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The seals made of Shoushan stone are an important treasure of traditional culture. Its surface quality has
an important influence on its economic value. This study has carried out basic research on the drag
polishing of irregular seals made of Shoushan stone. According to the research results of dragging polishing
with hard abrasives, a solution for dragging polishing of irregular seal made of Shoushan stone with self-
developed sol-gel ball tools is proposed. The process optimization of dragging polishing based on the regular
Shoushan stone samples is carried out, which was applied to the dragging polishing of irregular seals made
of Shoushan stone. It was found that the surface roughness was reduced from 1132 + 62 to 287 + 38 nm
and that the gloss increased from 6.0 £+ 1.9 to 34.8 & 4.3gu. The research results show that drag polishing
based on the self-developed sol-gel ball tool is a highly feasible finishing process for irregular seals made of
Shoushan stone. The results of this study are meaningful for the research of drag polishing for irregular
components whose hardness distribution is significantly uneven.

Keywords drag polishing, irregular seal made, shoushan stone,
sol-gel technology

1. Introduction

The seal stone is a unique artwork in the traditional culture,
especially the Shoushan seal stone which is one of the four
famous stones (Ref 1-3). In the process of a seal made of
Shoushan stone, the knife marks introduced in the engraving
process need to be removed by polishing. The polishing
process of the Shoushan stone seal is mainly to improve the
surface roughness and glossiness(Ref 4-6)

Seals made of Shoushan stone mainly consist of irregular
surfaces, which increases the difficulty of polishing. As for the
polishing of irregular surfaces, there are three kinds of
commonly used methods including robot-assisted polishing
(Ref 7, 8), fluid polishing (Ref 9), and barreling polishing (Ref
10). Although the machining error of robot-assisted polishing is
relatively small, the contact between the tool and the workpiece
surface is mainly point contact, which leads to the high cost and
time consumption (Ref 11). The larger contact between the
workpiece and polishing fluid could be achieved in the fluid
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polishing process such as magnetorheological, electrorheolog-
ical, and electromagnetic rheological due to the fluidity of
liquid (Ref 12). However, they have the drawback of high cost
due to the expensive polishing media and equipment, which
severely limits their application. When it comes to the barreling
polishing, the workpiece and the polishing media are put into a
container. The relative movement between the polishing media
and the workpiece could be achieved by the external force to
obtain the micro-removal of workpiece material (Ref 13, 14).
The barreling polishing could be divided into two types
including the vibration barreling polishing and the drag
barreling polishing. Although vibration barreling polishing
can obtain a smooth and non-destructive surface, the material
removal amount is atomic scale, which causes the extremely
low polishing efficiency (Ref 15).

In the process of drag polishing, the workpiece is clamped to
the main shaft of polishing equipment. The main shaft drives
the workpiece to revolve and rotate to achieve the material
removal, as shown in Fig. 1. The drag polishing technology has
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Fig. 1 The sketch of drag polishing
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been used in the manufacturing of medical implants, turbine
blades and cutting tool edges (Ref 16, 17). Drag polishing is an
ideal technique for the polishing of seals made of Shoushan
stone.

There are several factors including the polishing parameters,
the type, grain size and concentration of polishing media that
determine the quality of drag polishing. To obtain better surface
quality, the above factors should be comprehensively studied.
Kacaras et al. (Ref 18), Barletta et al., (Ref 19), and Zanger
et al. (Ref 20) proposed that higher rotational speed is beneficial
for the reduction of surface roughness. Uhlmann et al. (Ref 21)
pointed out that pyramidal media are more prone to scratch the
roughness peaks, whereas spherical media deform it plastically.
Irati et al. (Ref 22) showed that pyramidal-shaped abrasive
media exhibit a higher shear resistance, which is responsible for
the higher polishing loadings and the faster decrease of the
surface roughness. Korra et al. (Ref 23) investigated the
relationship between the grain size of abrasive media and the
surface roughness. It was found that the roughness decreased
with the increase in grain size.

Drag polishing is mostly used for finishing of metal parts,
and the abrasives used in drag polishing are most hard
abrasives. The study about the drag polishing of Shoushan
stone has not been reported. Compared with metals, Shoushan
stone has more complex components and hardness of each
component is significantly different, which leads to the
complexity of material removal mechanisms compared with
that of metal parts. In this study, the polishing processes of
regular Shoushan stone workpiece using hard abrasives are
carried out. According to the results, the drag polishing method
of Shoushan stone with sol-gel ball tools is proposed and
systematic research is carried out. The sol-gel ball tools are
developed for the polishing of regular Shoushan stone work-
piece. The polishing parameters are optimized. The optimized
process is extended to the polishing of irregular Shoushan stone
seals. The surface roughness of the seals made of Shoushan
stone reduces from R, 1132 &+ 62 to R, 287 =+ 38 nm, and the
surface gloss increases from 6.0 & 1.9 gu to 34.8 £ 4.3gu
based on the optimized parameters. The results show that the
drag polishing technique based on the self-developed sol-gel
ball tool has high feasibility for the polishing of seals made of
Shoushan stone.

