the embedded abra-
sives in the material in bonnet polishing, and the regular
environmental impact of chemical slurries in CMP [8] are
limitations in potential uses. Rapid polishing is associated
with improving the productivity of products. Accord-
ingly, new ultraprecision polishing methods with high
efficiency/high accuracy and low cost have to be identi-
fied. In this context, Li et al. [9,10] proposed a novel
polishing approach, that is, shear-thickening polishing
(STP). During the STP process, a “flexible fixed abrasive
tool” will emerge in the polishing zone between the work-
piece and slurry, and a persistent shear force compels
the abrasives to remove the roughness peaks. However,
precise rheological control of the specific slurries will
determine the machining capability of the workpiece
in the STP process. Subsequently, Li et al. [11] developed
temperature-induced gradient thickening slurries to polish
lithium niobate crystals with ultra-low damages. In addi-
tion, specific polishing slurries with adapted compositions
provide appropriate machinability for certain workpiece
materials.
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In particular, bearing steel materials have a crucial
application due to their superior properties (e.g., specific
behavior for extreme service-environments in large strength,
high strengthening elastics, toughness, and excellent anti-
corrosion [12-15]). Paturi et al. [16] applied the artificial
neural network method to research tool wear and revealed
the importance of cost-effective precision machining for
exploring new manufacturing methods of steel material.
Jouini et al. [17] explored the effect of surface integrity on
the fatigue life of bearing rings finished by turning and
grinding and pointed out that surface accuracy is the focus
of bearing manufacturing. Grzesik [18] studied the signifi-
cant influence of surface topography produced by turning,
grinding, honing, and isotropic finishing on the friction,
fatigue, corrosion, and other functional properties, and
highlighted the possibilities of generating precision surfaces
with target features by some manufacturing processes. Addi-
tionally, Byrne et al. [19] found that dimensional accuracy
and roughness could respectively achieve IT5 (Ra 0.1 pm)
during the cutting process. Yao et al. [20,21] developed
a CMP machining approach with both-sides mode for
cylindrical bearing steel and obtained high-accuracy pol-
ishing surfaces. Li et al. [22] reported the surface integrity
of bearing steel element with PV error of 0.82 pm and sur-
face roughness Ra 4.55nm via a high-efficiency polish-
ing technique. Thus, ultraprecision polishing of bearing
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components with satisfying high integrity in their surfaces
is an emerging field.

The novel application of high-efficiency nano polishing
slurries is usually restricted by the physical-chemical pro-
perties of workpiece materials. In this study, a promising
alternative of polishing slurries as one contribution is pro-
posed for the high-efficiency machining of steel materials.
The shear-thickening rheological properties of the slurry
are precisely controlled to effectively remove material.
Several control parameters are experimentally explored
in the polishing process. Another contribution of this
work focuses on the shape accuracy control of spherical
workpieces. Under optimum polishing conditions, a poten-
tial ultraprecision machining method for the targeted mate-
rials is obtained in this study.

2 Experiment and measurement

2.1 Polishing concept and self-developed
device

Figure 1 shows the polishing concept and self-developed
experimental device. The two self-rotating workpieces
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Figure 1: Schematic of the ultraprecision machining process: (a) polishing system; (b) material removal principle; (c) self-developed

experimental device and magnification region M of (a).
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were fixed and immersed in the new prepared slurries
(i.e., high-efficiency nano polishing fluids). The polishing
slurries with abrasive micro-particles were prepared and
added in a slurry tank with the annular groove. The liquid
level depth of slurries should be controlled at 50-60 mm
to facilitate greater contact with the workpiece surface.
The working speed of the polishing slurry tank in Figure 1
and the controllable self-rotational speed of workpieces
did not exceed 50 and 800 rpm, respectively.

In this experiment, two bearing steel parts with sphe-
rical surface (diameter: 40 mm) were selected as work-
pieces. The polishing conditions are shown in Table 1.
The shear depth between the slurries and work is less
than 1.5 mm. The effects of these controlling variables
were investigated.

