The International Journal of Advanced Manufacturing Technology (2020) 106:2995-3006
https://doi.org/10.1007/s00170-019-04801-z

ORIGINAL ARTICLE

®

Check for
updates

A repair strategy based on tool path modification for damaged
turbine blade

Zhu Zheng-Qing "*? - Zhang Yun? . Chen Zhi-Tong??

Received: 25 August 2019 /Accepted: 3 December 2019 /Published online: 2 January 2020
© Springer-Verlag London Ltd., part of Springer Nature 2020

Abstract

Turbine blade plays an extremely important role in the aerodynamic performance of aero-engine. And the repair of damaged
turbine blades is of great interest for acrospace industries due to continual increase in raw material and manufacturing costs. This
manuscript presents a new repair strategy for damaged turbine blades based on tool path modification. The strategy basically
involves three crucial procedures: rigid registration of nominal curve and measured points adjacent to damaged region, B-spline
approximation of residual errors based on feasible region, and modification of the tool paths used for repairing machining. Rigid
registration of nominal curve to measured points is accomplished using improved ICP algorithm adjacent to damaged region. B-
spline approximation of residual errors is used to calculate smooth modification amount corresponding to cutter location points.
And finally, modified tool paths are used for repair machining, including grinding and polishing. Tip repairing of a rotor turbine
blade has been successfully performed to demonstrate the effectiveness of the proposed methodology. The error of repair
machined trace between the repaired area and undamaged area is within 0.01 mm which commendably meets the repair machined
requirement. And the repaired results have shown that the repairing strategy proposed in this paper is a reliable solution for
repairing tip of turbine blades and can guarantee a surface smooth restoration with higher accuracy.

Keywords Turbine blade repairing - Rigid profile registration - B-spline approximation - Tool path modification

1 Introduction

As one of the core components of an aero-engine, blades have
a critical influence on its acrodynamic performance. The qual-
ity and accuracy of the aero-engine blades determine directly
the overall manufacturing level of an aero-engine [1]. Aero-
engine turbine blades are responsible for converting thermal
energy of high temperature and pressure air expansion into
mechanical energy of engine. And they are vulnerable to be
damaged due to serving the harsh environment of high tem-
perature, high pressure, and high speed, such as ablation,
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distortion, wear, and cracks. Normally, turbine blades are
made of nickel-based and cobalt-based superalloys with ex-
cellent properties which are expensive and rare. Therefore, in
order to reduce the cost and extend the service life of aero-
engine turbine blades, it is of great significance for repairing
damaged turbine blades by remanufacturing [2, 3].

