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Abstract

Aero-engine fan blades often use a cavity structure to improve the thrust-to-weight ratio of the aircraft. However, the
use of the cavity structure brings a series of difficulties to the manufacturing and processing of the blades. Due to the
limitation of blade manufacturing technology, it is difficult for the internal cavity structure to achieve the designed
contour shape, so the blade has uneven wall thickness and poor consistency, which affects the fatigue performance
and airflow dynamic performance of the blade. In order to reduce the influence of uneven wall thickness, this paper
proposes a grinding allowance extraction method considering the double dimension constraints (DDC) of the inner
and outer contours of the hollow blade. Constrain the two dimensions of the inner and outer contours of the hollow
blade. On the premise of satisfying the outer contour constraints, the machining model of the blade is modified
according to the distribution of the inwall contour to obtain a more reasonable distribution of the grinding allowance.
On the premise of satisfying the contour constraints, according to the distribution of the inwall contour, the machin-

ing model of the blade is modified to obtain a more reasonable distribution of the grinding allowance. Through

the grinding experiment of the hollow blade, the surface roughness is below Ra0.4 um, and the contour accuracy

is between — 0.05~0.14 mm, which meets the processing requirements. Compared with the allowance extraction
method that only considers the contour, the problem of poor wall thickness consistency can be effectively improved.
It can be used to extract the allowance of aero-engine blades with hollow features, which lays a foundation for the
study of hollow blade grinding methods with high service performance.

Keywords Double dimension constraints, Allowance extraction, Abrasive belt grinding

1 Introduction

With the development of aviation technology, the
requirements of lightweight, high strength and high
fatigue life are put forward for aero-engine fan blades
[1, 2]. Wide-chord hollow fan blades become a key part
of high bypass ratio turbofan engines for weight reduc-
tion [3, 4]. The weight reduction cavity inside the hollow
blade has a very complex structure [5]. And the complex

*Correspondence:

Guijian Xiao

xiaoguijian@cqu.edu.cn

! College of Mechanical and Vehicle Engineering, Chongging University,
Chongging 400044, China

@ Springer Open

internal structure brings new influencing factors to the
grinding of hollow fan blades. Since the internal struc-
ture of the blade cannot be reprocessed after forming, the
consistency of the wall thickness of the hollow blade after
processing is difficult to guarantee [6]. Therefore, con-
sidering the internal wall thickness of the blade grinding
allowance extraction method is essential.

At the superplastic forming temperature, titanium
alloy has good diffusion bonding performance, and the
manufacture of titanium alloy hollow blades becomes
possible [7]. Therefore, the superplastic forming and dif-
fusion bonding (SPF/DB) process is a common method
for manufacturing titanium alloy hollow blades with cav-
ity structures [8]. Although SPF/DB technology appeared
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in the United States in the 1970s [9], it is still a challenge
for China to use this process to manufacture titanium
alloy hollow blades. It is difficult to obtain the ideal shape
in the design of the internal structure of the blade [10].
Starting from the microstructure of titanium alloy blades,
Xun et al. [11] analyzed the wall thickness distribution of
SPF/DB-formed blades and explained the causes of the
uneven thickness distribution of hollow blades. The une-
ven wall thickness of hollow fan blades after hot forming
is still a difficult problem to solve. In the grinding of hol-
low blades, the uneven wall thickness of the blade will
make its consistency worse, which will affect the service
performance of the blade. The influence of uneven wall
thickness must be considered. So it is necessary to detect
the inner contour of the blade.

Ultrasonic measurement is a common method for
detecting the thickness of the inner wall of the cav-
ity structure, which is often used to detect large-sized
turbine fan blades or steel pipes [12, 13]. But for small
and medium-sized and complex shapes of the blade,
the use of ultrasonic measurement is difficult to detect,
and ultrasonic measurement has a detection blind spot,
the detection limit is limited [14]. Industrial Computer
Tomography (ICT) is characterized by non-destructive
testing and high measurement efficiency [15, 16]. The
gray image obtained by X-ray through the blade can iden-
tify the inner contour of the blade and obtain the internal
structure data of the blade [17]. Zeng et al. [18] proposed
a detection method to compare ICT images with CAD
models, which can realize the measurement and compar-
ison of the internal structure of the blade, and has good
automation and detection accuracy. Wang et al. [19]
developed a high-precision CT measurement method,
which can control the accuracy within 0.015 mm when
measuring the blade wall thickness.