2.2 Preparation and rheological test

In order to obtain the high-efficiency nano polishing slur-
ries for steel processing, the special preparation pro-
cesses of these slurries should be conducted as per the
following steps: first, the base liquid, which contains
polymer patrticles (e.g., polymeric substance and polyhy-
droxy powder) and a metal complex agent (e.g., ethylene
diamine tetraacetic acid) including chemical stabilizer
(e.g., epoxy agent) and some excipients, was prepared
to achieve the important shear-thickening mechanism.
Second, the abrasives Al,O; with 5-35 wt% (as shown in
Table 1) were added as the second phase to the above-
mentioned base liquid for preparing specific slurries.
Furthermore, the abrasive sizes of 1.5-15pm in Table 1
were added in the slurries and then explored to assess the
influence of the material removing mechanism for our
proposed bearing steel polishing technology in this study.
Finally, the components of the slurries were entirely mixed

Table 1: Detailed experimental data

Parameters Values

Workpiece material
Abrasive concentration

Bearing component/steel
W,% = 5, 15, 25, 30, and
35 wt%

D, =15, 3,5, and 15 pm

wy = 45 rpm (<50 rpm)

w = 200-800 rpm

Abrasive size

Rotational speed (slurry tank)
Rotational speed
(workpieces)

Shear depth

Dispersed phase

Polishing time

hs=1and 1.5mm
Ws% = 16, 32, and 48 wt%
At=0.5,1,15,2,2.5,and 3h

High-efficiency nano polishing of steel materials = 1331

and dispersed for approx. 1h at room temperature before
the rheological test and actual polishing. Regarding the
flow characteristics of slurries, a series of rheological mea-
surements were performed with a rheometer at the same
conditions and repeated three times. In addition, the
states of the special slurries were observed on the KEY-
ENCE VHX-5000 microscope. To capture the photos of the
fluid state, an auxiliary device (containing slurries) with a
stirring shear tool was designed under the microscope lens
to provide image observation during measurements.

2.3 Surface characterization

The removal variation of targeting workpieces per pol-
ishing time interval were measured and calculated by a
laser thickness tester (type: CMT-1100). Then the material
removal mechanism and polishing quality were charac-
terized with a profilometer (e.g., the roughness and round-
ness accuracy of workpieces were tested by an optical
profilometer and roundness testing device, respectively).
Additionally, the surface micromorphology was measured
by a scanning electron microscope (SEM).

3 Analysis of the rheological
properties of slurries

The flow pressure (p) of slurries is always studied by flow
governing formulas to ensure material removing control
during bearing steel polishing. To analyze the flow con-
veniently, some related data should be assumed as scien-
tific hypothesis [23,24]: (1) slurries will be assumed to be
incompressible and these mediums have a certain visc-
osity of u(y) which depends absolutely on a scalar quan-
tity of the shear rate; (2) the inertial force should be
roughly neglected for specific fluids. The mediums are
confined in the slurry tank with a gap depth of 1, 1.5 mm
between the workpiece and the tank-wall. Thus, these
configurations would simplify the analysis of flow control.
As is known, the viscous flow developed the functional
model for shear-thinning mechanism. However, in the pre-
vious work in refs [9,11], as an STP slurry, a power-law
rheological condition should be determined in order to
obtain a polishing effect for the workpiece machining.
Moreover, ref. [9] also explored the power-law fitting curve
of the rheological characteristic. Governing viscosity and
shear stress in the flow field, for dramatically producing
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shear-thickening mechanism, the mathematical power-
law formulas [25] of polishing slurries can be expressed as:

u@y) =c-yv, (1)
T=uy)y, ()
y = VA/hS’ (3)

where u(y) is a mathematical scalar function in these
equations, c represents the consistency index, especially
the power-law exponent n is greater than 1; 7 represents
the shear stress in the flow field, and y represents the
shear rate which is equal to the ratio of velocity gradient
(vp) to shear depth (hs). Generally, the flow viscosity u(y)
commonly varies and grows with shear rates y when the
exponent n is greater than 1; in addition, the above-men-
tioned mathematical formulas are adapting the incre-
ment of y under high shearing condition.

