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Abstract

As a surface-strengthening technique, shot peening increases the compressive residual stress in the workpiece. In this
paper, how to obtain specific residual stresses to reduce blade deformation by controlling the shot peening parameters was
investigated. Based on the cosine function describing the residual stress depth distribution, the equivalent residual stress
was calculated. The effect of shot peening parameters (air pressure, flow rate, nozzle speed, and distance) on the equivalent
residual stress was modeled. Then a finite element model of the equivalent residual stress-induced deformation of the blade
was established, and the effect of equivalent residual stress on blade deformation was investigated via the model. The residual
stress domains that make the deformation less than 0.03 mm were obtained by the inverse solution of the exhaustive method,
then the optimized parameter of shot peening was also obtained, and the accuracy of the optimization method was verified by
shot peening tests. This method can provide technical support for the control of deformation caused by shot peening of blades.
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1 Introduction

During shot peening, the workpiece surface undergoes plas-
tic deformation due to the impact of numerous high-speed
projectiles. Internally, the material is subjected to stress
that does not reach the yield strength and therefore, only
elastic deformation occurs. When the projectile rebounds
from the surface of the workpiece, there is a tendency for
the interior to return to its original state, thus compress-
ing the surface layer of the material, which causes residual
compressive stress in the surface layer [1]. The compres-
sive residual stress due to shot peening reduces the initiation
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of microcracks under fatigue stress and inhibits their early
expansion, thus significantly improving the resistance to
fatigue fracture and stress corrosion cracking of the work-
piece [2—4]. For this reason, shot peening is widely used for
aero-engine components [5].

The main mechanism of shot peening is the introduction
of compressive residual stresses within the impact layer of
shot peening [6]. The actual process of shot peening can be
simulated by combining a discrete element method and finite
element method. The predicted residual stress was verified
with experimental measurements [7-9]. To overcome the
limitations of traditional software in simulating the effects
of shot peening, researchers have developed additional algo-
rithms in MATLAB, Python, etc. [10—12]. For example, a
numerical method in the Python programming language can
simulate multiple projectiles using a random probability dis-
tribution [13]. Based on Hertzian contact theory[14], a mod-
ified theoretical model that considers the effect of friction
between the projectile and the part can predict the residual
stress field in aluminum-lithium alloys and other metallic
materials under various shot peening conditions [15]. With
the shot peening parameters as the input, artificial neural
networks have been used to predict the residual stress due
to shot peening [16—18]. An Almen intensity prediction
model based on a model for the residual stress after shot
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peening has been developed [19]. The results were in good
agreement with experimental data. In addition, a white-box
model developed in Python employs artificial neural net-
works to predict the residual stress caused by laser peening
[20, 21]. This approach can also be applied to shot peening.
A probabilistic approach has also been used to evaluate the
residual stress distribution [22]. It can predict the residual
stress profile after shot peening with a specific probability
of occurrence. X-ray diffraction methods have been applied
to determine the depth and magnitude of the macroscopic
residual stress generated by shot peening [23, 24]. The
stress distribution generated by a projectile impact has been
approximated by cosine [25, 26] or sine curves [27] along
the thickness direction in combination with a law for the
depth of residual stress due to shot peening, as measured
by saturation tests. A model for the residual stress based on
Hertz contact theory has been proposed [28]. It considers the
hardening properties of the material and the reverse yield-
ing of the material around the crater. This model was used
to calculate the stress components along the depth direction
inside the target material below the impact point [29].

Optimization based on predicting the residual stress
due to shot peening can be used to control the deforma-
tion caused by residual stress [30]. Two shot peening and
application of pre-stress can optimize the distribution of
compressive residual stresses and microstructure [31, 32].
In addition, multiple shot peening treatments contribute to
the formation of high compressive residual stress layers [33].
The response surface method was used to evaluate the effect
of process parameters on residual stresses, and based on this,
the optimum shot peening parameters for maximum residual
stresses were obtained [34]. Particle image velocimetry can
accurately measure the projectile velocity for different air
pressures [35], and a finite element model (FEM) for fine-
particle shot peening has been developed based on this.
The resulting predictions of the residual stress distribution
obtained with a three-stage approach correlated well with
the experimental data. Based on finite element simulation
results, the maximum residual stress (MRS) and the depth
of residual stress affected layer (DRSA) can be optimized
using the response surface method [36].