In recent years, repairing blade is a research hotspot with
the rapid growth of aviation industries. In a blade repair pro-
cess, it is crucial to maintain the original blade shape and to
achieve maximum efficiency for the restored blade. However,
due to the various blade defects such as distortion and worn
out, a nominal CAD model from blade design stage is gener-
ally different from its corresponding worn blade model and
therefore cannot be directly used for tool path generation for
the repair process [4, 5]. Presently, there are many references
to study turbine blade repairing. Huang [6] developed a robot-
ic grinding and polishing system for auto-repairing of aero-
engine blade, but the target model in the process of repairing is
still the nominal design model. Gao et al. proposed an inte-
grated repair solution adaptive to worn component geometry
based on 3D non-contact measurement for aerospace indus-
tries [7-9]. Yilmaz et al. [10] presented a repair method that
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the welded blade tip was reconstructed adaptively considering
the geometric characteristics. Zhang et al. [11] presented a
geometry reconstruction approach based on cross-section
curves blending with wavelet decomposition for adaptive
blade repair. Piya et al. [12] considered a semi-automated
geometric algorithm for virtually repairing defective blades.
The algorithm was constructed by using the sectional gauss
map to generate a series of prominent cross-sections along the
longitudinal axis of the defective airfoil. Rong et al. [13] stud-
ied a surface reconstruction strategy based on the profile’s
template. The method repaired the defective blade by the de-
formation of the template curve, which avoided data prepro-
cessing such as sorting and parameterizations. Ding [14] pro-
posed a reconstruction method of 3D digital model based on
GM(1,1) cross-section curve reconstruction algorithm. Hou
et al. [15] developed an adaptive solution to reconstruct target
surfaces of both welding process and machining process based
on measured model, which can meet the design requirements
and avoid frequent manual adjustments. Yu et al. [16] pro-
posed a new repairing method of deforming the reference
cross-sectional curves adjacent to defective cross-sectional
curves recursively. And this method effectively reduces the
uncertainty of reconstructing repairing model and has certain
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Fig. 1 An overview of proposed repair strategy
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applicability in a blade repair process. Document [17-20]
studied that the cladding and metal deposition can be used to
repair directly damaged region. And microstructure and
thermomechanical properties analysis were carried out to
evaluate the repaired part quality. Praniewicz et al. [21] pre-
sented an integrated adaptive geometry transformation meth-
od for additive/subtractive hybrid manufacturing based on
rigid and nonrigid registrations of parent region material and
geometric interpolation of the repair region material. The ef-
fects of this approach are evaluated and discussed based on
effects on repair time and material efficiency. In addition, in
the present study, machining code modification strategy has
been considered as an applicable and effective solution to
compensate deformation error and improve machining accu-
racy, including tool path modification used in this manuscript.
And there are also many literatures about machining with
modified tool path. Huang et al. [22] presented an iteration
tool path compensation algorithm which is designed to de-
crease machining errors and avoid unwanted interference by
modifying the tool path. And a tool path compensation model
considering the machining deviation is proposed. An experi-
ment of impeller blade machining has been performed to dem-
onstrate the effectiveness of proposed strategy. Habibi et al.
[23] considered that the effects of the geometric errors for
machine tool can be eliminated by modifying the CLSF.
And the experimental machining tests show tool deflection
and volumetric geometrical errors are compensated and re-
duced of about 8-10 times by modifying the nominal tool
path. Wan et al. [24] proposed a modification strategy of the
nominal tool path to compensate the deformation of thin-
walled workpiece on the basis of the prediction deviation.
Chen et al. [25] divided machining errors into systematic er-
rors and random errors. And the numeric control program is

Special Fixture

Fig. 2 A rotor turbine blade to be repaired
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Fig. 3 Blade measurement. a
Diagram of measurement area. b
Blade measurement with CMM

(a) Diagram of measurement area

modified to compensate the systematic errors. Sun et al. [26]
proposed a cutter orientation adjustment method to obtain an
optimized tool path which makes best use of the kinematic
characteristics of angular feed for five-axis machining. Hao
[27] proposed a tool path transplantation method for adaptive
machining of large-sized and thin-walled free form surface
parts. The error distribution is mathematically defined based
on measured data, and new tool paths adaptive to the actual
shape of the workpiece are generated on the basis of the tool
paths of nominal model. According to the above researches
about machining with modified tool path, we can conclude
that many scholars use tool path modification to compensate
deformation errors and geometric errors in their research.
Therefore, because of the high efficiency and maneuverability
of the tool path modification in NC machining, this manu-
script innovatively applies tool path modification to the blade
repair processing and reversely compensates the deformation
ofthe damaged area by modifying the nominal tool path. So as
to achieve the machining purpose of adapting to the shape of
undamaged area and ensure smooth transition between the
repair machined area and undamaged area.

Simultaneously, according to literatures about blade repairing,
these researches have been carried out on performing blade
repairing through the approaches of digitizing, laser cladding,
and adaptive machining. And many studies focus on
reconstructing target surface within the damaged region due to

Fig. 4 Actual result of rigid
registration

Moved cross-sectional after rigid
registration

The damaged
region

Measurement
cross-sectional

Blade profile

(b) blade measurement
with CMM

the nominal model inapplicable for repairing. However, there are
also many key details to be dealt with in the process of target
surface reconstruction. Moreover, for each damaged blade, the
target surface should be reconstructed differently. These methods
are time-consuming for target surface reconstruction using opti-
cal scanning data of damaged parts and have low accuracy of
repair machined trace between the repaired area and undamaged
area. Therefore, this paper presents a completed strategy for
repairing directly turbine blades based on modification of tem-
plate tool paths instead of surface reconstruction. And the pro-
posed strategy is time saving comparatively because only tem-
plate tool paths need to be modified according to fewer measure-
ment points. The purpose of the developed strategy is to repair
the components to meet tolerance requirements defined by en-
gine manufacturer after being worn or damaged. The strategy
basically involves three crucial procedures: registration of nom-
inal curve and measured points adjacent to damaged region, B-
spline approximation of residual errors based on feasible region,
and modification of the tool paths used for repairing machining.
Tip repairing of a turbine rotor blade has been chosen to imple-
ment the proposed repair strategy due to its delicate and complex
shape.