High-precision blade contour reconstruction is a key
issue for the analysis and extraction of grinding allow-
ance after obtaining blade contour information [20].
The NURBS curve interpolation method is often used
to reconstruct the blade surface, which can effectively
construct the blade surface [21, 22]. Peng et al. [23] pro-
posed a multi-point cloud alignment method for com-
plex-shaped blades, which can obtain more accurate
information about the blade surface and obtain a bet-
ter reconstruction model. After the model reconstruc-
tion is completed, it is necessary to find the optimal
relative position between the reconstructed model and
the design model, and establish constraints to measure
the minimum distance between the model contours to
obtain the distribution of machining allowance [24, 25].
Many matching methods use the ICP algorithm and its
improved method [26, 27]. Xie et al. [28, 29] proposed
an iterative variance-minimization matching (VMM)
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method, which can effectively avoid the influence of
measurement defects on the matching process. Lv et al.
[30] improved the VMM method by introducing a
weighted variance so that the matching method has bet-
ter robustness to negative and abnormal allowance. How-
ever, the research on the grinding allowance extraction
method of hollow blades is mostly based on the outer
contour, and the internal structure is rarely considered.

In order to obtain the appropriate grinding allowance
distribution on the blade surface under the condition of
considering the inner wall structure of the hollow blade,
this paper proposes a method for extracting the grind-
ing allowance of the hollow blade based on the double
dimension constraints (DDC) of the inner and outer
contours. Based on the blade contour and inner wall
structure, considering the contact characteristics of the
abrasive belt grinding process, the machining model of
the hollow blade is modified to improve the wall thick-
ness consistency of the blade and improve the ser-
vice performance while meeting the contour accuracy
requirements. Experiment results verify the validity and
feasibility of the DDC method.

2 Method

2.1 Blade Re-construction Theory

Due to the large surface curvature change and complex
structure of the titanium alloy hollow blade, it is difficult
to use a three-coordinate measuring machine to meas-
ure it in contact, and it has a long measurement cycle.
In this paper, blue light scanning is used to measure the
contour of the blade, and the contour data of the blade to
be processed is obtained. Blue light scanning can obtain
a large amount of point cloud data on the blade surface
in a short time, which greatly improves the detection
efficiency of leaves, blue light scanning is easy to operate
and lower requirements for operators. The device used is
ATOS 5 airfoil blue light scanning device, which is used
to measure the contour of the blade and obtain the sur-
face data of the blade. The inwall thickness data inside the
blade was scanned and detected by a high-energy indus-
trial CT scanner of Chongqing Zhence Science and Tech-
nology Co., Ltd., and the scanning ray energy was 9Mev.
The process of blue light detection and ICT detection is
shown in Figure 1.

Before reconstructing the model, the point cloud
data needs to be preprocessed, including cross-section
layering, data denoising, and contour curve extrac-
tion. The point cloud data of the blade surface contour
is defined as (i=0,1...m; j=0,1...n). Where m is the
number of measurement points for a section, and # is
the number of layers in the section. The surface meas-
urement points P are distributed on the section plane
perpendicular to the central axis of the blade, and the
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points on the same section have the same Z value. The
noise reduction process is performed on the J-th layer
section, and the redundant measurement points that
are invalid in the section are removed. The process is
shown in Figure 2, where e is the maximum allowable
distance between the data point and the fitted curve.

In this paper, the method used for model reconstruc-
tion is the cross-section line lofting method. After the
point cloud data is layered, the curve fitting is per-
formed on the point cloud on each section to construct
the contour curve on each section. The section line is
lofted to reconstruct the complete blade surface to
obtain the blade model. After denoising the points on
the section, the NURBS curve interpolation method
is used to fit the section contour. Fitting the section
contour itself with seven arc constraints is the near-
est estimation to the design data to obtain the best-
fitting contour curve of the section [31]. Let the data
point on the cross-section be T;(i=0,1...n), after noise
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reduction, and the NURBS curve obtained by fitting is
L(u), the following function can be obtained:

n
Ty =L@) =Y DjRj,@@), j=01.n, (1)
j=0

where Dj is the calculation control vertex; R;, (1) is the
basis function; u; is the parameter of the curve; p is the
degree of the spline.