The prediction of deformation induced by residual stress
forms the basis for controlling deformation. There are three
main simulation methods for shot peening: equivalent heat
load method [37, 38], in-face extrusion method [39], and
direct stress method [30]. The surface residual stress field
is mathematically analyzed and is equivalent to a set of face
and edge loads. The part deformation problem is equivalent
to an elastic deformation problem and is solved by finite ele-
ment software. The method is considered particularly suit-
able for large curved parts, such as propellers and blades
[40]. The processing of thin-walled parts is a rather complex
process, and there are more factors to be considered. Based
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on the finite element simulation, the blade back and blade
basin are strengthened by different shot peening intensi-
ties, which can well reduce the deformation of the large fan
blade after shot peening [41]. Prestress shot peening is used
to correct deformed structural members with asymmetric
cross sections [42]. The different machining positions will
cause different workpiece deformations. Based on the finite
element analysis, the shot peening forming area and param-
eters were designed for the AA7050 integral reinforcement
plate, and the test results of external torsional curvature met
the requirements of the aircraft airfoil [43]. Based on an
idealized model of the shot peening process, an optimiza-
tion procedure is established to automatically calculate the
shot peening pattern so that the deformation after shot peen-
ing is the desired target shape [44]. Active control fixtures
for blade parts are employed to adjust deformation during
machining by balancing internal stresses and preventing
redistribution of residual stresses after the final machining
step [45]. Six-peak Gaussian function was introduced to fit
the initial residual stress, a deformation prediction model
between initial residual stress and finishing allowance was
established, and linear programming optimization model
based on the simplex algorithm was developed to optimize
the overall machining deformation[46].

Most of the studies aimed at the residual stresses and
their deformation due to shot peening have focused on the
effect of shot peening parameters on the residual stresses,
and based on this, their deformation is studied. In this paper,
the equivalent residual stress (ERS) was used to describe the
residual stresses caused by shot peening. Then, the relations
for the effects of shot peening parameters on the ERS were
obtained. Based on this, the effect of ERS on blade defor-
mation were studied, and finally the optimized parameters
of shot peening to meet the deformation requirements was
obtained by the inverse solution of the exhaustive method.
This has positive implications for quantifying the residual
stresses caused by shot peening and optimizing residual
stress-induced deformation.

2 Equivalent residual stress of shot peening

The depth distribution of the residual stress due to shot peen-
ing is mostly described by fitting a curve. In this section,
a cosine function was used to describe the distribution of
residual stress along the depth, the surface residual stress
(SRS), the MRS, the depth of maximum residual stress
(DMRS), and DRSA, which characterize the residual stress,
were obtained from derivative and inverse functions. Com-
bining the DRSA and the cosine function for the residual
stress, the ERS, which also characterizes the residual stress,
was obtained by integration. Finally, the relation for the
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effects of shot peening parameters on residual stress was
obtained.

2.1 Characterization of equivalent residual stress
2.1.1 Characteristic parameters of residual stress

Various functions are commonly used to describe the depth
distribution of the residual stress due to shot peening, with
the cosine function being one of the most widely used:

o(h) = Ae™ cos(wh + 0) + D (D

where o is the residual stress, 4 is the depth beneath the sur-
face, and A is the amplitude of the underdamped oscillation.
A is a damping coefficient, which determines how quickly
the profile will settle to a steady value. @ is the damped
frequency. It is proportional to the inverse of the period of
the profile. For higher o, the period of the profile is shorter,
giving a sharper peak to the SRS. € is the phase angle. It
is in the range [— =, +x]. D is an offset parameter used to
match the regression formula to the measured residual stress
profile.
From Eq. (1), we get

o1(h) = Are™ x cos(wh + 0) — Awe™ sin(wh + 6)) (2)

Let f(x) be the inverse function of Eq. (1) and g(x) be
the inverse function of Eq. (2). The characteristic param-
eters of the residual stress field can easily be calculated in
Python or by other software as follows: SRS 6,.. =0(0),
MRS o,,,,=0(g(0)), DMRS H,,,, =g(0), and DRSA H=£0).
These are plotted in Fig. 1.