This paper is organized as follows: Section 1 is the intro-
duction of related study works conducted at an early stage.
Section 2 presents an overview of the proposed strategy.
Section 3 analyzes a practical example to illustrate the key

Nominal cross-sectional

Measurement points
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Fig. 5 The residual error of an
actual measured point

Residual errors ® ®

Actual measured
points

Nominal cross-sectional curve
adjacent to damaged region

steps and discusses and analyzes the experimental results.
Finally, Section 4 draws the conclusions and future work.

2 Overview of the repair strategy

The proposed repair strategy in this paper consists of a chain
of different processes. And this strategy has only concentrated
on the parts already metal deposited. The flowchart of the
proposed repair strategy is shown in Fig. 1.

In this work, the measured points can be obtained by CMM
equipped with a scanning probe. And this repair strategy
mainly involves three crucial procedures: registration of nom-
inal curve and measured points adjacent to damaged region,
B-spline approximation of residual errors based on feasible
region, and modification of the tool paths used for repairing
machining. Finally, the blade can be repaired using modified
milling and polishing tool path. Moreover, the repaired results
will be checked and analytical.

In the following sections, each stage of the proposed repair
strategy is introduced by implementing on the tip repair of an
aero-engine component: a high-pressure rotor turbine blade.

3 Implementation: a turbine blade tip
repairing

Repairing technology is becoming an effective and justified
strategy used for aero-engine turbine blades because of their
high economic value and manufacturing cost. In this work, a
rotor turbine blade with tip geometry to be repaired has been
chosen to implement the relevant steps of proposed repair
methodology. Figure 2 shows the clamped blade via a special
fixture.

3.1 Cross-sectional measurement

For blade repairing, in order to guarantee a surface
smooth restoration, the measurement of undamaged area
is necessary. Generally, these cross-sectional curves of a
blade are basically similar and along the parameter v

@ Springer

direction; the similarity is higher if the two cross-
sectional curves are close. Therefore, the present authors
create a cross-section curve just below the welded por-
tion and measurement data of this cross-sectional curve
adjacent to the defective area will represent effectively
deformation information of the defective region for
blade tip repairing which are shown in Fig. 3a.

As shown in Fig. 3b, the cross-sectional measurement
of this blade is conducted with a coordinate-measuring
machine PONY866 (AVIC BPEI, Beijing, China;
RENISHAW SP25M scanning probe). And the sectional
curve of blade was sampled by using chordal deviation
criterion [28]. The threshold value of chordal deviation
was 0.005 mm.
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Fig. 6 B-spline approximation of residual errors flowchart based on
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Fig. 7 B-spline approximation of residual errors
3.2 Profile rigid registration

Due to distortion or deformation present in the actual component
after serving the harsh environment, cross-sectional profile must
be registered. The purpose of rigid registration is to find the
rotation matrix R and the translation matrix T between the mea-
sured points and the nominal CAD model. In this manuscript, the
iterative closest point (ICP) method is used to solve the results.
The ICP algorithm was proposed by Besl and Mckay in 1992
[29] which mainly consists of two steps: closest point calculation
and transformation matrix solving. In the implemented algo-
rithm, transformation matrix can be calculated by solving the
following least-squares problem and the mathematical model of
ICP algorithms can be expressed as in Eq. (1).
’2

mink = 3 ||P~(R.P,+ )] (1)

In Eq. (1), where P! (i =1,2,**N) represents the actual
measurement points, and P/ (i = 1,2,--*N) represents the
corresponding points on the nominal CAD. Obviously, E rep-
resents the residual sum of squares and N represents the total
number of registration points. R and 7 represent separately

Fig. 8 A diagram of tool path
modification for repairing blade

rotation matrix and translation matrix, which are to be solved.
In this work, rigid registration is mainly used for alignment of
nominal cross-sectional curve and measured points adjacent to
damaged region. In order to achieve smooth restoration be-
tween repaired and non-damaged areas, when the transforma-
tion R and T are determined by iterative calculation, the theo-
retical cross-sectional is moved to closest position to the mea-
surement points according to solved R and 7. The result of
rigid registration in this work is shown in Fig. 4.