2. The Preparation of the Sol-Gel Ball Tools

The polishing process with sol-gel ball tools is divided into
roughing and fine polishing. The dry sol-gel ball tools with
relatively high hardness containing W40 hard abrasive and the
wet gel ball tools with relatively low hardness containing W20
hard abrasive are used in roughing and fine polishing processes,
respectively. To study the influence of abrasive types on the
polishing process, the dry gel ball and wet gel ball tools with
silica, alumina, and diamond abrasives are prepared. The
preparation process of the sol-gel ball tools is shown in Fig. 2.

The preparation process of sol-gel ball tools mainly consists
of stirring, dripping, and air drying (drying). First, the stirring
with the rotation speed of 1200 rev/min is carried out to acquire
the uniform distribution of abrasive particles. Then, sodium
alginate is added to the abrasive aqueous solution while
stirring. The biopolymer sol with abrasives is formed after
stirring for 8 h. The sol-gel balls will form by the dripping
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Fig. 2 The preparation process of the gel ball tools

1600

7 omin 7 40min [ 80min]
1400 4
i
1200 .
g 10408 1031
E 1000 415 =
S 852 872
o) 818
2 800| |ror 16754 152 121
Q
= l616 635
5 e0-
=
<]
o7 400+
2004
0 : : r r :
1 2 3 4 5

Sample number

(a) The polishing media consisting of walnut shell and diamond abrasives

1600
[ omin [ 40min [0 80min|
1400
1200
A
£ 104 1 1017
E 100099 o gza_f_s -
4 516 =H 837 848 9
l T
@ 800 52| 12782
[
£
S 600
3
o2 400
200
0 . . - :
1 2 3 4 5
Sample number

(a) The polishing media consisting of walnut shell and alumina abrasives

Fig. 3 The roughness evolution of the sample during the polishing
processes with hard abrasive

process. The dripping device is a container with a dispensing
needle at the bottom. The dripping device is placed above the
solidification pool, and the sodium alginate hydrosol is placed
in the dripping device. The hydrosol drips through the
dispensing needle of the discharging device due to gravity. In
the solidification pool with calcium chloride solution, calcium
ions and sodium alginate hydrosol undergo -cross-linking
reaction, and the solidification of gel balls can be completed
in 1 h. The sol-gel balls contain a lot of water because the sol-
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gel balls need to be solidified in a calcium chloride solution.
The gel ball will release water due to the friction and heat
generated during the polishing process which will lead to the
change of shape if they are directly used for polishing. Further,
it will directly affect the final polishing results. According to
the hardness requirements of the gel ball tools, an air drying, or
drying process can be used to reduce the water containing in the
sol-gel balls. For air drying, industrial fans are used to increase
the airflow speed to enhance water loss. The air-drying speed is
8 m/s, and the air-drying time is 4 h. Drying is carried out in a
drying oven with drying temperature of 50 °C and a drying time
of 3 h. The diameters of wet and dry sol-gel balls are
3.15 £ 0.33 and 2.78 + 0.29, respectively.

3. Design of Experiments

3.1 The Drag Polishing with Hard Abrasive

Two kinds of mass-produced hard abrasives are used to
study the drag polishing process of regular Shoushan stone. The
polishing media consist of walnut shells as the abrasive matrix
and fine diamond or alumina abrasives. The abrasive formu-
lations are shown in Table 1.

Five regular Shoushan stone samples with the size of
25 mm x 25 mm x 45 mm are used in the polishing exper-
iments with hard abrasive. The samples are only cut before
polishing experiments. Each sample has four faces available for
the drag polishing experiments, only one of which is used for
each drag polishing experiment. The polishing experiments are
carried out on YH-J drag polishing equipment. The rotation and
revolution speeds are 30 rev/min and 150 rev/min, respectively.

3.2 The Drag Polishing with Sol-Gel Ball Tools

The polishing process of Shoushan stone with sol-gel ball
tools consists of roughing and fine polishing. The drag
polishing experiments are also carried out on YH-J drag
polishing machine. The rotation speed of 30 rev/min and the
revolution speed of 150 rev/min are used in the drag polishing
experiments. The roughing and fine polishing times are 30 min
and 60 min, respectively. The size of the sample is 25 mm x
25 mm x 45 mm. It is worth pointing out that only one
surface of the sample is used in one polishing experiment. The
dry and wet sol-gel ball tools with three kinds of abrasives
mentioned above are used in the roughing and fine polishing
experiments. The fine polishing experiments are carried out
after roughing polishing. However, the polished surface
roughness after roughing polishing is inconsistent because the
dry sol-gel ball tools with different kinds of abrasives are used.
The roughing polished surfaces are processed to make sure that
all the surfaces have similar surface roughness used in the fine
polishing experiments.