2.1.2 Equivalent residual stress

The depth distribution of the residual stress is mostly char-
acterized by fitting data points. The SRS, MRS, DMRS, and
DRSA can then be calculated as in the previous section to
describe the residual stress quantitatively. However, these
four values are complex, and it is difficult to quantify their
relations with deformation. Thus, they are not conducive to
compare the residual stress distribution for the multiple sets
of parameter values. Therefore, in this section, we combine
the characteristic parameter H from the residual stress depth
shown in Fig. 1 with the residual stress depth of Eq. (1) to
give the ERS.

The equivalent method is based on the “equal moment”
principle. The method is as follows: (a) The measured resid-
ual stress data in the depth direction are interpolated and
fitted to obtain the residual stress depth distribution curve
o(h) shown in Fig. 1, where £ is the depth under the surface.
(b) The stress o is the internal force per unit area, that is,

Fig. 1 Characteristic value of residual stress: o,

urface 18 the surface
residual stress, o,,,,, is the maximum residual stress, H,,, is the depth
of maximum residual stress, and H is the depth of residual stress

affected layer

I surface—_ \

H o (hr) A He
Y |

midplane

Fig.2 Equivalent residual stress: Hd is the distance from its surface
to the midplane, H is the depth of residual stress affected layer, o(h) is
the residual stress depth distribution curve, / is the width of thin-plate
specimen, oy is the ERS, and Hj is the influence layer depth of ERS

o = F/AS, combined with Fig. 2, assuming that the width
of thin-plate specimen is /, we can see that

_F
oW = an )
F=0(h)xXIxAh €]

(c) Let the thickness of the blade be 2H; and the distance
from its surface to the midplane be H,;. The moment of the
residual stress affecting layer can be expressed as
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H,~H H-H
M:/ (Fxh)dh:/ (o(h) X I X (H — h) X h)dh
H, H

d
)
(d) Let the ERS be a constant value o, depth is Hj, then

d

Hd_HE
Mg = / (og X I X h)dh 6)
Hy
(e) By the principle of equal moments, M =M, then

H,~H H,~Hy
/ (c(H—=h)xIx h)dh = / (op XIX h)dh (7)
H, H,

and [ is a constant, then

H,~H H,~Hj
/ (6(H — h)x h)dh = / (o X h)dh (8
H,

Hd
(f) Therefore, the ERS is

ﬂﬁ*%dH—hpdmm

o=

= €))
S hah

By substituting H,, H, H, and o(h) in function (8), the

ERS value oy can be obtained. The residual stress can be
characterized by ERS and its influence layer depth of Hy.

Table 1 Material property parameters of titanium alloy TC17

Categories Parameter Value

Basic constants Density p (kg/m3) 4770
Young’s modulus E (GPa) 112
Poisson’s ratio 0.34

Constants of J-C model Melting temperature T, (K) 1675
Initial yield stress A (MPa) 1100
Hardening constant B (MPa) 700
Hardening exponent n 0.983
Strain rate constant C 0.01

Thermal softening exponent m 0.7

(a) Unit: mm

76.10

2.2 Equivalent residual stresses of TC17 titanium
alloy

2.2.1 Measurement of residual stress

The TC17 titanium alloy was used in this study
(Ti-5A1-2Sn-27Zr-4Mo—4Cr). It was heat treated at 360 °C for
30 min and 550 °C for 3—4 h before being allowed to cool in
air. Its chemical composition was 4.5-5.5% Al, 1.6-2.4% Sn,
1.6-2.4% Zr, 3.5-4.5% Mo, 3.5-4.5% Cr, and Ti balance 21%.
The mechanical properties are listed in Table 1, and a specimen
is shown in Fig. 3(a).

Three points were selected for measuring the residual
stress of each specimen, as shown in Fig. 3(b). The residual
stress was measured in the x and y directions, to give the
average values of the residual stress in the x and y directions,
which were used for the subsequent analyses.

Of the several techniques available for measuring the
residual stress, X-ray diffraction was utilized in this study.
The residual stress was measured on a residual stress meas-
uring system (LXRD MG2000, PROTO), as shown in
Fig. 4(a). Taking material properties and equipment perfor-
mance into consideration, the parameters for measuring the
residual stress of TC17 were selected, as shown in Table 2.

