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Abstract Abrasive cloth wheel is significantly flexible at
high-speed rotation and could realize adaptive micro-surface
contact polishing of the blade of aviation engines. To reduce
surface roughness and improve the surface integrity and me-
chanical property of the blade of aviation engine, this study
determined the primary and secondary processing parameters
by using orthogonal test and range method. Results show a
significant linear correlation between blade surface roughness
before and after polishing. A range of polishing parameters for
orthogonal central combination test was determined based on
the tendency chart. A roughness ratio prediction model was
established based on the orthogonal central combination test
results. This model was verified significant by variance and
diversity analyses. The polishing parameters were optimized
using response surface method. Finally, polishing experiment
using a blisk confirmed the reliability of the established pre-
diction model and the optimized parameters.

Keywords Abrasive cloth wheel - Blade of aviation engine -
Flexible polishing - Roughness ratio - Prediction model
1 Introduction

Surface roughness influences the functional characteristics,
fatigue durability, and surface friction properties of a

< Wenbo Huai
qjjxk @sohu.com

The Key Laboratory of Contemporary Design and Integrated
Manufacturing Technology, Ministry of Education, Northwestern
Polytechnical University, Xi’an 710072, China

workpiece [1]. The blade of an aviation engine presents an
unqualified surface roughness and easily suffers from fatigue
failure, deformation, or breakage under high-temperature and
high-pressure service environments [2], resulting in incredible
consequences. Machine-shaping blade is a spatial freeform
surface with evident milling remain height [3]. Therefore,
polishing technology is needed to remove remains and
achieve satisfactory surface roughness [4], improving blade
surface quality and performance of aircraft engine. Studies
have focused on spatial complex surface polishing and
achieved outstanding results.

Robots [5, 6] and computer numerical control (CNC) ma-
chines [7] are widely used as polishing machines in foreign
countries. These machines demonstrate ideal effect on complex
surfaces when combined with route planning [7] and visual
positioning [5] technologies. However, CNC machines are ex-
pensive and their polishing force cannot be controlled [8]; by
contrast, robots display considerable polishing track errors [5].
Pan et al. [8], Zeng and Blunt [9], and Ji [10] of Zhejiang
University of Technology used gas bag as polishing tool for
spherical lens, medical cobalt-chromium alloy, and mold sur-
face. Results showed that ideal polishing effect can be obtained
by controlling the processing parameters. Academic circles
have proposed some non-contact polishing techniques for com-
plex geometries, such as magnetofluid [11], abrasive fluid [12],
and electrofluid [13, 14]. However, these techniques demon-
strate small material removal rate, low polishing efficiency
[11], and high cost [15]. An abrasive belt [16, 17] is used as
the main polishing tool because of its high polishing efficiency,
although this tool is inapplicable in blisk in narrow vent pas-
sage because of its large grinding head [18, 19].