Macroscopically, the flow viscosity u(y) in equation
(1) will be demonstrated as the holding force and is con-
trolled by the strength of the “flexible fixed abrasive
tool” in the polishing process. As a controllable finishing
technology, effective control of polishing conditions,
especially flow viscosity u(y), will play a decisive role
in ensuring workpiece accuracy. Galindo-Rosales et al.
[26] developed a one liquid viscosity function on the
shear-thickening phenomenon to present the three sec-
tions of rheology curves, for example from thinning to
thickening and then to thinning behavior. Nevertheless,
the research work in ref. [26] is only made available
for colloidal suspensions without abrasives. Moreover,
some previous research works in refs [9,11,27], indicate
that the existence of abrasives in polishing slurries can
generate a “flexible fixed abrasive tool” under the rheo-
logical properties to a certain extent. Thus, the flow visc-
osity formula can be given approximately by apparent
viscosity as

He — Uy
1+ [Ky = ¥/ = VI

where u (y) represents the flow viscosity in the thick-
ening region for the polishing slurries; u, (y) represents
the asymptotic datum of flow viscosity under the high
shearing or larger shear rate y; and u.(y) represents the
asymptotic datum under the extremely small shearing or
shear rate y. Theoretically, shear thickening happens
when the flow viscosity is u(y) € [u.(y), u,,(y)]. Under
the shear-thickening regime, the viscosities of polishing
slurries are non-monotonically decided by abrasives in
addition to shearing actions.

Hs = Hpm + (4)
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where equations (5)-(7) have the similar mathematical

form expressed in equation (4). The parameters K; (when

i =s-d, s, s-dp) express the transitions from thinning to

thickening mechanism, while the power exponents n;

(when i = s-d, s, s-dp) involve three slopes for every flow

transition region under different shear rates. According to

the viscosities of the polishing slurries, the typical char-
acteristics can be derived as the following:

1. Region of shear-thinning mechanism: y; represents the
asymptotic value with the extremely small shear rates,
n; represents the curve slope for thinning mechanism;
Ks_q expresses the transitions from thinning to thick-
ening mechanism; and y,. represents the critical value
of y for the thinning region.

2. Region of shear-thickening mechanism: . represents
the critical thickening-viscosity with the rising shear
rates, ns represents the curve slope for thickening
mechanism; Ks_q expresses the transitions from thick-
ening to thinning mechanism; and y,, represents the
critical value of y for the thickening region.

3. Region of shear-thinning mechanism: p,, refers to the
critical thinning-viscosity with the extremely larger
shear rates, ng qp refers to the slope for the thinning
mechanism; K; 4, expresses the transitions from thick-
ening to thinning mechanism; and y,, represents the
critical value of y for the thinning region.

As pointed out in Section 2.1, the crucial concept of this
high-efficiency nano polishing process lies in the control of
the rheological mechanism in the region of shear thickening
to obtain a bigger holding force on the abrasives. Thus, the
viscosities of the polishing slurry should be explored and
the rheological curves should be determined to find the
important controllable parameters such as velocity gradient
(va) and shear depth (hs). Naturally, the velocity gradient
will be decided by the rotational speed of the associated
workpieces and the appropriate rotational speed of the
slurry tank. More importantly, the shear depth can always
be determined and adjusted by the polishing turntable. As
per the Preston’s equation of material removal [25], the pol-
ishing velocity (v) and pressure (p) are the two key conditions
regulating polishing efficiency. Thus, the performance
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control of the slurries will lay an effective foundation
for subsequent material removal analysis in Section 4.

4 Analysis of material removal
efficiency

As the rheological properties of polishing slurries are
configured with two parameters (e.g., velocity gradient,
v, and shear depth hg), the polishing process will have to
be regulated and controlled to ensure best machining
results for workpieces. Therefore, for our polishing approach,
based on the Preston’s equation [28], we can express the
material removal rate (MRR) equation:

MRR =k -p - w, (8)

where k represents a coefficient related to the actual pol-
ishing conditions, p represents the polishing pressure
calculated by the flow functions and the force sensor in
Figure 1, and v, represents the velocity gradient in the
flow field of slurries.

With the detailed polishing conditions demonstrated
in Table 1, all five values of MRR represented by MRR,
of various testing zones can be obtained in the experi-
ments as:

MRR, = Ah/At = (s — hy)/At, )

where MRR,, represents the experimental value, Ah repre-
sents the height difference of actual removal, h; repre-
sents the initial height, and h, represents the machined
height in our polishing process of time interval At.
Based on equation (8), coefficient k must be com-
puted as per the actual polishing data of MRR,. With
the target testing positions on bearing steel surfaces, cer-
tain differences exist regarding the actual polishing data
of MRR;, resulting in several values of the coefficient k.