First, a measurement point was electropolished with a satu-
rated solution of CH;0H, C¢H,,0,, and HCIOj, in the ratio
10:5:1 to expose the deeper layers. The workpiece was etched
several times in a direction perpendicular to the surface using
an electrolytic polisher, as shown in Fig. 4(b). The subsurface
residual stress in each layer was measured after each etching
cycle. Measured data on residual stress do exhibit errors. How-
ever, the values were only about+20 MPa, and therefore, they
will be ignored in the following analysis and simulation.

2.2.2 Characterization model for equivalent residual
stresses of TC17 titanium alloy

Based on the shot peening parameters of the blade, the test

was planned using the response surface method with air pres-
sure, flow rate, nozzle speed, and distance as variables for the

(b)

Fig.3 Specimen and measurement points: a block specimen; b planning for measuring residual stress, three measurement points are evenly dis-

tributed on the machined surface
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Fig.4 Residual stress measurement system and electrolytic polisher: a PROTO-LXRD MG2000 residual stress measuring system; b Struers

MoviPol-5 electrolytic polisher

Table 2 Parameters for measuring the residual stress of TC17 alloy

Category Parameter Value
Measurement constants ~ Voltage (kV) 25
Current (mA) 20
X-ray tube Cu_Ka
p angle +25°
Diffraction crystal plane {213}
Bragg angle 26 142°
Number of exposures 10
Exposure time (s) 2
Collimator diameter (mm) 3
Elastic constants pl213} 0.32
! S;m)(mmle) 12.0x107°
Sizm(mmz/N) -29%107°

specimen shown in Fig. 3(a). The experimental protocol is
shown in Table 3.

Next, we analyze the results for different parameter sets.
Combined with the calculation method of characteristic
parameters and ERS in Sect. 2.1, the characterization of resid-
ual stresses for 29 sets of shot peening parameters in Table 3
is shown in Table 4.

Table 4 shows that the SRS, MRS, DMRS, DRSA, and ERS
depend on the shot peening parameters. The ERS is clearly
different for the different sets. Thus, we have demonstrated
that the ERS can be used to characterize the residual stress-
affected layer. Further the ERS can be used in a mathematical
relation between the residual stress-affected layer and fatigue
or deformation.

2.3 Effects of shot peening parameters on equivalent
residual stress for TC17 titanium alloy

According to the characterization amount of shot peen-
ing parameters corresponding to each group of shot peening

Table 3 Experimental planning of response surface method based on
shot peening parameters

Set Air pressure  Flow rate (kg/ Nozzle speed Dis-
(MPa) min) (mm/min) tance
(mm)

1 0.1 0.95 60 25
2 0.1 0.8 30 25
3 0.1 0.8 60 15
4 0.1 0.6 60 25
5 0.15 0.95 60 15
6 0.1 0.6 60 5
7 0.06 0.6 60 15
8 0.1 0.8 60 15
9 0.15 0.8 120 15
10 0.1 0.95 30 15
11 0.15 0.8 60 25
12 0.06 0.95 60 15
13 0.1 0.6 120 15
14 0.1 0.8 60 15
15 0.06 0.8 30 15
16 0.1 0.8 120 5
17 0.1 0.8 30 5
18 0.06 0.8 120 15
19 0.06 0.8 60 25
20 0.15 0.8 30 15
21 0.1 0.6 30 15
22 0.1 0.8 60 15
23 0.1 0.95 60 5
24 0.1 0.8 60 15
25 0.06 0.8 60 5
26 0.15 0.8 60 5
27 0.1 0.8 120 25
28 0.15 0.6 60 15
29 0.1 0.95 120 15
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parameters as shown in Table 4, regression analysis was per-
formed to finally obtain the characterization model of residual
stress based on air pressure, flow rate, moving speed and dis-
tance, as shown in Egs. (10) and (11), with adjusted R squared
is greater than 0.95, indicating a high accuracy of the model.
DRSA = 191.08334 + 78.92062 * p — 354.76632  q — 0.64687 % v — 106297  h

456.33945 # p % q—0.150859 % p % v—0.2024 % p %+ h —0.08232 % g * v

+0.304672 % g # h +0.001381 v h — 32.5728 = p* + 192.1611 ¢

+0.003804 # v? + 0.027237 = h*
(10)

ERS = —671.71518 + 99.55008 * p — 247.88998 * g + 2.42216 * v + 2.27525 * h
—181.03826 # p  q + 2449518 5 p * v + 2.263936 % p # h + 0.307665 % g * v
—1.38011 g # h — 0.00540 * v % h — 60.51072 * p* + 196.57537 * ¢*

—0.024536 # v* — 0.081603 s h?