Abrasive cloth wheel can be used to polish blisks in narrow
vent passages because of its small volume, simple structure,
and flexibility. In previous study, a blade was polished using
an abrasive cloth wheel in an independently developed five-
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axis CNC machine to reduce interference and improve the
adaptivity and polishing efficiency of “shape-followed con-
tact” between the grinding tool and the polishing surface
[20]. The radius of the abrasive cloth wheel at high-speed
rotation increases under centrifugal force, demonstrating the
good elasticity of this tool; hence, abrasive cloth wheel can
realize the “shape-followed contact” on the surface during
polishing. This technique can avoid “under-polishing” or
“over-polishing” while maintaining stable polishing force,
thereby increasing the polishing efficiency. Nevertheless, the
influence of the processing parameters of abrasive cloth wheel
on surface roughness, coupling mechanism, prediction model,
and optimization of processing parameters remains unknown.
Numerous studies have investigated surface roughness pre-
diction. Yong [21] established a surface roughness model of
nano-crystalline hydroxyapatite milling by using polycry
stalline diamond insert in milling test and the optimized pro-
cessing parameters by using Minitab software. Ho et al. [1]
constructed a milling surface roughness prediction model by
using adaptive fuzzy genetic algorithm. Hanafi et al. [22]
studied the coupling effect of cutting speed, cutting depth,
and feed speed on surface roughness of poly ether ether ketone
CF30 milling by using the artificial neural network approach
and then established a surface roughness prediction model.
Zhao [16] applied the response surface method and
established a surface roughness prediction model for abrasive
band polishing of blade of aviation engine. Using aluminum
alloy milling with a monocrystal diamond cutter, Singh [23]
established a surface roughness prediction model through re-
gression analysis. Bigerelle [24] effectively predicted the sur-
face roughness of clutch gear in abrasive band grinding
though fractal function simulation, which reduced the number
of tests. By using magnetic-assisted aluminum polishing, Givi
et al. [14] established a roughness prediction model by using
the orthogonal test method. Among these methods, the re-
sponse surface method is superior to neural network algo-
rithm, genetic algorithm, and SNR design approach in terms
of fitting precision and fitting efficiency [16]. Therefore, this
study employed the surface response method to optimize the
processing parameters of the abrasive cloth wheel.
Moreover, these methods only predict surface roughness
and they do not clearly indicate the correlation of surface
roughness before and after polishing. The surface roughness
of milled blades of aviation engine differs significantly, and
the author found from test results that when similar processing
parameters are applied to blades with different roughness, dif-
ferent polishing effects will be achieved. To address this prob-
lem, this study established a surface roughness ratio prediction
model and optimized the parameters by using the response
surface method. First, primary and secondary processing pa-
rameters were determined via a range test involving the or-
thogonal test. Influence law of a single processing parameter
on roughness ratio was analyzed based on a tendency chart,

@ Springer

and the correlation analysis revealed a significant correlation
between surface roughness before and after polishing. Second,
aregression model between processing parameters and rough-
ness ratio was constructed based on the orthogonal central
combination test results, which verified the significance of
the model. Third, based on the prediction model, the process-
ing parameters were optimized by using the response surface
method. Last, the established model and optimized parameters
were verified through a polishing test using a blisk.

2 Polishing test
2.1 Test platform

For polishing, this study used an independently developed
five-axis CNC machine (Fig. 1), which consists of three rec-
tilinear coordinate axes and three rotational coordinate axes.
These axes of motion include rectilinear axes (X, Y, and Z),
rotational axis of blade (U), swing axis of blade (C), and swing
axis of flexible grinding head (A). The principal axis A allows
for real-time adjustment of the grinding head pose involving
three micro-displacement cylinders in radial uniform distribu-
tion and one axial micro-displacement cylinder according to
the changes in blade geometric profile in the CNC program,
which protects effective contact between the abrasive cloth
wheel and the blade geometric profile, thus realizing flexible
adaptive polishing. The working principle is introduced in
Reference [20].

This test used 10 TC4 blade samples (A-J) (Fig. 2). The
back and basin of every blade were divided into three zones
from the root to the tip, numbered 1, 2, and 3, respectively. For

Abrasive ‘ Z

cloth wheel
Blade

Fig. 1 Five-axis CNC polishing machine
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Fig. 2 TC4 blade samples

example, three zones on the back of blade A were marked A1,
A2, and A3.

The characteristic of TC4 includes easy adhesion, high
grinding temperature, strong chemical activity, and low grind-
ing ratio during grinding. Considering the demands for ade-
quate flexibility of the abrasive cloth wheel during polishing,
this paper chose an 8.5 mm x 14 mm x P (initial radius -
o % thickness L x abrasive size P) (P = 60%, 240", 320, 400,
600%) green SiC (GC) cloth-based abrasive cloth wheel as
grinding tool. A new abrasive cloth wheel was used in each
case wherein the experimental time is approximately 4—6 min,
which lies within the effective life of an abrasive cloth wheel
(25-30 min).

Five measuring points were randomly chosen from the
polishing zones before and after polishing. Surface roughness
was measured by a Mar Surf XR 20 surface roughometer
(sampling length = 0.8 mm and evaluation length = 4 mm)
by using the vertical polishing track approach. The mean val-
ue was considered the final result.

