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Abstract

As for blisk blade profile polishing, the “five-axis numerical control + flexible grinding head + elastic grinding tool” polishing process
equipment has advantages of high precision, little interference, good adaptivity, etc.; in order that the elastic grinding tool (abrasive cloth
wheel) can effectively fit in with the blade profile in the polishing process and polishing quality and efficiency can be improved, a polish-
ing path programming method of the elastic grinding tool was studied, feed mode of the elastic grinding tool and parametric method of
the blade profile were proposed, and calculation methods of offset surface, polishing spacing, polishing step size and cutter-axis vector
were given; this polishing path programming method makes it possible for the flexible spindle mechanism keeps a reasonable pose dur-
ing the polishing process so that the elastic grinding tool can not only effectively fit in with the blade profile but also the polishing force
direction of the elastic grinding tool is basically identical with normal vector direction of the polishing point; the polishing test results
indicate that: After polishing, blade surface roughness is smaller than 0.4 um and blade profile tolerance is within the tolerance zone, thus
satisfying technical requirements and indicating that the technology proposed in this paper can satisfy blisk blade profile polishing re-
quirements.
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1. Introduction

As a new-type structural member designed for high-
performance aviation engines, blisk has been extensively ap-
plied to military and civil aviation aircraft engines in various
countries as a key component of aviation engines by virtue of
its light weight and high pneumatic rate. Nowadays multi-axis
linkage milling process has been mostly used in China, which
has already satisfied blisk machining requirements [1]. How-
ever, the blisk after milling is a spatial free-form surface with
obvious milling scallop height and crest and trough it forms
[2], and consequently, the surface roughness is large. Aviation
engine blades with disqualified surface roughness will easily
experience fatigue failure, deformation or fracture under high-
temperature and high-pressure environment [3], and the con-
sequence is unbearable. Therefore, it’s necessary to remove a
small margin using the polishing technology in order to obtain
the surface roughness meeting technical requirements [4],
improve fatigue resistance and surface friction performance of
the blisk [5] and then improve performance and service life of
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aviation engines.

However, as the blisk is of complicated structure, the fol-
lowing difficulties are mainly faced in the process of imple-
menting the automatic polishing technology: (1) Blisk blade is
thin, crankle ratio is large, blade span is long, blade spacing is
small and openness is poor [2], and as a result, reachability of
the grinding tool is poor and machining interference between
grinding tool and workpiece can easily occur; (2) the blade is
thin with poor rigidity, machining deformation can be easily
generated, which will affect surface quality and profile preci-
sion [6], and thus higher requirements have been proposed for
the flexibility of the grinding tool; (3) machined and formed
blade surface has nonuniform margins with severe tool marks
and large scallop height between lines and large waviness [7],
which puts forward strict requirements for adaptivity of the
polishing process system and selection of process parameters;
(4) as the blisk plays a significant role in guaranteeing safe
and reliable engine operation, requirements for qualified pol-
ishing quality indexes are extremely rigorous [8], for instance,
machined profile precision should be lower than 0.08 mm and
machined surface roughness should be smaller than 0.4 um,
etc. [2].

At present robot [9-11] and numerically-controlled machine
tool [12-14] have been extensively used as polishing tools
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both home and abroad. Ideal polishing effect on complex sur-
faces has been achieved by combining path programming,
visual positioning and other technologies; however, numeri-
cally-controlled machine tool is of high price [15] without
detection function of polishing force and control function [12],
and robot polishing path error is large [10]. In terms of grind-
ing tools, PAN et al. polished spherical lens and ZENG and
BLUNT [16] polished medical Co-Cr alloy. Gasbag taken as
the polishing tool, ideal polishing effects have been realized
through a reasonable control of process parameters. As for
complicated geometrical shapes, non-contact polishing proc-
esses [17-20] like magnetofluid, electrofluid and abrasive fluid
have been proposed in the academic circles, but material re-
moval rate and polishing efficiency [17] are low with poor
consistency of surface quality and high cost [21]. With a high
polishing efficiency, abrasive belt [12, 22, 23] has been used
as the main polishing tool, but as the grinding head mecha-
nism is large in volume, it’s difficult to enter the blisk with
narrow inlet and exhaust passage for polishing [24, 25].