1)

Table 4 Characterization of residual stresses for different shot peen-
ing parameters

Set SRS MRS DMRS DRSA ERS (MPa)
(MPa) (MPa) (mm) (mm)

1 —785.8 —832.85 0.01334 0.06434 —-622.29
2 —889.02 —-927.84 0.01567 0.0756 —683.26
3 -757.52 —-808.17 0.01627 0.07965 -602.97
4 —-73458 —-77538 0.0174 0.0978 —570.26
5 —=81976  —840.19  0.02002 0.09217 -618.45
6 —756.19 —-797.46 0.01178 0.05377 —590.84
7 —=7382 —-794.16  0.01424 0.07229 —594.52
8 —757.52 —808.17 0.01567 0.0756 -602.97
9 —-687 -716.19  0.01364 0.06037 —526.04
10 —-966.87 —995.81 0.01342 0.0675 —702.55
11 -773.8 —-801.79  0.0183 0.09592 —-601.91
12 -74876  —886.97  0.01042 0.0489 —644.68
13 =707.12 —=747.23  0.012 0.05377 —545.22
14 -75752 —-808.17 0.0177 0.10522 -602.97
15 -763.79 —819.64 0.0216 0.099 —635.49
16 —-721.84 —-769.55 0.01567 0.0756 —565.5
17 -931.31 -964.83  0.01837 0.087 —-691.43
18 —=771.7 —840.51  0.01567 0.0756 —639.56
19 -75237 —821.26  0.01222 0.05445 —637.94
20 —1052.94 —1068.13 0.02122 0.09652 —754.34
21 —876.94 —-91479 0.01342 0.06742 —688.31
22 —-757.52 —-808.17 0.01815 0.09157 —-602.97
23 —804.19 —-850.46  0.01365 0.06862 —633.81
24 —-757.52 —808.17 0.01334 0.06434 —-602.97
25 -—=750.78 —819.44  0.01567 0.0756 —637.69
26 -—826.74 —853.21 0.01627 0.07965 —641.49
27 -72144 -769.21 0.0174 0.0978 —562.89
28 —714.31 —735.13  0.02002 0.09217 —527.05
29 -—722.58 —769.74  0.01178 0.05377 -563.13
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3 FEM of equivalent residual stress-induced
deformation

In this part, the equivalent residual stresses were loaded on the
blade model according to the actual processing condition of
shot peening, the FEM of equivalent residual stress-induced
deformation was established, and the deformation was studied.

3.1 Blades and their machining process
3.1.1 Characteristics of the blade profile

The model of the blade in this study is a semi-finished
workpiece; as shown in Fig. 5, its profile part is consistent
with that of the actual blade, whose dimensions are roughly
100 mm X 70 mm, while the blade root part, which is not
related to deformation, is a roughly machined square. The
outer contour of the fan blade is composed of three-dimen-
sional free surfaces. The curvature radius of the blade tip is
much larger than the root. The curvature radius is generally
reduced from the tip region to the root region.

3.1.2 Machining of blade

The material of blade is TC17 titanium alloy, and after the
blade was milled from blank, it was polished, and then shot
peening, and the blade will be polished again if the surface
roughness is not satisfactory. This paper mainly studies the
residual stress-induced deformations of blade after shot
peening. The shot peening was finished on the MP1500TX
shot peening machine of Wheelabrator company.

3.2 Equivalent residual stresses loaded in the blade

In the shot peening process of blade, the impact range of
the shot is much smaller than the blade surface area, so it

Unit:mm

70

100

Fig.5 Compressor blade
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is impossible to complete full coverage at one time, need to
plan a good shot peening trajectory, so that the nozzle along
the planned trajectory to move, to ensure that the entire
blade surface is covered by the projectiles.