2.2 Analysis of processing parameters

Figure 3(a) shows that under the influence of centrifugal force,
radius 7 (mm) of the abrasive cloth wheel increases from initial
radius g to ro+ Ar as it rotates at the speed of w (r/min). The
abrasive cloth wheel suffers from radial compression from the
polishing surface. The rotation speed (w) and amount of com-
pression (a,/mm) are the main influencing parameters of the
polishing force [2] and the key processing parameters that
influence surface roughness [3]. Figure 3(b) shows that line
spacing between polishing routes (p/mm) determines
polishing number n (n = L/p). Feed speed (v¢/mm/min) and
abrasive size (P) influence the number of abrasive particles
involved in polishing [3]. Therefore, the processing parame-
ters of abrasive cloth wheel include w, a,, v¢, P, and p.

(a) Amount of compression (ap / mm)

v Lo
I

polishingroutes | ;

(b) Spacing between polishing routes (p /mm)

Fig. 3 Polishing principle. a Amount of compression (a,/mm). b
Spacing between polishing routes (p/mm)

Isoparametric line method [19] was employed in track plan-
ning, and the cutter radius in CNC programming was 7-a,,
ensuring that the abrasive cloth wheel displays a stable amount
of compression during polishing. Given that horizontal line
spacing method can effectively eliminate external waviness of
the blade [20], horizontal line spacing-based polishing, that is,
polishing along the milling track, was employed in this study.
Figure 4 shows the relationship between w and r in abrasive
cloth wheel with an initial radius of .

To explore the influence law of processing parameters of
the abrasive cloth wheel on surface roughness and their im-
portance order, this study designed a five-factor three-level
orthogonal test to assess the polishing effect on the backs of
blades A—H. The test results are listed in Table 1. y is the
roughness ratio after and before polishing: y = R'/R,,. K; is
the sum of row i in all columns: k; = Kj/s, where s is frequency
of occurrence of different factor levels on any column.
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Fig. 4 Relationship between radius and rotation speed of the abrasive
cloth wheel
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Table 1 Experimental results

using central composite design Number  w/it/ p/ ay/ Ve P Polishing R, R, y
min mm mm mm/ area
min

1# 4500 0.7 0.6 320 60 D3 1.1135 2.3166 2.080
2# 4500 1.2 0.9 220 600 C2 1.9043 1.4095 0.740
3# 4500 1.7 1.2 120 320 Gl1 1.8420 1.2372 0.672
44# 6000 0.7 0.6 220 600 B3 1.0941 1.2248 1.119
5# 6000 1.2 0.9 120 320 G2 1.8186 0.7658 0421
6# 6000 1.7 1.2 320 60 Al 2.0806 1.6677 0.802
T# 7500 0.7 0.9 320 320 E3 1.3498 0.6370 0.472
8# 7500 1.2 1.2 220 60 D2 1.0809 3.3880 3.134
o# 7500 1.7 0.6 120 600 Cl 1.9391 1.7283 0.891
10# 4500 0.7 1.2 120 600 C3 2.1003 1.2601 0.600
11# 4500 1.2 0.6 320 320 E2 1.5610 1.1202 0.718
12# 4500 1.7 0.9 220 60 D1 2.0061 3.2663 1.628
13# 6000 0.7 0.9 120 60 A3 1.4984 1.5567 1.039
144# 6000 1.2 1.2 320 600 B2 1.5572 1.1864 0.762
15 6000 1.7 0.6 220 320 El 1.9691 1.3003 0.660
16# 7500 0.7 1.2 220 320 G3 1.8591 0.5510 0.296
17# 7500 1.2 0.6 120 60 A2 1.8242 1.1607 0.636
184# 7500 1.7 0.9 320 600 Bl 2.0662 1.8200 0.881
19# 6000 1.2 0.9 220 320 H1 2.1398 1.3758 0.643
20# 6000 1.2 0.9 220 320 H2 1.8867 1.2213 0.647
21# 6000 1.2 0.9 220 320 H3 1.2445 0.7931 0.637
22# 6000 1.2 0.9 220 320 F1 2.0566 1.1422 0.555
23# 6000 1.2 0.9 220 320 F2 1.9704 1.2551 0.637
24# 6000 1.2 0.9 220 320 F3 2.0863 1.3935 0.668
K, 1.07 0.97 1.02 0.95 1.55