Therefore, Northwestern Polytechnical University has inde-
pendently developed the “five-axis numeral control + flexible
grinding head + elastic grinding tool (abrasive cloth wheel)”
polishing process equipment [1, 22]. This equipment features
high path precision and favorable adaptivity, and moreover,
the abrasive cloth wheel of the grinding tool features small
volume and good elasticity under high-speed revolution, so it
is applicable to polishing of the blisk blade [23, 24]. Hence,
based on structural features of the blisk blade, a flexible pol-
ishing path programming method for the elastic grinding tool
abrasive cloth wheel was proposed in this paper, and its reli-
ability was verified through test results.

2. “Five-axis numerical control + flexible grinding
head + elastic grinding tool” polishing process

The structure of the five-axis numerically controlled polish-
ing lathe is shown in Fig. 1. This lathe includes 3 linear mo-
tion axes X, Y and Z, 1 blisk rotation axis C and 1 swing axis
A of flexible grinding head; the key component of the equip-
ment namely spindle head A of the flexible grinding tool is
distributed with 3 micrometric displacement cylinders along
the radial direction and installed with 1 micrometric displace-
ment cylinder along the axial direction. In the polishing proc-
ess, multiple displacement sensors distributed in radial direc-
tion and axial direction conduct real-time detection of pose
change of the spindle tool. The acquired data signals are input
into the industrial control system and calculated through the
control algorithm in this system, control signals are output
then so that air cylinders execute their actions and flexible
spindle A does micrometric displacement action according to
the geometric profile change of the blade, and the flexible
spindle pose is adjusted in a real-time way so that the abrasive
cloth wheel of the elastic grinding tool keeps fitting in with the
geometric profile of the blade so as to realize adaptive flexible
polishing [1, 22].
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Fig. 2. Polishing principle of abrasive cloth wheel.

Compared with grinding tools such as abrasion wheel and
abrasive belt, the abrasive cloth wheel has simple structure
and small volume, it can go deeply into the narrow inlet and
exhaust passage for polishing, and it can effectively avoid the
interference between grinding tool and blade [1, 22-24]; the
radius of the abrasive cloth wheel increases under the effect of
centrifugal force when revolving at a high speed, great elastic-
ity is generated, and it closely contacts the blade profile in the
polishing process, and then a tiny enveloping plane is formed
between the surface and abrasive cloth wheel so as to realize
“micro-surface tangent contact”, which not only enlarges the
polishing area, effectively eliminates the scallop height be-
tween lines and improves polishing efficiency but also avoids
“over-polishing” or “under-polishing phenomenon caused by
rigid grinding heads like abrasion wheel [22-24]. As shown in
Fig. 2, polishing process parameters of the abrasive cloth
wheel include [1]: Rotate speed (@/remin™"), compression
depth (a, /mm), feed rate (v¢/mmemin™"), line spacing (p /
mm) and abrasive size P.

3. Polishing path programming method of the elastic
grinding tool (abrasive cloth wheel)

NC polishing CL (cutter location) path programming is the
key and basis for NC polishing [26, 27]. The machined sur-
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face should have favorable surface consistency with uniform
polishing patterns and the grinding tool must fit well in with
the machined surface in order to avoid “over-polishing” or
“under-polishing” and improve machining efficiency [28].
Polishing CL path can be divided into polishing PL (point
location) path and cutter axis vector; polishing PL is coordi-
nate data used to accurately mark spatial position of the pol-
ishing cutter in the polishing process while cutter axis vector
is the vector used to determine the direction of the polishing
cutter in the polishing process [26]. During the polishing proc-
ess, the geometric center of the abrasive cloth wheel can be
taken as the polishing PL while the axial direction of its spin-
dle head can be taken as the cutter axis vector direction as
shown in Fig. 3.