As shown in Fig. 6, the nozzle was walking back and forth
three times during the shot peening process to ensure that the
coverage was as required. To make the FEM of shot peening
closer to the real situation, and considering the time required
for the FEM, the blade surface was divided into nine regions
as much as possible according to the equal area principle, and
residual stresses were applied in each region in turn to simulate
the actual shot peening process. This makes the loaded residual
stresses close to the actual residual stresses on the workpiece,
thus ensuring the accuracy of the finite element analysis.

The residual stresses loaded in the FEM are obtained based
on the ERS calculation method in Sect. 2.1. Based on the
measured residual stress data, the ERS and their affected layer
depths are calculated for the specific shot peening parameters.

The process of loading ERS based on the time sequence is
shown in Fig. 6. Take the shot peening process of blade back
as an example, choose the shot path “the nozzle carries out
horizontal movement, starting from the blade root and end-
ing at the blade tip.” The calculated ERS is loaded into the
BkI region, and the results including the blade deformation
and stress state are obtained after finite element analysis;
then the result file is imported into Abaqus software as the
initial state of the model, and then the ERS is loaded in the
Bk2 region of this model for finite element analysis, and the
result file is obtained; again the result file is imported into
the software, and the ERS is applied in the Bk3 region, and
so on, loading ERS in each region in the planned order to
simulate the actual shot peening process.

Fig.6 Time sequence of blade
shot peening: ERS are loaded
sequentially in the order shown
by the red arrows

Blade back

3.3 Finite element analysis of residual
stress-induced deformation

The geometric model of the blade is imported into Abaqus
software, and the coordinate system in Abaqus software is
the same as the design coordinate system of the blade. The
shell is extracted from the blade back and the blade basin,
and the shell thickness is set to the same depth as the influ-
ence layer of ERS. The shell is divided into nine regions as
uniformly as possible, and then the shell and the blade are
bound together by the “tie” method.

The material properties of TC17 are entered in the “prop-
erties” module. The thickness of the shell is set according to
the DRSA. The analysis of the blade deformation is based on
the blade root, so the blade root model is constrained when
establishing the boundary conditions. The six degrees of
freedom of the blade root are fully constrained.

The mesh size is closely related to the analysis time and
the accuracy of FEA results. Too large mesh size has low
analysis accuracy, and too small mesh size will prolong the
analysis time. After several experiments and explorations, a
meshing method that considers both analysis accuracy and
time cost is adopted. The cell size of the blade surface part
is 0.5 mm, the cell size of the root part is 1 mm, the cell type
is C3D10, and the total number of cells is 269,264. The cell
size of the blade shell is 0.5 mm, the cell type is S4R, and
the total number of cells is 12,714.

The TC17 blade was subjected to residual stress-induced
deformation simulation, and the ERS and the DRSA corre-
sponding to the 15 and 21 groups of parameters in Table 3
were selected. The finite element analysis results of the blade
are shown in Fig. 7, and it can be found that the deformation

Blade basin
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decreases gradually from the blade tip to the blade root, so
the deformation at the blade tip is selected for subsequent
analysis.

In the blade design model, the inlet side to the exhaust
side is set as x-direction and the blade basin to the blade back
as y-direction. The simulated deformation of group 15 and
group 21 is compared with its measured results; the results
are shown in Fig. 8. The analysis found that the x-direction
deformations of group 15 and group 21 are relatively small
compared with the y-direction. Comparing the measured
deformation and simulated deformation, the difference
between the x-direction deformation is not large, and the
maximum difference between the y-direction deformation
is 20%, but the trend is consistent, so the FEM can be used
for further study of the residual stress-induced deformation
of TC17 blade.

4 Optimization of shot peening parameters
based on deformation constraints

Based on the FEM of equivalent residual stress-induced
deformation, the effect of shot peening parameters on
deformation was obtained, and the optimized shot peening
parameters were obtained by exhaustive haircut calculation.
Finally, the optimized shot peening parameter was verified.

4.1 Residual stress control domain based
on deformation constraints

To analyze the influence relationship between the ERS and
DRSA on the deformation of TC17 blade, finite element
analysis is performed with the verified FEM of residual
stress-induced deformation for each group of shot peen-
ing parameters in Table 3 to obtain the deformation of the
blade under each group of ERS and DRSA conditions. The
influence relationship model is shown in Egs. (12) and (13).
Figure 9 depicts the influence relationship between them; it
can be found that the deformations in both x-direction and
y-direction decrease with the decrease of the ERS and DRSA.