K> 0.73 0.86 0.76 0.96 0.61

K5 1.09 0.92 1.08 0.73 0.83

R 0.35 0.11 0.32 0.23 0.72

Therefore, k; is the arithmetic mean of all test results under
level i. In this paper, s = 3. R is the range, R = max(K;, K5,
K3) — min(K,, K>, K3) or R = max(k,, k», k3) — min(ky, k», k3).
A large range implies that changes in numerical value in the
current column of factors will greatly affect the test results.
Hence, the column showing the biggest range is the primary
factor. As shown in Table 1, P is the primary influencing
factor of roughness ratio, followed by w, a,, v¢, and p succes-
sively. Figure 5 shows the tendency chart which uses the fac-
tor levels as horizontal coordinate and the range as vertical
coordinate. The tendency chart reflects variation trend in
roughness ratio as factor values (processing parameters)
increases.

2.3 Design of the orthogonal central combination test
The central combination test ranges of w, ap, vy, and p could be

determined according to Fig. 5, as follows: 5000—7000 r/min,
0.6-1.2 mm, 120-200 mm/min and 240*-400", respectively.
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Based on the above analysis, p is the least important influenc-
ing factor of surface roughness. To reduce the number of tests,
p could be fixed at a good level, i.e., p = 1.2 mm. Table 2
shows the factor levels of the orthogonal central combination
test, and Table 3 shows test programs and results. The orthog-
onal central combination test aimed to polish the basins of
blades A-J.

3 Analysis of test results
3.1 Roughness ratio prediction model

Due to vibration of machining tools and system error,
profiles of blades milled under same processing parame-
ters will display significantly different errors and surface
roughness. Similarly, blades polished under same process-
ing parameters will show different surface roughness.
According to six groups of zero-level test results
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Fig. 5 Trend chart 1.8
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(Table 1), six blades with different surface roughness dis-
play different surface roughness after polishing. The cor-
relation coefficient between surface roughness before (R,)
and after (R',) the polishing is p=0.932, indicating a sig-
nificant positive linear correlation. Therefore, roughness
ratio can better reflect the effects of processing parameters
on polishing performance, especially in rough polishing.
Roughness ratio is more suitable for parameter optimiza-
tion compared with surface roughness. The roughness ra-
tio predicted by the established prediction model was
y=R,/R,.

Surface roughness is the coupling effect of processing pa-
rameters and the prediction model of surface roughness is
nonlinear. Therefore, the established prediction model can be
expressed as:

m
y=y<e=a+ Z bix; + Z bigxixj+
j=1 k<j (1)

> bk = 1,2, om=1(j#k)
j=1

where y is the predicted value of roughness ratio, y is the
roughness ratio, ¢ is the prediction error, @ and b are the re-
gression coefficients of the prediction model, x is a processing

Table 2  Level of factor distribution of polishing

Factor Level

-1 0 1
1 w/r/min 5000 6000 7000
2 a,/mm 0.6 0.9 1.2
3 y/mm/min 120 160 200
4 P 240 320 400

Table 3  Experiments and results of central composite design

Number Level Result
w a, Ve P

1 5000 0.6 120 240 0.715
2 7000 0.6 120 240 0.671
3 5000 1.2 120 240 0.710
4 7000 1.2 120 240 0.601
5 5000 0.6 200 240 0.733
6 7000 0.6 200 240 0.720
7 5000 1.2 200 240 0.713
8 7000 1.2 200 240 0.634
9 5000 0.6 120 400 0.691
10 7000 0.6 120 400 0.679
11 5000 1.2 120 400 0.681
12 7000 1.2 120 400 0.576
13 5000 0.6 200 400 0.692
14 7000 0.6 200 400 0.691
15 5000 12 200 400 0.677
16 7000 12 200 400 0.618
17 5000 0.9 160 320 0.606
18 7000 0.9 160 320 0.559
19 6000 0.6 160 320 0.611
20 6000 1.2 160 320 0.566
21 6000 0.9 120 320 0.536
22 6000 0.9 200 320 0.551
23 6000 0.9 160 240 0.581
24 6000 0.9 160 400 0.556
25 6000 0.9 160 320 0.541
26 6000 0.9 160 320 0.548
27 6000 0.9 160 320 0.551
28 6000 0.9 160 320 0.550
29 6000 0.9 160 320 0.539
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parameters (P, w, a, and v¢) under different levels. Therefore,
Eq. (1) can be rewritten as:

y=a+bjw+ brap + b3v¢ + byP + bpwap+
bizwve + biawP + b23apr + b24apP—|— (2)
b3aveP + b + bypay® + byve? + bauP?