In order to calculate the value of D, it is necessary to
determine the value of the basis function R;,(u;). The
basis function R; (1) is defined as follows.

Bjp(u) = M uelo1],
> i () @
j=0

where 4; is the weight factor; Nj,(x) can be obtained
according to the De Boor-Cox recursive formula.

After obtaining the control point Dj, start to con-
struct the contour curve on the section, and bring in
the NURBS surface definition formula to complete the
NURBS surface interpolation reconstruction of the sur-
face, and the reconstructed surface S(u, v) is obtained
as

M3z

n

> 24ijDiiN;p(u)Nj 4 (v)

i=0j=0

m n ’ (3)
> > 4ijNip()Njg(v)

i=0j=0

S(u,v) =

where D;; is the control vertex, which is a topological
rectangular array to form a control mesh; /;; is a weight-
ing factor associated with vertex D;;N;,(u), i=0,1,...,m
and Nj4(v) are the canonical B-spline basis of #-direction
p-order and v-direction g-order, respectively.

The whole reconstruction process is shown in Figure 3.
The point cloud model is obtained by measurement as
shown in Figure 3(a). The point cloud data is then lay-
ered perpendicular to the Z-axis direction with the blade
bottom surface as the initial plane. Each layer has a cor-
responding coordinate value on the Z-axis, and paral-
lel sections are intercepted as shown in Figure 3(b). The
NURBS curve interpolation method is used to fit the
contour of the blade point cloud, and the contour curve
of each section is obtained as shown in Figure 3(c). The
obtained contour curve is arranged according to the
corresponding z coordinate value, and it is lofted as Fig-
ure 3(d). The reconstructed blade model shown in Fig-
ure 3(e) can improve the reconstruction quality of the
blade by increasing the number of sections.

The two models reconstructed based on blue light
detection and ICT detection need to be registered to
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Figure 3 Blade reconstruction process: (a) Point cloud model obtained by measurement, (b) Section information extracted after delamination, (c)
Fitting the extracted points using a b-spline curve, (d) Fitting the blade surface, (e) Reconstructed blade model

make them overlap into one, and a complete blade
with contour and inwall thickness data is obtained.
The registration alignment is performed by an itera-
tive closest point (ICP) algorithm, which translates
and rotates the two-part model to minimize the sum
of squares between the points on the model surface to
achieve the purpose of registration. The layering pro-
cess uses a plane perpendicular to the Z-axis direction,
so the corresponding parts of the two models have the
same z-coordinate value. The model is registered with-
out rotation around the X-axis and Y-axis and move-
ment along the Z-axis. The coordinate transformation
formula of the registration process is:

X =cosy -x; —siny -y. + Ly,
yi=siny - &’ +cosy -y, + 1, (4)
Zi = Cj»

where y is the angle of rotation around the Z-axis; I
and /, are the tran§la§ior/1s along the X-axis and Y-axis;
T;(xi, yi>zi) and T;(x;, y;, z;) are the coordinates before and
after the transformation. Construct a function like the
following:

FWololy) = 16— a) + (i — b)* + (zi — ).
l 5)

The best registration between the two models is
found by solving for the minimum of the function
f, Ly 1y). In order to make the obtained data more
reliable, multiple iterations are performed on it to
improve the reliability of the results. After the regis-
tration is completed, the two parts of the model are
combined into a blade model containing the inner and
outer contours, which is called the real blade model.

Tolerance zone

Real contour

Figure 4 Grinding allowance extraction

2.2 Grinding Allowance Extraction Method Considering
Inner and Outer Contours
There is enough margin on the blade surface to be
machined, so before grinding the blade, it is necessary
to obtain the margin distribution information on the
blade surface. It is also necessary to register the recon-
structed blade model with the design model. Suppose
the real model and the design model are P;(i = 1,2...n)
and X;(i = 1, 2...n) respectively, and construct a rotation
transformation matrix R and a translation transforma-
tion matrix 7. Through the iterative transformation of
the matrices R and 7T, the registration result is smaller
than the preset value is solved. After the registration of
the two models is completed, the grinding allowance of
the blade surface is extracted.