Fig. 7 Finite element analysis
results of residual stress-
induced deformation: take nor-
mal deformation as an example
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Ux = 0.00361 + 5.245¢7% % ERS — 0.0521 * hr
+2.0204¢* % ERS * hr — 2.967¢8 %« ERS? * hr

+3.346¢77 % ERS % hr* + 2.369¢~° x ERS? + 0.225 * hr?
(12)

Uy = —0.022 + 8.985¢™> % ERS + 1.797 % hr
+0.0017 * ERS * hr — 2.807¢~% % ERS?  hr

—0.0270 * ERS * hr* +2.183¢™" « ERS® — 17.525 = hr*

13)
where ERS is the equivalent residual stress and hr is the
depth of the residual stress-affected layer.

According to the relationship between the ERS and DRSA
on the deformation, the ERS and DRSA control domains
based on the deformation constraint are inverse solved by the
exhaustive method. According to Table 4, the range of the
ERS is [—526.04, —754.34] and the range of the DRSA is
[0.049, 0.105]. Since a large compressive residual stress and
its influence layer depth can improve the fatigue life of the
blade [47], this optimization is bounded by the median value
of ERS and DRSA; that is, the initial domain is set as follows:

@ Measured value
0.00 - o | @ Simulated value
° °
_—0.01} °
£
g
£ -0.02
£
51
=
2 -0.03
a
° °
-0.04
)
°
-0.05 . : : '
15-x 15-y 21-x 21-y

Fig.8 Verification of FEM for residual stress-induced deformation:
set 15 and set 21 in Table 2
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Fig.9 Effect of ERS and DRSA on the deformation of TC17 blade: a displacement in the x-direction; b displacement in the y-direction. ERS
indicates the equivalent residual stress; DRSA indicates the depth of residual stress affect layer

ERS [-640.19,—-754.34], DRSA [0.077, 0.105], and the con-
straint is set as the absolute value of deformation <0.03 mm.
From Table 2, the resolution of the ERS and DRSA can be
set to 5 MPa and 0.005 mm. A program is written in Python
to perform the calculation and generate two sets of equal dif-
ference series LDRSA and LERS based on the initial domain
of each parameter. The two nested loops are prepared, and
a value is extracted from the two initial domains in order to
arrange the combinations, and the combinations are assigned
to Eq. (12), if the calculation result of Ux is within the range
of [—0.03, 0.0], then the parameter combinations are adopted
and broken up into two new series LXDRSA and LXERS,
respectively, and discarded if they are out of range. Two
parameter series that meet the x-direction deformation con-
straint are obtained. Subsequently, two nested loops are pre-
pared again, and a value is extracted from the two new series
LYDRSA and LYERS in order to arrange the combination,
and each combination is assigned to Eq. (13), if the result of
ERS calculation within the range of [—0.03, 0.0] is used and
the combination of parameters is broken into two new series
LUDRSA and LUERS, respectively, and discarded if it is out
of range. Finally, the two series are derived and processed to
obtain a combination of residual stress that meet the require-
ments, as shown in Table 5, and the comprehensive analysis
finds that the specific control domains are ERS [— 664, —754]
and DRSA [0.077, 0.082].

4.2 Shot peening parameters based on deformation
constraints

The distance between the nozzle and the blade in the shot
peening process is always varying between 5 and 25 mm, so

the distance /% is set to 15 mm in this study. The combinato-
rial enumeration in the exhaustive method is used in this
part, i.e., the values are taken in the range of air pressure,
flow rate, and nozzle speed, and they are combined with
each other arbitrarily to try whether they satisfy the con-
straints of the ERS and DRSA.