Regression coefficients in Eq. (2) can be obtained from the
multi-element quadratic nonlinear regression data in Table 3.
In other words, multi-element regression model between pro-
cessing parameters and roughness ratio can be obtained, as
follows:

y = 3.35005-5.61136E—004 x w—0.72732 x a,
—1.74295E-003 x v{—3.37234E—003 x P—
5.89583E-005 x w x a, + 1.85938E-007 x w X v+
5.39062E-008 x w x P—2.60417E-005 x a, x vi—  (3)
4.94792E-005 x a, x P—1.03516E-006 x v¢ x P+
4.50906E-008 x w* + 0.56767 x a,*+
3.80663E-006 x v¢? + 4.85791E-006 x P?

3.2 Significance of the prediction model

The significance of the prediction model was verified by var-
iance analysis (Table 4).

The confidence coefficient was set at 95 %. In F-test,
the statistics of the model was F = 176.43 > F( (4,

24) = 4.22, indicating that the prediction model is very
significant. Under noise interference, the model shows
only 0.01 % possibility to achieve F' = 176.43. The tested
loss-faulty of the model was F = 2.08, demonstrating that
the loss-faulty of the model is not significant. According
to significance test and loss-faulty test results of the mod-
el, the regression model can fit well with test results on
test points and test values within the whole range. The
coefficient of determination (R*) and the adjusted multiple
correlation coefficient (Adj R?) of the model were 0.9944
and 0.9887, indicating high degree of fitting of the model,
consistent with the F-test results. If p value <0.01 (p value
is the partial regression coefficient of the model), it ex-
tremely significantly influences the prediction model. If
0.01 < p value <0.05, it significantly influences the pre-
diction model. If p value >0.05, it influences the predic-
tion model slightly. The variance analysis demonstrated
that w, a,, P, v¢, wap, wve, WP, wz, ap2 and P?
are the eight significant influencing factors of the predic-
tion model. Numerous significant influencing factors af-
fect the prediction model, demonstrating that the second-
order prediction model is reasonable. Signal-to-noise ratio
of the prediction model was represented by Adeq
Precision = 36.325 > 4, indicating that the model displays
an adequate resolution. To sum up, this prediction model
can be used to predict roughness ratio of surfaces polished
by abrasive cloth wheels.

Table 4 ANOVA table for the

regression model Source Sum of squares df Mean square F value p value Prob > F
Model 0.13 14 9.30E-03 176.43 <0.0001
A-w 0.012 1 0.012 232.83 <0.0001
B-ap 0.01 1 0.01 193.08 <0.0001
C-vf 1.61E-03 1 1.61E-03 30.46 <0.0001
D-P 2.59E-03 1 2.59E-03 49.18 <0.0001
AB 5.01E-03 1 5.01E-03 94.97 <0.0001
AC 8.85E-04 1 8.85E-04 16.79 0.0011
AD 2.98E-04 1 2.98E-04 5.65 0.0323
BC 1.56E-06 1 1.56E-06 0.03 0.8658
BD 2.26E-05 1 2.26E-05 043 0.5235
CD 1.76E-04 1 1.76E-04 333 0.0894
AN2 5.26E-03 1 5.26E-03 99.74 <0.0001
B2 6.75E-03 1 6.75E-03 128.05 <0.0001
"2 9.59E-05 1 9.59E-05 1.82 0.1988
D”2 2.50E-03 1 2.50E-03 47.42 <0.0001
Residual 7.38E-04 14 5.27E-05
Lack of fit 6.19E-04 10 6.19E-05 2.08 0.2496
Pure error 1.19E-04 4 2.97E-05
Cor total 0.13 28

Std. Dev. = 7.260E-003, Mean = 0.62, C.V. % = 1.16, PRESS = 4.028E-003, R>=0.9944, Adj R*=0.9887, Pred
R>=0.9692, Adeq Precision = 36.326; df degrees of freedom, CV coefficient of variation, F' Fisher’s ratio, p

probability
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4 Optimization and verification of processing
parameters

4.1 Optimization of parameters

The influence laws on surface roughness ratio can be deter-
mined by substituting zero-level values of every factor into
Eq. (3) (Fig. 6).