Abrasives -—» %

100 um

High-efficiency nano polishing of steel materials = 1333

After that, the mean coefficient IEp of actual polishing data
will be obtained in this study. Thus, the new equation
MRRs for our study will be given as the following:

MRR¢ = ky - p - W, (10)

where MRR; represents the modified model, IEp represents
the average value for k in equation (8), p represents
the polishing pressure, and v, represents the velocity
gradient.

5 Results and discussion

Figure 2 presents the rheological states of slurries in the
original non-thickening condition as well as after shear
thickening. In order to capture the fluid state, an aux-
iliary device (containing slurries) with a disturbance
tool was designed under the microscope lens to provide
image observation during the testing process. An external
disturbance driven by shear force is more likely to pro-
duce abrasive Al,03-“thickening” groups for the slurries
under test. At the extreme lower shear rates (y), the slur-
ries mainly present a viscous state with the liquid flow
action in Figure 2a. Nevertheless, for the higher shear
rates (y), the elastic state exhibits a solid-like action in
Figure 2b. Thus, the rheological curves should be deter-
mined to realize the controllable polishing of workpieces.
Figure 3 presents a series of rheological curves of our new
applied polishing slurries with the Al,Os; abrasives. The
three rheological curves related to flow-viscosities (1)
and shear-rates (y) present similar trends approximately,
that is, 7 rises as the consecutive growth of y. The critical
shear thickening happens as y equals to 3s', while
the critical shear-thinning threshold appears at the con-
dition of y = 100 s\ Theoretically, the best shear zone
for polishing should be controlled under the condition of

Dispersed polymer

Thickening group

100 pm

Figure 2: States of the special slurries observed on the VHX-5000 microscope and SEM: (a) initial dispersion and (b) thickening group.
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Figure 3: Three rheological curves of the experimental slurries (flow
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y € [100, 200] s, so that the sufficient holding force on the
abrasives will result in high-efficiency material removal.

As shown in Figure 3, the prepared polishing slurries
exhibit non-Newtonian flow features of shear-thickening
rheology. According to the viscosities of the polishing
slurries, the typical characteristics can be derived as
three regions: (1) region of shear-thinning mechanism;
(2) region of shear-thickening mechanism; and (3) region
of shear-thinning mechanism. Theoretically, at extremely
low shear rates y of the first region in Figure 3, the spe-
cific construction of the polymer-chains in the slurries
moves at a slow speed and its entanglement does not
prevent the shearing flow [29]. Then, for the second
region in Figure 3, an appropriate thickening region of
the shear action is controlled for the polishing of the
spherical bearing steel. In addition, for the third region
in Figure 3, the shear-thinning phenomenon may have
resulted from disentanglement of the polymer-chains
during the shearing flow. More importantly, for the second
region of rheological slurries, when y reaches the threshold
of thickening (e.g., U, in equation (6)), the viscosities of our
applied slurries unexpectedly increase and the drag force of
liquid flow around the work surfaces rises at high axial
pressure. Thus, the specific variation results in thickening
phases to generate some clusters or groups, driving micro-
cutting abrasives to generate elastic polymers—abrasives
clusters (Figure 2b). Therefore, the mechanical removal pro-
cesses for polishing rose at tiny surface rough peaks on the
spherical bearing steel parts.

Figure 4 demonstrates the influence of abrasive size
(D,) on the polishing of workpieces. During the polishing
process, as shown in Figure 4, the abrasive size D, of
Al,05 has a great effect on the variation of workpiece’s
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Figure 4: Influence of different abrasive size of Al,03 on surface
roughness Ra and MRR.