According to the design model of the blade, the tol-
erance range of the blade contour is given, and the
contour of the blade obtained after the final grinding
process should be within the allowable tolerance range.
On the basis of the contour constraint, the inwall con-
tour constraint is proposed, and the outer contour line
of the design model is changed according to the con-
tour shape of the inwall to obtain a contour curve for
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machining as shown in Figure 4. This process is also
carried out on the section plane, and the obtained
machining contours are reconstructed into a model for
grinding, which is called the machining model.
Calculate the normal vector of the contour curve of the
inwall, and calculate the normal vector of the point on
the section plane by calculating the least squares plane
of a certain point on the curve. Calculate the neighbor-
hood Near(x;) of a point x;, which contains the m closest
points of the point x;, and find the covariance matrix:

cv= Y

xj€Near (x;)

(5 — %) (g — )T,

(6)

where x; is a point in the neighborhood Near (x;) of x;, CV
is a 3x3 positive semi-definite matrix, and the eigenvec-
tor v; or —v; corresponding to the minimum eigenvalue of
CV can be used as the direction of the normal vector #;.

After the normal vector is obtained, the direction of the
normal vector needs to be corrected so that the direction
of the normal vector points outward. Take a point x; and
a point x;;1 adjacent to it, the tangent planes of the two
points should be parallel, that is, #; - n; = =1, when the
normal vector direction is consistent, ;- n; = 1. And
when #; - nj = —1, the normal vector direction of one of
the points needs to be corrected. Adjust the direction of
the normal vector so that #; - #; = 1 to complete the cor-
rection of the normal vector.

The distance along the normal vector direction
between the contour of the inwall of the blade and the
outer contour of the design model can be obtained, that
is, the minimum distance. After calculating the distance
between the inwall contour on the section plane and the
outer contour of the design model, according to the cal-
culated value and the variation trend of the blade wall
thickness. Calculate the centroid of the inwall curve and
offset the outer contour along the normal vector direc-
tion so that the centroid is located on the design contour.
The weight o is assigned to the offset curve, so that the
changing trend of the curve is proportionally reduced
within the given range, and the transition is smooth at
the endpoint to obtain the modified contour curve, which
is called the machining contour.

After completing the machining contour structure
of each section cut in layers, the machining model of
the blade is reconstructed. The machining model is
compared with the design model, and the minimum
distance between the contour of the machining model
and the contour of the design model is calculated as the
margin distribution of the blade surface. The obtained
blade surface grinding allowance is shown in Figure 5,
and the processing parameters are set according to the
grinding allowance.

Page 5 of 11

Extracting of allowance

mm
R0.53

i 0.20
i Point cloud
E o model : Design model 0.10
1 000
—_— —— oo
-0.10
Registration
0.20
-0.30
.70.37
Figure 5 Grinding allowance distribution
Blade concave
Blade convex

Blade root .

Blade tip

[

Blade body

Figure 6 Blade model

3 Materials and Experiments

The blade used in the experiment is a hollow blade sam-
ple provided by China Aviation Development AECC
Shenyang Liming Aero-Engine Co., Ltd. The sample
is about 500 mmx250 mmx200 mm, which consists
of a tenon and blade body. The thickness of the blade
gradually increases from the blade tip to the tenon part,
which has the characteristics of a wide chord and large
torque, and the airfoil part has a cavity structure inside.
The material of the blade is Ti-6Al-4V, and its model is
shown in Figure 6.

The grinding experiment uses a seven-axis and six-
axis linkage CNC grinding machine, and the grinding
process of the blade is shown in Figure 7. The CNC
grinding machine adopts Siemens CNC system to con-
trol the grinding process, and adopts a floating grinding
head structure to ensure constant force grinding during
the entire grinding process, and the blades are clamped
on the turntable. The turntable has the movement of
the X-axis, the Y-axis and the rotation of the A-axis,
and the grinding head has the movement of the Z-axis
and the rotation of the B-axis and the C-axis. The six
movements are interlinked to realize the grinding of
complex curved surfaces, especially the surface of the
blade, which has the advantages of high efficiency,
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Table 1 Blade grinding parameters

Parameters Specification

Spindle speed (r/min) 2000

Feed speed (mm/min) 2400

Row spacing (mm) 0.72

Pressure depth (mm) 10

Belt size (mm?) 2540%20

Belt type Alumina
hollow-sphere
545Y
Nylon

stable grinding speed, high grinding precision and low
cost. The grinding parameters are given in Table 1.