Path generation methods commonly used in NC program-
ming include cross section method, projection method, pa-
rameter line method, equal scallop height method, etc. [29, 30].
Parameter line method, which is the most fundamental cutter
path generation method, has been extensively applied to NC
programming of all kinds of surface parts by virtue of its ad-
vantages: Simple algorithm and small calculated quantity [30].
Therefore, parameter line method is selected in this paper as
the polishing path generation algorithm of the blisk blade pro-
file.

Parameter line method generates the cutter path by taking
the parameter line as the cutter location point curve, and the
surface to be polished is generally taken as the parametric
surface. The blisk blade profile is polished, cutter location
point path is generated on the offset surface of the blade pro-
file, so offset is needed only after parameterization of the
blade profile, and then cutter location point surface is obtained,
and cutter location path is generated on the offset surface; in
addition, before the path generation, the feed mode should
also be determined according to blade structure and actual
polishing effect so as to determine basic path line direction
and cutter axis vector. To sum up, the cutter location path
programming process of the blisk blade profile can be largely
divided into: Determination of feed mode, parameterization of
the blade profile, generation of the offset surface, determina-
tion of polishing spacing and step size as well as cutter axis
vector. Fig. 4 shows the polishing cutter location path gener-
ated on the blisk blade profile.

3.1 Feed modes

The blisk blade has a very high requirement for surface
quality. In order to improve fatigue strength of the blade,
stress concentration phenomenon should be avoided, the pro-
file surface roughness must be smaller than 0.4 um and there
should be no obvious polishing traces [23]. Different from
polishing of die-type free surfaces, as for blade profile polish-
ing, regional division can’t be implemented according to in-
dexes like distortion degree; the reason lies in that after the
polishing by regions, polishing traces at boundaries between
regions can be very obvious, which will easily cause stress
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Fig. 5. Feed modes.

concentration; meanwhile, the polishing path should be kept
smooth and continuous as far as possible so as to avoid polish-
ing traces caused by sudden change of the cutter axis vector.
Therefore, there are two polishing methods suitable for blade
profile, namely transverse polishing and longitudinal polishing
[24]. The axis of the abrasive cloth wheel is along the blade
length (stacking axis) direction in both methods. The abrasive
cloth wheel under transverse polishing is polished along the
direction of blade milling path, which can effectively remove
crest and trough, relative motion direction is along the blade
width direction and the polishing efficiency is high as shown
in Fig. 5(a); however, the abrasive cloth wheel under longitu-
dinal polishing is polished along the direction perpendicular to
the blade milling path, relative motion direction is along the
blade length direction and the polishing efficiency is low as
shown in Fig. 5(b). Hence, transverse polishing is adopted
under general circumstances.
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3.2 Parameterization of the blade profile

After cutted by the inner hub, the actual blade profile is no
longer a complete parametric surface because it's parameters
become smaller as shown in Fig. 6(a). If polishing path pro-
gramming is still conducted according to the parametric sur-
face in the blade shape construction, the generated cutter path
will not change with the shape of the blade surface when ap-
proaching the blade root, and interference can be easily caused
in the polishing process. Therefore, it’s usually necessary to
do re-parameterization of the blade profile surface and recon-
struct its parametric characteristics so that it has uniform pa-
rameters as shown in Fig. 6(b).

¢y 1s set as the air inlet boundary line of the blade profile; ¢,
is the exhaust boundary line; ¢, is blade tip boundary line; c; is
blade root boundary line. Re-parameterization of the blade
back surface taken as an example, re-parameterization steps
will be herein introduced:

Step 1: ¢, and ¢; are discretized into n+1 points according to
the arc length principle, and points along the ¢, direction on ¢,
and c; are respectively recorded as 4; (i =0, 1, 2, ..., n) and B;
@=0,1,2,...,n).

Step 2: Points 4; and B, are connected using a straight line,
where i = 1, 2, ..., n-1 (except for end point), and a cluster of
straight lines are obtained as /; (i = 1, 2, ..., n-1).