Table 1 Formulations of hard abrasive

Composition of  The radius of The mass ratio of
media abrasive/um abrasive to matrix
Walnut shell, dia- 1 1:9

mond abrasive
Walnut shell, alu- 1.5 1:4

mina abrasive
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Table 2 The parameters for drag polishing with hard abrasive

Sample number Rotation speed

Revolution speed Polishing time

1,2,3,4 30 rev/min

150 rev/min 40 min and 80 min

Table 3 The parameters for drag polishing with sol-gel ball tools

Type of sol-gel ball

Sample number Rotation speed Revolution speed

Rough polishing

Polishing time

Fine polishing Rough polishing Fine polishing

6,7,8,9, 10, 11 30 rev/min 150 rev/min

Dry sol-gel ball

Wet sol-gel ball 30 min 60 min

Orange-peel effect

321 HVO0.1

Fig. 5 The orange-peel effect of the polished sample

The roughness and gloss of the initial surfaces and that after
polishing of all samples mentioned above are measured by a
portable roughness tester (TIME3220) and a glossmeter (IC-
GRM-2000), respectively, to evaluate the polishing results. The
testing of roughness complies with the international standard
(ISO 1997). The measurement of roughness and gloss is
repeated 5 times.

4. Results and Discussion

4.1 The Drag Polishing with Hard Abrasive

The initial roughness of the samples and the roughness
when the polishing time is 40 min and 80 min in the drag
polishing of Shoushan stone with hard abrasive are measured,
and the results are shown in Fig. 3. As shown in Fig. 3(a),
when the polishing media consisting of walnut shell and
diamond abrasive is used, the roughness after polishing
generally decreased compared with that of the initial surface.
However, the roughness of sample 2 increased after polishing.
As for the polishing processes in which the polishing media
consisting of walnut shell and alumina abrasives are used, as
shown in Fig. 3(b), the roughness first decreases and then
increases as the polishing time increase for all samples. It is
found that the roughness could not be improved obviously
when the hard abrasives are used.

The composition of samples 1~5 was analyzed by XRD, as
shown in Fig. 4. The composition of Shoushan stone is more
complicated, and the composition of different samples is quite
different. Overall, the composition of Shoushan stone mainly
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539 HVO0.1

includes quartz, mica, pyrophyllite, and chlorite. The hardness
of each composition is shown in Tables 2, 3.

The composition of Shoushan stone is complex, and the
distribution of each component is uneven. The hardness of the
constituent components of Shoushan stone varies greatly, as
shown in Fig. 4, which enhances the difficulty of polishing.
When the hard abrasives are used for the polishing of Shoushan
stone, the orange-peel effect will occur. To reveal the mech-
anism of orange-peel effect during the polishing of Shoushan
stone with hard abrasives, the hardness tests in the orange-peel
and non-orange peel zones are carried out, as shown in Fig. 5.
It is found that the hardness is 321 HV,; and 539 HV,,,
respectively. It means that the orange-peel effect occurs in the
softer phase of Shoushan stone. More residual scratches are
found in the softer phase compared with the harder ones. The
hard abrasives are too hard for the polishing of softer phases in
Shoushan stone although it may be suitable for the polishing of
harder softer phases. Therefore, the hardness variation of the
constituent phase of Shoushan stone combined with the high
hardness of hard abrasive used in this study results in the
orange-peel effect. The orange-peel effect will make the
roughness worse. It can be drawn that hard abrasive is not
suitable for drag polishing of Shoushan stone.

4.2 The Drag Polishing with Sol-Gel Ball Tools

From the above analysis, it could be drawn that the
development of polishing tools with low hardness is the key to
improving the quality of drag polishing of Shoushan stone. The
sol-gel ball tools containing hard abrasive prepared based on
sol-gel technology have the characteristics of low hardness,
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Fig. 6 The surface roughness before and after roughing polishing
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Fig. 7 The surface roughness before and after fine polishing
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which has the potential to improve the drag polishing quality of
Shoushan stone.