Before grinding the blade, it is necessary to set the
technological parameters of the blade, and obtain the
numerical control program required for the grinding
process. Because the hollow blade has the characteristics
of a wide chord and large torsion, the surface structure is
complex. According to the main curvature distribution of
the blade surface, the blade surface is divided into differ-
ent processing areas. First, it is divided into two areas: the
blade concave and the blade convex, and then each area
can be divided into three parts: the blade tip, the blade
body and the blade convex, a total of six areas. The blade
tip vibrates the most during the grinding process, the
blade body contains a cavity structure, and the blade root
is the most difficult area to grind.

4 Results and Discussion

Modified on the basis of the design model, the machin-
ing model was obtained, and the surface grinding allow-
ance of the hollow blade was extracted. In order to check
whether the machining model obtained by the double
dimensional constraints method can meet the machining
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requirements after being applied to the grinding of hol-
low blades, the surface roughness, contour and inwall
structure of the blades after grinding were tested, and
compared with the grinding allowance extraction method
that only carries out the outer contour constraint.

4.1 Surface Roughness Analysis of Blade after Grinding
The detection of the blade surface is divided into three
regions, namely the tip part, the blade body part and the
blade root part. The blade tip part is the thinnest part of
the entire blade, the blade body is the part containing
the cavity structure, and the blade root part is connected
with the tenon. Figure 8 shows the surface morphologies
of different grinding areas after blade grinding.

It can be seen that after grinding, the surface rough-
ness of all parts of the blade surface meets the processing
requirements of Ra<0.4 um. In the tip part, the aver-
age surface roughness is Ra=0.284 um, and the average
surface contour is Rz=2.049 pum. For the blade body, the
average surface roughness is Ra=0.235 um, and the aver-
age surface contour is Rz=1.513 pum. The average surface
roughness of the blade root is Ra=0.323 pum, and the
average surface contour is Rz=2.135 pm. When the blade
is ground, it is cantilever clamping, and the blade tip part
is away from the clamping end. There is a cavity struc-
ture in the airfoil part, and the surface morphology after
grinding is complex. The blade root part is the most dif-
ficult part of the blade to process. When processing the
blade root part, it is easy to cause interference between
the grinding head of the machine tool and the turntable.
The blade root is usually ground by restricting the rota-
tion of the B-axis of the grinding machine, which results
in a larger vibration during the grinding of the blade root,
and the surface quality is not as good as that of the blade
body and blade tip.

4.2 Analysis of the Wall Thickness of the Blade After
Grinding

ICT inspection is performed on the blade after grinding.
The inspection adopts a line array inspection that is dif-
ferent from the area array inspection before machining.
Scanning inspection of a specific section inside the blade
improves the accuracy of inspection and the efficiency of
scanning. The cavity structure of the blade only exists in
the blade body, so the ICT detection is only in the range
containing the cavity structure. The whole cavity struc-
ture is divided into three regions, 15 dense sections are
taken at the beginning and end of the blade cavity struc-
ture, and 15 sections are evenly distributed in the middle.
Figure 9 shows the positions of 104 mm, 250 mm and 470
mm in the three regions. Figure 10 is the wall thickness
data obtained using the two methods respectively.
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Figure 8 Surface morphology of blade after grinding
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Compared with the blades ground by the classical ICP
algorithm, that is, only considering the contour con-
straint method, the uniformity of the wall thickness of the
blade obtained by the double size constraint algorithm is
better, and the consistency of the wall thickness is sig-
nificantly improved. The outer contour changes with the
change of the inwall contour. Less allowance is extracted
in the thin wall, and more allowance is extracted in the
thicker. Considering the constraints of the contour, the
processing method based on the double dimension con-
straint cannot obtain the inwall structure of the blade
with the same wall thickness. However, compared with
the processing without considering the constraints on the
inwall contour, this method can make the wall thickness
distribution of the blade more uniform and obtain bet-
ter consistency. The experimental results show that the
double-size constraint algorithm can obtain blades with
better consistency and uniform wall thickness, and can
extract the surface margin of the blade more effectively.