The final 3*3 rotation matrix R and 3*1 translation 7'solved
in rigid registration are shown in Egs. (2) and (3) which can
then be used to modify the cutter location source file.

0.999999  0.001225  0.000531
R=1{ -0.001225 0.999998 0.001418 (2)
-0.000529 —0.001418 0.999999
T = {~0.130447 —0.168723 —0.006257} (3)

3.3 B-spline approximation of residual errors

B-spline and NURBS are the most popular choices for curve
approximation. A B-spline curve P(u) of degree k is common-
ly expressed as:

Modified cutter location

Nominal cutter location:

Nominal position:
Acutual position due to deformation
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Fig. 9 Modified cutter location
and nominal cutter location

n

P(u) = -ZO d,’N,’7k(u)

=

uel0, 1] (4)

where di(i=0, 1, -**, n) are the control points and N; x(u)(i=
0, 1, ---, n) are the B-spline basis functions of order & defined
over the knot vector U = [ug, uy, =", Uy 4 j— 1> Up 4 ]

In order to fit a B-spline curve to a given set of points,
some researchers have tried to solve this as a global non-
linear optimization problem [30]. In this paper, the pur-
pose of approximation of residual errors is to obtain mod-
ification amount d.; corresponding to u. of cutter loca-
tion points. The residual errors shown in Fig. 5 are the
distance between an actual measured point and the

Fig. 10 Experimental CMM
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nominal cross-sectional curve in undamaged region. Each
cutter location points are only corresponding to a single
parameter (u, v) on the design surface. Therefore, the mod-
ification amount of cutter location points can be calculated
by unique parameter u.,. However, in order to avoid dra-
matic changes of machined tool paths, the general smooth-
ness of modified tooltip position must be guaranteed when
modifying the original tool paths. Therefore, this strategy
obtains the general smooth cutter location points by
guaranteeing the smoothness of modification amount &
along parameter .

Because of the machining tolerance zone, the residual er-
rors 9, have a feasible range and there will be a feasible region
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Fig. 11 Repair machining process

for B-spline approximation. A fitting B-spline can be found
based on u;— d; of measurement points within the feasible
region. If the curve is continuous and smooth, the correspond-
ing modification amount d.;, of each u,; also is continuous
and smooth. And d.; can be used to calculate the modified
cutter location point. The B-spline approximation of residual
errors flowchart based on feasible region is shown in Fig 6,
where Uy, and Ugown are upper and lower tolerance. u; and d;
are the parameter and residual errors of measurement points.

As shown in Fig 7, B-spline approximation of residual errors
for the implemented turbine blade was conducted using the al-

gorithm in Fig. 6. And modification amount &7, = (5;‘, &, 5;’) !
can be calculated by parameter v, of corresponding cutter loca-
tion points according to fitted B-spline in Fig. 7.

where § = &, x normaly, 8" = &

n __ sn
s i, 0y = 0y X normaly, 67 = &, x normal,.

And (normal,, normal,, normal,) is the normal vector of cutter
location point.

Fig. 12 Repairing machining tool
path

Milling path

Fig. 13 Blade before and after repair
3.4 Tool path modification

The machining of a workpiece was implemented by position-
ing the tooltip and tool axis vector at locations defined in the
CLSF (cutter location source file). In computer-aided design/
computer-aided manufacture (CAD/CAM) systems, the nom-
inal CLSF is directly generated from the nominal curves and
surfaces which to be machined. The tool path information
including the machine tool topology, tool radius and type,
tooltip position, and tool axis vector are presented in the
CLSF. In this paper, the CLSF representing the cutter position

. . T
and orientation are expressed by (P" PPV VN V”> , where

xtyr iz Vs » 'z

T . .. T
(P;,P;, P;‘) stands for the tooltip position and (V;, v, V;‘)
represents the tool axis vector.

In order to illustrate the relation between the nominal cutter
location data and the modified cutter location data, the corre-

sponding nominal and modified cutter location data are de-

T . . iy
fined. P! = <P'.’ P Pyz) represents nominal tooltip position

ix? iy?