The surface roughness after roughing polishing with three
kinds of abrasives is shown in Fig. 6. The average surface
roughness for the 6 samples reduced by 24, 32, and 50,

Fig. 8 The surface of Shoushan stone after fine polishing with
alumina abrasives

respectively, when the sol-gel ball tools with silica, alumina,
and diamond abrasives are used. The surface roughness could
be improved significantly for all sol-gel ball tools with three
kinds of abrasives. Compared with silica and alumina abra-
sives, diamond abrasives have the biggest hardness which
results in the maximum material removal rate corresponding to
the best polishing results.

The surface roughness after fine polishing with three kinds
of abrasives is shown in Fig. 7. The average surface roughness
for the 6 samples was reduced by 19 and 47%, respectively,
when the sol-gel ball tools with silica and alumina abrasives are
used. However, the average surface roughness rises from
533 + 26 to 665 £ 86 nm with the increase rate of 25% when
the sol-gel ball tools with diamond abrasive are used. Although
the sol-gel ball tools have greater flexibility, additional
scratches are formed on the fine polished surfaces leading to
the deterioration of surface quality due to the high hardness of
diamond abrasive. The alumina abrasives have a suitable hard-
ness for the fine polishing process which is beneficial for better
polishing results. The surface quality of Shoushan stone after
the fine polishing with alumina abrasives is shown in Fig. 8.
There are no obvious scratches on the polishing surface.

The sketch of the polishing process with the sol-gel ball
tools is shown in Fig. 9. The concession will occur when the
hard abrasives contained in the softer sol-gel ball contact with

L f,\.-l.’ V -

i B - Tl
houshan stone = L%

Sol-gel ball

Fig. 9 The sketch of the polishing process with the sol-gel ball tools

Concession —— Concession

Hard abrasive

Fig. 10 The comparison of the surface roughness before and after polishing
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Fig. 12 The surface roughness of an irregular seal made of
Shoushan stone

the Shoushan stone, which will reduce the scratching depth of
hard abrasives and avoid the occurrence of orange-peel effect in
the softer phase of Shoushan stone. This conclusion could be
verified by the results presented in Fig. 8.

4.3 The Drag Polishing of Irregular Seals with Sol-Gel Ball
Tools

According to the above analysis, it could be drawn that the
dry sol-gel ball tool with diamond abrasive and the polishing
time of 30 min for the roughing polishing and wet sol-gel ball
tools with alumina abrasives and the polishing time of 60 min
for the fine polishing is a more optimized process for the
polishing of Shoushan stone. It is worth pointing out that the
optimized process is based on the polishing experiments of
regular Shoushan stone samples, which would be directly used
in the polishing of irregular seals made of Shoushan stone. The
comparison of surface quality of irregular seal made of
Shoushan stone before and after drag polishing is shown in
Fig. 10. In order to quantitatively characterize the surface
quality of the irregular seal, the roughness and glossiness of
four selected local zones before and after drag polishing are
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Fig. 13 The surface glossiness of an irregular seal made of
Shoushan stone

measured, as shown in Fig. 11. The measure surface roughness
and glossiness are shown in Fig. 12 and 13, respectively. It is
found that the average surface roughness of the four zones
declines from 1132 £ 62 to 287 & 38 nm and that the
average glossiness increases from 6.0 == 1.9 gu to 34.8 + 4.3
gu. The results depict that drag polishing using the self-
developed sol-gel ball tools based on the optimized process
parameters could achieve the ideal polishing results of an
irregular seal made of Shoushan stone.

This study focuses on the study of the drag polishing of
Shoushan stone with sol-gel ball tools, in which the hardness of
the constituent phase of the workpiece is significantly different.
The hardness difference of constituent results in the poor
polishing results when the hard abrasives are used in the drag
polishing process. The drag polishing method using sol-gel ball
tools with a relatively low hardness to achieve high polishing
quality is proposed. The results of this study are instructive for
the drag polishing of irregular components whose hardness
distribution is uneven such as the parts made of composites and
multiphase steels.
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5. Conclusions

In this study, the drag polishing of an irregular seal made of
Shoushan stone is carried out. The following conclusions could
be drawn:

1. The hard abrasives widely used in the drag polishing of
metal parts are not suitable for the drag polishing of
Shoushan stone because the composition of Shoushan
stone is relatively complex.

2. The self-developed sol-gel ball tools with hard abrasives
have high flexibility, which could be used for the drag
polishing of irregular seal made of Shoushan stone. After
roughing and fine polishing based on the optimized pro-
cess parameters, the average surface roughness decreases
from 1132 £ 62 to 287 + 38 nm, and the average
glossiness increases from 6.0 &= 1.9 to 34.8 £ 4.3gu.

3. The optimized drag polishing process is that the dry sol-
gel ball tools with diamond abrasive are used for the
roughing polishing with the polishing time of 30 min and
the wet sol-gel ball tools with alumina abrasives are ap-
plied to the fine polishing.
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