4.3 Comprehensive Analysis of Inner and Outer Contours
Before and After Grinding

The detection results of blade contour after grinding are
shown in Figure 10. The contour deviation of the blade
tip part is 0.01-0.06 mm. Figure 11(a) shows the contour
deviation of the blade tip on the convex of the blade, and
Figure 11(b) shows the contour deviation of the blade tip
on the blade concave. The contour deviation of the blade
body is —0.04~0.13 mm. Figure 11(c) shows the contour
deviation of the blade body on the convex of the blade,
and Figure 11(d) shows the contour deviation of the blade
body on the blade concave. The contour deviation of the
blade root is — 0.02~0.04 mm. Figure 11(e) shows the
contour deviation of the blade root on the convex blade,
and Figure 11(f) shows the contour deviation of the blade
root on the blade concave. The contour deviation of the
blade body fluctuates greatly, because the cavity structure
of the blade is inside the blade body, and the influence of
the cavity structure is considered when processing the
blade body part. After grinding, the contour deviation of
the blade is within the tolerance range.

After data processing and rough matching, the grind-
ing allowance distribution data and grinding results of
the grinding allowance extraction method using the
double dimension constraints method and the grinding
allowance method which only analyzes the contour in the
past are compared and analyzed. The difference between
the two methods is whether the blade body contains the
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cavity structure. The results of the section at a height of
250 mm.

Figure 12 shows the extraction of the surface grinding
allowance of the hollow blade before grinding using the
classical ICP algorithm and the double-size constraint
algorithm, respectively. It can be seen from the compari-
son of the two figures that the classical ICP method does
not consider the size constraints of the inwall thickness
when calculating the grinding allowance, and the calcula-
tion of the allowance is carried out completely according
to the constraints of the outline. Using the double dimen-
sion constraints method, the obtained grinding allowance
value is related to the variation of the inwall thickness.

Figure 13 shows the deviation values of the blade sur-
face contour after grinding the blade using the outer
contour constraint method and the double dimension
constraints method respectively. It can be seen from the
figure that although both algorithms can be used to meet
the processing requirements of the hollow blade contour,
The deviation of the outer contour after grinding with the
double dimension constraints method changes with the
change of the inwall contour, and better wall thickness
consistency can be obtained than that obtained by the
outer contour constraint method.
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Figure 14 shows the contour deviation detection of the
blade on the 250 mm section plane. It can be seen that
there is no cavity structure on the left and right sides of
the blade, and the machining error of the blade shape is
evenly distributed. At the cavity structure part, it can be
seen that the deviation of the blade surface has a large
float, which is the result of the correction according to
the inner wall contour.

The distribution trend of the blade surface deviation is
consistent with the contour of the inner wall, indicating
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Figure 12 Schematic diagram of the contour allowance distribution
obtained by two methods before grinding

that the correction of the contour of the machining
model has obtained the desired results. Comparing the
deviation distribution of the blade convex and the blade
concave on the cross-section, it can be seen that the
deviation of the blade concave part of the blade is smaller
than that of the blade convex part, which is caused by the
characteristics of the blade and the abrasive belt grind-
ing. The contact area between the sand belt and the blade
in the blade concave part is large, and the proportion of
material removal is also enlarged. In the process of cal-
culating the grinding allowance, it is necessary to further
correct this part of the influencing factors.

5 Conclusions

Based on the phenomenon of uneven wall thickness
distribution and poor consistency caused by the dif-
ficulty in guaranteeing the inwall thermoforming
accuracy during the manufacturing process of hollow
blades, a method for extracting the grinding allowance
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Figure 13 Schematic diagram of the contour allowance distribution
obtained by two methods after grinding
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of hollow blades based on the double dimension con-
straints of the inner and outer contours was proposed.
The conclusions of the study can be summarized as
follows:
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(1) The blade model is reconstructed by the section
line lofting method. Considering the contour of
the blade and the inwall, the machining model of
the hollow blade is modified the consistency of the
blade and the uniformity of the wall thickness are
improved under the premise of satisfying the con-
tour accuracy.

(2) The surface roughness of the blade after grinding
is between Rz=0.20 um and Ra=0.35 pm, which
meets the processing requirements. The contour
deviation of the blade meets the processing require-
ments of — 0.08 ~ 0.17 mm.

(3) The internal and external contours and wall thick-
ness after grinding are comprehensively analyzed.
Compared with the method that only constrains the
contour, the double dimension constraints method
can reasonably allocate the grinding allowance on
the surface of the hollow blade.

(4) Using this method to grind the blade not only meets
the processing requirements of the blade surface
contour, but also makes the thickness of the inner
wall of the blade more uniform, and improves the
problem of poor consistency of the hollow blade.
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