Grinding path

Polishing path
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and P = (Pfé, Py ,P7’> represents modified tooltip position.

vi=(va,

T . .
Ve, V?:) stands for nominal tool axis vector and

V= (V;’; V;;,V;Z)T stands for modified tool axis vector.
Their relation model can be expressed as:
P: 62"
L —

iz iz (5)

v

m
VI=RxX Vl.;vl
Viz

Fig. 14 The machined trace error
of isoparametric curve on blade
tip of blade I measured by CMM.
a The error of blade I u=0.067,
u=0.171, u=0.342. b The error
of blade I ©=0.510, u=10.722,
u=0.877

0.14

0.13
0.13
0.12 ¢
0.11
0.00

Tool path modification amount of adjusting nominal
tool path is adopted based on deviation values accord-
ing to Eq. (5) where the transformation R and 7 can be

calculated in Section 3.2 and residual errors §! =

(67)57 iy? iz
i=1, 2--'n 1s the number of the cutter location data.

This can be illustrated as shown in Fig. 8. Moreover,
cutter location points before and after modification
displayed in UG 10.0 can be illustrated as shown in
Fig. 9.

o 5") can be obtained in Section 3.3. And
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3.5 Repair machining experiments
3.5.1 Experimental setup

In the experiment, the turbine blade tip to be repaired
had been built-up through a laser cladding process. And
a special fixture is designed and produced in order to
maintain the blade pose in the process of measurement,
repairing machining, and subsequent process. The fix-
ture designed has high repositioning precision and can
thus be used for clamping different blades adaptive to
their geometries to guarantee a high precision repair. It
is an appropriate tool for repair of a batch of blades.
The welded blade was first clamped on its tenon via a
special fixture to implement blade geometry measurement.
This process was performed through a coordinate-measuring

Fig. 15 The machined trace error
of isoparametric curve on blade
tip of blade Il measured by CMM.
a The error of blade Il #=0.067,
u=0.171, u=0.342. b The error

0.15 ¢
0.14
013 F

machine PONY866 (AVIC BPEI, Beijing, China;
RENISHAW SP25M scanning probe) shown in Fig 10. The
precision of the contact measurement with CMM is higher
than that of digitizing scanning, which can ensure smooth
transfer with high precision between the repair machined area
and undamaged area. Additionally, the processing equipment
used for experiment is a five-axis CNC machine tool with BC
axis which can realize effectively repairing processing of
blade tip without interference.

3.5.2 Repair machining process

A five-axis machining strategy has been developed to remove the
excess weld from the surface effectively. And common machin-
ing problems, such as interference, collision, overcut, and under-
cut, have been considered in the proposed machining process.
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Table 1 Machining process and machining parameters

Machining process Tool path direction Spindle speed Feed rate Residual height Number of levels
Rough milling Helical 6000 r/min 100 mm/min 0.1

Semi-finish grinding Helical 20,000 r/min 700 mm/min 0.02 2

Finish polishing Zig-zag 5000 r/min 500 mm/min 0.001 2

The deposited material of the blade is known as one of the most
difficult to machine superalloys. For instance, high temperatures
occur during the machining. Therefore, well-determined repair
machining steps including milling, grinding, and polishing have
been established for the blade tip machining due to hard machin-
ability of superalloy and characteristics of repair machining. The
aim in developing a machining strategy is to remove quickly the
excess material from the blade tip surface and to guarantee a
surface smooth restoration with higher accuracy and adapt to
the undamaged area. Figure 11 presents the blade repair machin-
ing process used in the experiment. As shown in the figure, the
repair process contains rough milling, semi-finish grinding, and
fine polishing.

In this experiment, UG10.0 is chosen as the CAD/CAM
environment for tool path generation and modified tool paths
are only used in this process. In order to reduce the repair
machining time and improve removal efficiency of the depo-
sition on the blade tip, the helical milling and grinding tool
path type is used for removing effectively large amounts of
material. The number of milling levels is directly related to the
maximum depth of cut and the maximum depth of the depo-
sition. In our strategy, the number of cutting levels has been
calculated roughly based on the blade material and machine
tool properties. In addition, after rough milling, semi-finish
grinding with electroplated CBN wheel is chosen to guarantee
accurate geometric dimensions of repaired blade. And the type
of grinding tool paths is also helical grinding. On top of this,
the last procedure of repair machining is automatic polishing
using flexible polishing wheel [31]. The zig-zag tool path type
of polishing is used for improving repair machined surface
quality and achieving smooth transition between the undam-
aged area and the damaged area.