Step 3: Straight lines /; (i = 1, 2, ..., n-1) are projected on
the blade back surface along the normal direction of the blade
back in succession, and the curves after the projection are
recordedase; (i =1, 2, ..., n-1).

Step 4: o, €; (i = 1, 2, ..., n-1) and ¢, are set out and mod-
eled along one direction to generate the surface S, namely the
blade back surface after the re-parameterization. The blade
back surface after the re-parameterization has uniform pa-
rameters as shown in Fig. 7.

3.3 Generation of the offSet surface

As polishing point location is the geometric center of the
abrasive cloth wheel, but the surface after the parameterization
in this paper is a surface where the tangent contact point of the
abrasive cloth wheel is located in the polishing process, in
order to obtain the cutter location path curve, offset of the
blade surface after the parameterization should be carried out
as shown in Fig. 8.

The offset distance is working radius R, of the abrasive
cloth wheel namely the difference between radius and com-
pression depth (r - a,) when the abrasive cloth wheel is revolv-
ing. This offset surface is a surface where the polishing point
location is located and where polishing path can be directly
generated. The formula of constructing the offset surface of
the blade profile is shown in Eq. (1).

S(u,v)=s(u,v)+a -N(u,v) (1)

where S(u,v) is equation of the offset surface; s(u,v) is equa-

(b) Blade back surface after the re-parameterization

Fig. 6. Schematic diagram of the blade surface.

Offsct surface

-

" Blade profile

Fig. 8. Blade profile and offset surface.

tion of the polished blade profile surface; N(u,v)is unit nor-
mal vector of the surface s(u,v) ; a is normal distance be-
tween s(u,v) and S(u,v) , and its value is equal to working
radius Rw of the abrasive cloth wheel.

According to the differential geometry theory of the surface,
the tangent vector between direction and direction at any point
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on the blade profile is shown in Eq. (2).

s, (u,v) = —aSg: Y)
2
s, (u,v) = % .

The unit normal vector N(u,v) at this point is shown in Eq.

3).

8, (uv)xs, (uv).

N(u,v)= 3)

s, (u,v)x sv(u,v)l '

The equation of the offset surface can be obtained by substi-
tuting the unit normal vector into Eq. (1), as shown in Eq. (4).

s, (u,v)xs, (u,v)

Su,v)=su,v)+R, - |Su (u,v) x Sv(”"’)l .

“)

3.4 Determination of polishing spacing

Polishing spacing p, which refers to the distance between
two adjacent polishing path lines, directly influences polished
surface quality and polishing efficiency. If the spacing is too
large, feed times will be reduced, but the engagement effect
between lines will be not ideal, and consequently, not only
that machining patterns left by milling can’t be radically re-
moved but also that obvious polishing traces can be easily
generated, which will affect consistency of surface quality; if
the spacing is too small, though the polished surface quality
can be improved, the polishing efficiency will be greatly re-
duced. Therefore, reasonable selection of polishing spacing is
of great importance to guaranteeing polishing quality and
improving polishing efficiency.

In milling and grinding process, equal scallop height
method is usually adopted to determine the spacing. However,
abrasive cloth wheel polishing is different with an extremely
small amount of material removed, actual polishing depth is
far smaller than compression depth of the abrasive cloth wheel,
so if equal scallop height method is still used to calculate pol-
ishing spacing, the quantity of generated path lines will in-
crease, which causes too low polishing efficiency. In order to
improve polishing quality and efficiency, polishing spacing is
determined according to polishing bandwidth D; the experi-
ence in actual polishing combined, when the polishing spacing
p is smaller than 1/4 of the polishing bandwidth D [23, 24]
( p £ D/4), the blade profile quality can be guaranteed.

Under the longitudinal polishing mode, the polishing band-
width is the tangential width of the contact zone between abra-
sive cloth wheel and workpiece. As curvature radius of the
blade is far greater than radius of the abrasive cloth wheel, the
blade profile is regarded as a plane for the convenience of
calculation, and the geometric relation as shown in Fig. 9
should be satisfied between polishing bandwidth and com-
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Fig. 9. Schematic diagram of the relationship between polishing band-
width and compression depth of the abrasive cloth wheel.

pression depth of the elastic grinding tool.
The polishing bandwidth D can be expressed by Eq. (5) ac-
cording to Fig. 9.