roughness Ra (unpolished surface of Ra 310.0 nm). The
polished surface demonstrated mirror-like smoothness
with surface roughness Ra (12.8 nm) under the conditions
of abrasive size D, = 3pm, w = 700 rpm, W% = 32 wt%,
and W, % = 25 wt%. With the abrasive size (D,) decreasing
from 15 to 1.5um, the surface quality of the spherical
bearing steel parts improved during the polishing process.
The number of abrasives in the slurries increases with
decreasing particle size. Thus, with constant Al,O; concen-
tration, the roughness Ra of spherical parts decreases
more rapidly. In Figure 4, the surface roughness increases
dramatically when D, > 3 pm, which can be explained
theoretically with the explanation that a large size abrasive
will cause large scratches on the workpiece surface [9],
resulting in the mutation of surface roughness Ra. More-
over, the abrasive size of Al,O3 can affect the construction
of the elastic polymers—abrasives clusters, and then this
abrasive Al,Os-“thickening” groups generate the micro-
cutting of the workpieces. The control of the abrasive
size made a crucial contribution in improving the rough-
ness Ra of the workpieces. The MRR has a little variation
with the abrasive size due to the ratio of D, to particle size
of the thickening phase. However, the research result in
Figure 4 shows a special finding that Ra and MRR can
increase simultaneously during the application of small
abrasive size D, due to the thickening mechanism during
the shearing flow of slurries. Theoretically, at the same con-
centration of abrasives in slurries, MRR reduces with the
increase in the abrasive size D,. It might be decided by the
smaller number of abrasives and smaller micro-cutting edge
in the polishing contacting zone. In addition, the scratches/
pits and damages on initial rough surfaces (Figure 5a)
would be rapidly deburred (Figure 5b) and reduced due to
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SU3500 25.0kV 24.3mm x1.00k SE 50.0pm

SU3500 25.0kV 27.4mm x3.00k SE 10.0pm

SU3500 25.0kV 27.4mm x1.00k SE 50.0pm

Figure 5: Surface micromorphology: (a) unpolished rough surface with scratches (0 h); (b) rapid deburring (0.5 h); (c) micro-cutting (1 h);
(d) generation of micro-scratches (1.5 h); (e) surface flattening (2 h); and (f) polished smooth mirror (2.5 h).
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Figure 6: Effect of self-rotational speed of workpieces w on the
polishing data of Ra and MRR.
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the micro-cutting action of abrasives (Figure 5c). When the
polishing process continues, the surfaces of workpieces can
gradually flatten as shown in Figure 5d and e. Finally,
smooth spherical surfaces were achieved in this process
(Figure 5f).

Figure 6 demonstrates the influence of the self-rota-
tional speed of workpieces. As the self-rotational speed of
workpiece (w) increases at the constant rotational speed
of slurry tank w; = 451pm, the thickening mechanism
exhibits a higher intensity than at low speed, and then
the shear stress will grow rapidly to reach large material
removal. As the self-rotational speed of workpieces (w)
equals to 400 rpm and the rotational speed of slurry tank
w; = 451rpm, the roughness will reduce to Ra 12.4nm
at the polishing time of 3 h. Meanwhile, once the rheolo-
gical feature of the slurries with the region of rising
thickening reaches the thickening region of optimum
polishing, as shown in Figure 3, the appropriate shear
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Figure 7: Effect of Al,03 concentration on polishing data of Ra
and MRR.

action of thickening phases can be controlled to generate
some clusters or groups, driving micro-cutting abrasives
to generate elastic polymers—abrasives clusters for the work-
piece polishing. Excessive rotational speed (>400 rpm) can
affect the formation of the optimal thickening region and
will reduce surface quality with the increasing of surface
roughness. These results reveal the removal capability of
the effective flexible “polymer-abrasive clusters.” This is a
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remarkable improvement caused by the sharp strengthening
of the shear-thickening mechanism. Therefore, once more
rough peaks on the targeting surfaces are selectively cut in
the polishing time per trial, the polishing quality should be
dramatically improved with increasing MRR.