Figure 6(a), (b) shows that the surface roughness ratio
decreases first and then increases as w and a, increase.
Moreover, the number of abrasive particles participating
in polishing per unit area and unit time, as well as the
polishing force, increases, thereby increasing material re-
moval. However, when a, increases to radius increment
Ar, the stability and flexibility of the abrasive cloth wheel
decrease, making a nearly rigid contact with the

e 6289.82

$000.00 7000.00

Aw
(a)Rotation speed

=3
»
n

=

| 127.82

12000 131.43

14286 15428 16571

Covf
(c) Feed rate

workpiece surface. This phenomenon easily causes
vibration-induced uneven polishing and increases the sur-
face roughness ratio. Figure 6(c) shows that the roughness
ratio is positively correlated with feed speed vy because
when the feed speed increases, polishing time per unit
area and the number of involved abrasive particles are
reduced, whereas the grinding thickness of single abrasive
particle increases and the surface plastic deformation in-
tensifies. In Fig. 6(d), roughness ratio decreases first and
then increases with increasing abrasive size P. This phe-
nomenon occurs because a high abrasive size P will in-
volve more abrasive particles during grinding and reduce
the grinding thickness of single abrasive particle, whereas
a considerably high abrasive size results in few amount of
removed material and in reduced polishing efficiency on a
rough surface. Based on the valley points of curves in

B: ap

(b) Compression size

055 335&8/_,/

360.00 400.00

D:P
(d) Abrasive size

Fig. 6 Trend of changes in surface roughness ratio as a function of a single parameter
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0.7

0.6 s000 %0 w/r/min

(a) vy=127.82mm/min, P=335.58"

400

ap / mm : P

(¢) vy= 127.82 mm/min, @ = 6289.82 r/min

P w / r/min

(e) a,=0.97 mm, v¢= 127.82 mm/min

Fig. 7 The response surface for the optimal level of each single factor

Fig. 6, the optimum theoretical values of w, a,, v¢ and P
are 6289.82 r/min, 0.97 mm, 127.82 mm/min and
335.58" respectively. In fact, setting the value of w at
6289.82 r/min is difficult, and an abrasive size of
335.58" does not exist in the actual abrasive size specifi-
cation. y = 0.5375 when w = 6250 r/min; y = 0.5374 when
w = 6300 r/min; y = 0.5376 when w = 6350 r/min.
Therefore, the optimum practical value of w is 6300 1/
min, and the optimum practical value of P is 320"

The response surface could be acquired by Matlab software
(Fig. 7) based on the theoretical optimal values of all factors
and combined with Eq. (3). Figure 7 shows the coupling effect
of processing parameters on surface roughness ratio.
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(d) a,=0.97 mm, P = 335.58"
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(f) @ = 6289.82 r/min, a,= 0.97 mm

In Fig. 7(a), y shows a V-shaped variation when a, and w
increase. When a, = 0.99 mm and w = 6406.90 r/min, y-
min = 0.5270. Given the low a, and w, fewer abrasive particles
are involved in polishing, and the polishing force is weak,
resulting in small material removal. When w and a;, continue
to increase, the number of abrasive particles that participate in
polishing per unit area and unit time, as well as the polishing
force, increases, thereby increasing the material removal and
reducing roughness ratio. However, when a,, is greater than
the radius increment (Ar), rigidity of abrasive cloth wheel
becomes great, whereas stability and flexibility of the abrasive
cloth wheel decrease, resulting in its nearly rigid contact with
the workpiece surface. This phenomenon also easily causes
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Fig. 8 Polishing test

vibration-induced uneven polishing and increases the surface
roughness ratio.