D:ZJ}”Z—(}’—aP)2 %)

where D is polishing bandwidth; 7 is radius of the abrasive
cloth wheel when revolving; a, is compression depth of the
abrasive cloth wheel.

If the abrasive cloth wheel of specimens of 8.5 mm x 14
mm/320” (initial radius 7, x thickness L x abrasive size P) is
selected, its initial radius is 8.5 mm, and according to Ref. [1],
its radius under the rotate speedof 6000 r/min can be obtained
as 7 = 10 mm. According to the polishing experience, defor-
mation of the abrasive cloth wheel is generally within 0.6
mm~1.2 mm. According to Eq. (5), the scope of the polish-
ing bandwidth can be determined as 6.8 mm~9.5 mm, so
when the polishing spacing p is smaller than 1/4 of the polish-
ing bandwidth (1.7 mm~2.3 mm), the blade profile quality
can be guaranteed; under the transverse polishing mode, the
width L of the abrasive cloth wheel is approximately equal to
its bandwidth D, namely L~D = 14 mm, and then the spacing
p should be smaller than 3.5 mm.

3.5 Determination of the polishing step size

The polishing step size is the distance between two adjacent
cutter location points on the polishing path line, and usually
equal chord height error method [31] is used to calculate the
step size as shown in Fig. 10.

In the figure, #; and #,, are two adjacent tangent contact
points on the polishing path, and R;and R;,, are curvature radi-
uses at the two points respectively. As the two points are adja-
cent, R = R; = R;,, is set for the convenience of calculation. / is
the distance between two adjacent tangent contact points, L, is
step size, ¢ is the set chord height error, and their geometric
relations are shown in Eq. (6).

Rf/Rk{éfzg. ©6)

Eq. (7) can be obtained through the numerator rationaliza-
tion in Eq. (6).
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Fig. 10. Schematic diagram of chord height errors.
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Machining step size L, can be expressed by Eq. (9).

; _(RER)L
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Eq. (10) can be obtained by substituting Eq. (8) into Eq. (9).

o iRw JReR (10)

where curvature radius R is shown in Eq. (11).

R:M (11)

5,,v) x5, ()

In Eq. (10), the value is positive when the surface is convex
and it is negative when the surface is concave.

In NC machining, workpiece surface quality is greatly in-
fluenced by chord height error [31]. When the chord height
error is too high, the material removal rates on the blade sur-
face will be nonuniform so that “over-polishing” occurs. But
when it is too small, the calculated quantity will be too large,
which causes program bloating. During the blade profile pol-
ishing process, as the abrasive cloth wheel is of certain flexi-
bility, the tangent contact status with the blade profile can be
automatically adjusted within a certain scope, a value desig-
nated in the blade finish-milling process is generally taken as
the chord height error, namely & = 0.005 mm.

3.6 Determination of the cutter axis vector

Cutter axis vector is the vector controlling spatial pose of

Culter axis
e 5 g
e i+1 wvector T

o P

Offset .qul'Fac-ct / )

Fig. 11. Cutter axis vector.

the cutter during the polishing process. Different from abra-
sion belt, abrasive cloth wheel polishing only needs to control
its axis vector in order to realize effective tangent contact be-
tween the cutter and workpiece under no interference, and
reasonable cutter axis vector control can greatly improve con-
sistency of the blade surface quality. During the transverse
polishing process, tangent vector direction u is usually taken
as the cutter axis vector direction in order that the polishing
force direction can be consistent with the normal vector direc-
tion of the polishing point as shown in Fig. 11.

Cutter axis vector is set as 7, and then it can be expressed
by Eq. (12).

T=8,(uv). (12)
Eq. (13) can be obtained by substituting it into Eq. (1).
T=s,(u,v)+a-N,(u,v) (13)

where unit normal vector of the contact point can be expressed
by Eq. (14).

s, (v %[, (u,v) =, (v)]

N, (u,v)= 14
(.7) |su (u,v)x sv(u,v)l 19

Then the cutter axis vector 7'is shown in Eq. (15).