Figure 7 demonstrates the influence of abrasive con-
centration (W,%). The change of the roughness is always
decreasing when W,% < 25 wt%. However, when W, % >
25 wt%, the roughness will increase and will lead to a
deterioration of surface quality of spherical bearing steel
surfaces. Under the critical abrasive concentration of
W% = 25wt%, Ra reaches 16.7 nm in 2h. According to
polishing theories, at lower Al,O; concentration W,%,
only a few abrasives are involved in the micro-removing
of workpieces. As a result, an ideal processing effect
with high MRR and low surface roughness cannot be
achieved. A rising concentration causes the growth of
effective abrasives in material micro-removing and pro-
duces more rapid material removal and a slighter decrease
of roughness [30]. However, excessive abrasives can
reduce surface quality due to the uneven agglomeration
of particles scratching the surface. The polished sur-
faces have presented certain differences with various
abrasive sizes. The surface roughness of the workpiece
can be reduced from Ra 310 to 16.7 nm at an optimum
Al,O5 concentration of W,% = 25 wt%.
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Figure 8: Comparison of the initial and polished surface quality: (a) initial work piece; (b) polished work piece (2.5 h); (c) initial surface with
scratches; (d) polished work piece (2.5 h); (e) roundness of the initial work piece; and (f) roundness of the polished work piece (2.5 h).
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Figure 8 demonstrates the workpiece after a 2.5h
polishing process. Under the optimized experimental pro-
cess conditions of D, = 3 pm, w = 400 rpm, W% = 25 wt%,
the surface roughness of the spherical bearing steel compo-
nent reduced from Ra 310 (in Figure 8a and c) to 12.6 nm,
and a smooth-like surface was obtained in Figure 8b—d. The
material removal mechanism would be a continuous process
of micro-cutting [31-33], resulting in removing scratches and
pits to demonstrate “flexible polishing” [34—36] on the target
surfaces. These research findings indicate that material sur-
face defects were greatly reduced during the proposed pol-
ishing. More importantly, the optimization of processing
parameters can be helpful to control some other inter-
mediate or uncertain factors [37], so as to improve
the actual polishing accuracy of workpieces in this study.
In addition, shape accuracy is an essential polishing
datum for curved surfaces and can affect the component
assembly process and practical application of the final
product. Figure 8e and f demonstrate the roundness
variation of the workpiece before and after polishing.
The roundness value of the curved surface parts improves
obviously after a polishing time of 2 h, and the roundness
declines steadily from 12.2 to 5.3 pm after a processing
time of 2.5 h. Moreover, due to the limitation of polishing
conditions in this work, excessive polishing time (i.e., 3 h)
cannot significantly improve the surface quality of work-
pieces. Actually, if we further regulate the abrasive shape
[11] or composition of slurries [38], it might shorten the
processing time (e.g. At < 2h), which is expected to
further improve the processing efficiency of workpieces.
The research reveals that the high-efficiency nano pol-
ishing process is a valuable ultraprecision machining
approach for spherical bearing steel components.

6 Conclusion

A potential ultraprecision machining technology for spe-
cific steel materials was proposed in this study. The fol-
lowing conclusions were drawn from this study.

The specifically prepared high-efficiency nano pol-
ishing slurries exhibit non-Newtonian flow features of
shear-thickening rheology. Further, the shear-thickening
rheological properties of the slurry can be precisely con-
trolled to achieve material removal. As the rotational speed
increases at a constant rotational speed of the slurry tank,
the thickening mechanism at high rotational speed shows
much higher intensity than that in low rotational speed,
and the shear stress will grow rapidly to effect large material
removal due to the formation of flexible “polymer—

High-efficiency nano polishing of steel materials = 1337

abrasives clusters.” The control of the abrasive size
made a crucial contribution in improving the surface
roughness Ra of workpieces. A special finding is that Ra
and MRR can increase simultaneously when small abra-
sive size D, is applied due to the thickening mechanism
during the shearing flow of slurries. The change of the
roughness is always decreasing when W,% < 25wt%.
However, when W_,% > 25wt%, the roughness will
increase and will lead to a deterioration of surface
quality of spherical bearing steel surfaces. Excessive
abrasives can decrease the surface quality due to the
uneven agglomeration of particles scratching the sur-
face. Under the optimized experimental process condi-
tions of D, = 3pm, w = 400rpm, and W% = 25 wt%,
the roughness of the spherical parts decreased from Ra
310.0 to 12.6 nm, and the roundness improved from 12.2
to 5.3pum after a processing time of 2.5h. Thus, the high-
efficiency nano polishing process is an ultraprecision
machining approach with good prospects for producing
high-accuracy spherical bearing steel components.
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