In Fig. 7(b), y increases with increasing vy, although it de-
creases first and then increases as a, increases. When a-
p = 0.99 mm and v¢ = 124.33 mm/min, yyin = 0.5275. As v¢
increases, number of abrasive particles participating in
polishing per unit area and time decreases, whereas number
of involved abrasive particles and polishing force increase as
a, increases. However, the continuous increase in a, will in-
tensify the rigidity of the abrasive cloth wheel, resulting in
vibrations and uneven polishing.

In Fig. 7(c), y shows a V-shaped variation when P and a,,
increase. When a, =0.98 mm and P = 330.83" Ymin = 0.5275.
A higher P is accompanied by an increased number of abra-
sive particles involved during polishing; however, as P con-
tinuously increase, material removal decreases and the
polishing efficiency declines. Similar influencing law was ob-
served in a,.

Similar influencing laws of processing parameters on y
were observed in Fig. 7(d)—(f). In Fig. 7(d), ¥min = 0.5271
when w = 6404.82 r/min and vy = 121.43 mm/min. In
Fig. 7(e), ymin = 0.5271 when w = 6394.68 r/min and

Table 5 Polishing test results

Blade Roughness/um v value
Before polishing After polishing

1 1.052 0.555 0.5279

2 0.943 0.497 0.5266

3 0.691 0.364 0.5271

4 0.732 0.387 0.5283

After polishing

Fig. 9 Comparison of polishing effect

P = 330.17". In Fig. 7(f), ymin = 0.5275 when P = 330.37*
and vy = 123.52 mm/min.

As shown in Fig. 7, the optimum theoretical values of the
processing parameters are w = 6434.18 r/min, a, = 0.99 mm,
vy = 120 mm/min and P = 328.59% when y = 0.5266.
However, P = 328.59% is beyond the specifications (240",
320", and 400%) of abrasive cloth wheel and setting the rota-
tion speed at 6434.18 r/min is difficult. After calculation,
when P = 320" and w = 6400 r/min, the surface roughness
ratio is at the minimum (y,i, = 0.5271) Therefore, the practi-
cal optimum values of the processing parameters are
w = 6400 r/min, @, = 0.99 mm P = 320" and v = 120 mm/
min, when y = 0.5271.

4.2 Polishing test

A polishing test based on four TC4 blades (Nos. 1, 2, 3, and 4)
on the blisk was performed using the practical optimized pa-
rameters (Fig. 8) obtained by response surface method.
Spacing between polishing routes is p = 1.2 mm.
Isoparametric line method [19] was employed for track plan-
ning. As shown in Fig. 4, the radius of the abrasive cloth
wheel (8.5 mm x 14 mm x 320%) when w = 6400 r/min is
10.5 mm. Therefore, the cutter radius in the CNC program is
r-a, = 10.5-0.99 = 9.51 mm. Given that horizontal line spac-
ing method can effectively eliminate external waviness of the
blade [20], horizontal line spacing-based polishing, that is,
polishing along the milling track, was employed in this paper.

Five measuring points were randomly chosen from the
polishing zones. Surface roughness was measured by a Mar
Surf XR 20 surface roughometer (sampling length = 0.8 mm
and evaluation length = 4 mm) by using the vertical polishing
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track approach. The mean value was taken as the final result
(Table 5). Based on the polishing results, this prediction model
is reliable and could accurately predict roughness ratio of the
polishing surface. Furthermore, the optimized parameters
could contribute ideal polishing effect (Fig. 9).

5 Conclusions

1Y)

2)

3)

4)

The order of importance of the processing parameters of
the abrasive cloth wheel was determined using orthogonal
test and range analysis. P is the most important factor,
followed by w, a,,, v and p successively. The correlation
analysis demonstrates a significant linear correlation be-
tween R, and R, (p=0.932).

The range of processing parameters for orthogonal central
combination test was determined from the tendency chart.
On this basis, the prediction model of roughness ratio was
established and verified significant by variance analyses.
The model can thus be used to predict roughness ratio.
This prediction model is used to analyze independent and
coupling influencing laws of processing parameters on
roughness ratio. In addition, optimized processing param-
eters were determined using the response surface method.
The polishing test result of a blisk demonstrates that the
prediction model and optimized parameters are reliable.
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