Based on Table 3, the initial domains of the shot peening
control parameters were set, i.e., air pressure p[0.6,1.5], flow

Table 5 Control domain of ERS and DRSA based on deformation
constraint

Set ERS (MPa) DRSA (mm)
1 —754 0.077
2 —749 0.077
3 —744 0.077
4 -739 0.077
5 —734 0.077
6 -729 0.077
7 —724 0.077
8 -719 0.077
9 —-714 0.077
10 —709 0.077
11 —704 0.077
12 —704 0.082
13 —699 0.077
14 —699 0.082
15 — 694 0.077
39 —644 0.077
40 —644 0.082
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rate g[0.6,0.95], and nozzle speed v[30,120]. Due to the control
accuracy of air pressure and flow rate in the shot peening pro-
cess is 0.05, so the domain resolution of air pressure and flow
rate is set to 0.05, and the domain resolution of nozzle speed is
set to 10 due to the small differentiation. Combined with Eqs.
(10) and (11), a program was written in Python to perform the
calculations and obtain the combination of shot peening control
parameters that meet the requirements, as shown in Table 6.

Given the wide range of parameters obtained, further
determination of the exact parameters is required. Com-
bined with Eqs. (10) and (11), the ERS corresponding to
each group of parameters in Table 6 is calculated here, and
its DRSA is set to 0.08 mm for the purpose of analysis. Since
a large compressive residual stress and its influence layer
depth can improve the fatigue life of the blade [47], the first
group is selected as the optimal shot peening parameters
after comparative analysis.

4.3 Shot peening processing of blade

Optimized shot peening parameters for the TC17 blade
required shot peening tests to verify its feasibility. The blade
was shot peened using the MP1500TX shot peening machine
from Wheelabrator company.

After the blade shot peening process is completed, the
clamping is removed and left for a period of natural aging,
the deformation is measured on a CMM with the tenon root
as the reference and the design model coordinate system as
the measurement coordinate system according to the process
drawing. The deformation results are shown in Fig. 10.

Figure 10 compares the processing deformation of each of the
three blades processed with the original shot peening parameters
and optimized shot peening parameters, and the deformation of
each blade is the deformation of the measurement point. Though
the comparative analysis found that the use of the original shot
peening parameters of the blade after processing the x-direction
and y-direction deformation are relatively large, the largest is
located in the tip of the leaf, its deformation is 0.07 mm; using

Table 6 Domains of air pressure, flow rate, nozzle speed, and dis-
tance that satisfy the deformation constraint

Set Airpres- Flowrate Nozzlespeed Distance ERS (MPa)
sure (MPa) (kg/min)  (mm/min) (mm)
1 0.07 0.6 30 15 700.92
2 0.08 0.7 30 15 666.71
3 0.08 0.8 30 15 617.71
4 0.08 0.9 30 15 621.88
5 0.08 0.6 40 15 666.72
6 0.09 0.7 40 15 660.88
7 0.09 0.8 40 15 639.78
8 0.09 0.9 40 15 665.60

@ Springer

the optimized shot peening parameters for shot peening process-
ing, their deformations are reduced, each section of the x- and
y-direction deformations are reduced to within 0.02 mm, and the
deformation of each section becomes more uniform compared
to the other, which proves the feasibility of optimizing the shot
peening processing parameters.

5 Conclusions

This paper studied the residual stress-induced deformation
of TC17 titanium alloy due to shot peening.

(1) Based on the cosine function for the residual stress for
different sets of shot peening parameters, the ERS of
shot peening residual stress was calculated using inte-
gration. Then the relation for the effects of shot peening
parameters on residual stress was obtained.

(2) The equivalent residual stresses were loaded on the blade
model according to the actual processing condition of
shot peening; the FEM with high accuracy of equivalent
residual stress-induced deformation was established.

(3) Based on the FEM, the effects of shot peening parameters
on blade deformation were studied, and the optimized
parameters of shot peening to meet the deformation
requirements were obtained by the exhaustive method.
This approach may serve as a new research tool and pro-
vide new ideas for studying the residual stress after shot
peening as well as the control of deformation.

0.12
B Blade of original parameters
® Blade of optimized parameters
0.08 |-
~_
g
g
N’
£ 0.04 |
-]
£
3 [
=
Z
L S St
-0.04
1 1

X-direction Y-direction

Fig. 10 Deformation of three blades machined using original shot
peening parameters and optimized parameters, respectively. Measure-
ment point of deformation amount is as shown in Fig. 7. The positive
x-direction is taken from intake side to exhaust side and the positive
y-direction from blade back to blade basin
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