Figure 12 shows the generated nominal tool paths generat-
ed in UG 10.0 for repair machining the blade tip deposited
surface. And according to the previous process experiments,
the cutting conditions and machining operation parameters are
given in Table 1 for the blade tip repair machining.

3.6 Result and discussion

In order to prove the validity of the proposed method, some
experiments were carried out. And the results of two repairing
turbine blades (blade I and blade II) chosen from these exper-
iments are analyzed and discussed in this section.

Figure 13 shows the deposited blade before repair ma-
chined and repaired blades after repair machined. According
to Fig. 13, visually, there is smooth restoration of deposited
blade. And after repair machining, the wall thickness of blade
tip and the overlap regions between repaired area and undam-
aged area of these two turbine blades were measured using a
3D coordinate-measuring machine (CMM). Measurement re-
sults show that the average wall thickness of these two blades
is uniform and meets the design tolerance requirement.
Additionally, the repair machined trace errors of blade I and
blade II were also analyzed. These measurement data of six
iso-u parametric curves respectively extracted from blade I
and blade II are used to demonstrate repair machined trace
errors for the overlap regions between repaired area and un-
damaged area. Figure 14 shows the analytical result of blade I
and Fig. 15 shows the analytical result of blade II. According
to the analytical results, we can know that the error of repair
machined trace between the repaired area and undamaged area
is within 0.01 mm which meets commendably the repair

Table 2 The results of the blade

tip wall thickness Average wall thickness Average wall thickness
(measured)/mm (required)/mm
Blade I Trailing edge 0.72 0.5~0.8
Leading edge 1.24 1.1~1.4
Convex surfaces 0.62 0.5~0.7
Concave surfaces 0.64 0.5~0.7
Blade II Trailing edge 0.74 0.5~0.8
Leading edge 1.32 1.1~14
Convex surfaces 0.58 0.5~0.7
Concave surfaces 0.66 0.5~0.7
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machined requirement. And there is no obvious sensation if
touching with your hand.

The surface characteristics are also examined and analyzed.
According to the design requirements, the average surface rough-
ness of the repaired blade airfoil surface should be less than Ra
0.4. And the average roughness of these experiment blades using
the proposed strategy is Ra 0.25 which are absolutely better than
design requirements. Additionally, the wall thickness of blade tip
after repaired is measured and the results are shown in Table 2.
From Table 2, evidently, the average wall thickness of these two
blades are within required tolerance.

Therefore, according to above experimental results, we will
conclude that the proposed strategy can successfully provide
an effective solution for an aero-engine turbine blade tip
repairing and can guarantee a surface smooth restoration with
higher accuracy.

4 Conclusions and future work

Due to continual increase in raw material and manufacturing
costs, it is highly crucial for aerospace industries to repair
damaged turbine blades with a reliable and fast strategy.
Currently, aero-engine blade repairing methods mainly rely
on reverse engineering to restructure machining surface of
damaged area. But these interactive operations in the process
of reconstructing machining surface is time-consuming and
inefficient. This study presents a new repair strategy for dam-
aged turbine blades based on tool path modification instead of
surface reconstruction. And this strategy mainly involves
three crucial procedures: rigid registration of nominal curve
and measured points adjacent to damaged region, B-spline
approximation of residual errors based on feasible region,
and modification of the tool paths used for repairing machin-
ing. Tip repairing of a turbine rotor blade has been chosen to
implement the proposed repair strategy. And the experimental
results have shown that the proposed strategy is a reliable
approach for repairing tip of turbine blades and can achieve
smooth transition between the repair machined area and un-
damaged area. The total repair time is about 1 h compared
with the current repair solutions to the same type of blade;
the repair time is significantly reduced. Therefore, this repair
strategy based on tool path modification is valuable and cost-
time effective.

Under the current framework, the emphasis of further re-
search activities will be conducted in optimization of measure-
ment data and tool paths which have an important influence
on the speed and acceleration of machine tools.
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