T s (um)ta: 5, (V) X[, () =5, @) | 15

|s“ (u,v) x sv(u,v)l

4. Polishing test

The test was programed using the polishing path program-
ming method stated in this paper to verify its reliability. Proc-
ess parameters were selected within the priority intervals [1]
of polishing process parameters of the abrasive cloth wheel as
shown in Table 1. The polishing test was carried out for two
blades (blade back surfaces) numbered as A and B on the
blisk at one stage of the engine with material of TC4 on the
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Table 1. Polishing parameters.

Table 2. Polishing test results.

Value Roughness (¢m)
Parameters Blade
Blade A Blade B Befor polishing After polishing
o (r-min™) 7500 7000 A 1.12 0.38
p (mm) 0.8 1 B 1.26 0.37
a, (mm) 1.2 1
ve(m - min™) 180 120
P 320 400

Fig. 12. Polishing test.

Profile'measure

position

Fig. 13. Comparison of polishing effect.

above mentioned special NC polishing machine in a trans-
verse feed mode as shown in Fig. 12; the abrasive cloth wheel
(specifications: 8.5 mm X 14 mm x P) with abrasive particles
green silicon carbides was used as the elastic grinding tool.
Before and after the polishing, iron slags on the polishing
surface should be removed. A portable roughness tester Mar
Surf M300C was used to measure roughness values of two
blades A and B at the measuring position shown in Fig. 13 by
randomly selecting 5 different point locations in the direction
perpendicular to the polishing path direction, and the maxi-
mum values were taken as measured results; blade tip profile
tolerance was measured using a three-coordinate measuring

Tolerance zone< = = = = =

~

Theoretical lige

Measyre line %
N

(a) Blade A

Tolerance zone = < _
Theoretical_]i\ne

~
Measure line

(b) Blade B

Fig. 14. Profile line.

machine.

According to polishing results shown in Table 2, roughness
values of two blades A and B satisfy R, < 0.4 pm after the
polishing, thus satisfying drawing requirements, and the com-
parison of the blade surfaces before and after polishing is
shown in Fig. 13; after the polishing, profile tolerances of both
blades A and B will be within the tolerance zone, indicating
that the blade profile is not damaged, as shown in Fig. 14;
polishing time of blades A and B are about 32 min and 49 min
respectively, and about 70 min is needed for artificial polish-
ing of a single blade. Polishing test results of the blisk blade
indicate that: the polishing process proposed in this paper
effectively reduces surface roughness and guarantees blade
profile precision, and the efficiency is obviously improved
relative to artificial polishing, thus reducing the labor intensity
and verifying that the method proposed in this paper can sat-
isfy blisk blade profile polishing requirements of aviation
engines.
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5. Conclusions

(1) The adaptive flexible polishing principle of the blisk
blade polishing process equipment was introduced.

(2) For the polishing process features of the blisk blade, the
adaptive flexible polishing path programming method of the
blisk blade was given, including determination of feed mode,
profile parameterization, generation of offset surface, calcula-
tion of polishing spacing, polishing step size and cutter axis
vector, etc.

(3) The proposed path programming method makes it pos-
sible for the flexible spindle mechanism to keep a reasonable
pose in the polishing so as to effectively avoid “under-
polishing” and “over-polishing” phenomena. It ensures that
the elastic grinding tool can effectively fit in with the blade
profile, the polishing force direction is basically identical with
the normal vector direction of polishing point locations and
then polishing quality and efficiency are improved.

(4) The polishing test proves that the method proposed in
this paper can satisfy the blisk blade profile polishing re-
quirements of aviation engines.
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Nomenclature

a, : Compression depth
10} : Rotate speed

Ve : Feed rate

p : Line spacing

P : Abrasive size

D : Polishing bandwidth

r : Radius of the abrasive cloth wheel

Ry : Processing parameters working radius
L, : Step size
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