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Abstract Residual stress during the machining process has
always been a research hotspot, especially for aero-engine
blades. The three-dimensional modeling and reconstructive
laws of residual stress among various processes in the
machining process of the fan blade is studied in this paper.
The fan blades of Ti-6Al-4V are targeted for milling,
polishing, heat treatment, vibratory finishing, and shot
peening. The surface and subsurface residual stress after
each process is measured by the X-ray diffraction method.
The distribution of the surface and subsurface residual
stress is analyzed. The Rational Taylor surface function
and cosine decay function are used to fit the characteristic
function of the residual stress distribution, and the empir-
ical formula with high fitting accuracy is obtained. The
value and distribution of surface and subsurface residual
stress vary greatly due to different processing techniques.
The reconstructive change of the surface and subsurface
residual stress of the blade in each process intuitively
shows the change of the residual stress between the pro-
cesses, which has a high reference significance for the
research on the residual stress of the blade processing and
the optimization of the entire blade process.
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1 Introduction

Residual stress is the stress that exists in an object in
equilibrium when there is no stress. In the manufacturing
process of parts, residual stress will be generated inside the
parts. When parts are machined, it is rare that no residual
stress is generated inside the component. The state of
residual stress introduced by processing, especially the
magnitude of its stress value, varies with the processing
method or treatment method. Residual stress is generated in
various machining processes of the workpiece, such as
milling, polishing, heat treatment, vibratory finishing, shot
peening, and so on. Residual stress has a great influence on
the application of workpieces, especially thin-walled parts
[1, 2]. Many scholars have done a lot of research on the
residual stress in each processing process.

There are many kinds of blades, and their respective
processing processes also differ. The main processes for
fan blades are milling, polishing, heat treatment, vibratory
finishing and shot peening. Milling is the process of
removing excess material according to the design model.
The milling process introduces residual stresses due to
tearing and extrusion of the material. Milling parameters
play a large role in the residual stress, and the residual
stress has a significant impact on the quality of the milling
process. The influences of milling parameters like cutting
speed, feed rate, and depth of cut on the residual stress
distribution have been studied [3—6]. For the prediction of
residual stress after milling, the response surface method
was used [7] and the models for predicting the surface and
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subsurface residual stress distributions of milling via pro-
cess conditions were developed [8—11]. The polishing
process mainly reduces the roughness, and at the same time
reduces the compressive residual stress and makes its dis-
tribution more uniform. Based on the traditional polishing
process, some new types of polishing process are increas-
ingly used in the polishing process, such as hydrodynamic
suspension polishing [12], and flexible polishing [13, 14].
Especially, the belt polishing, bob polishing, and flexible
polishing are commonly used in the precision manufac-
turing of gas turbine engine components for aerospace and
energy applications [15]. There are also studies on the
effects of different types of polishing processes on the
residual stress distribution [16, 17]. Heat treatment usually
used to release the residual stress after the previous process
[18-21]. A novel cryogenic treatment is used to reduce the
residual stress and improve the mechanical property [22].
The effect of the post weld heat treatment on the residual
stress has been studied by the Norton creep law model [23].
The change of residual stress during the annealing process
has been predicted by a novel residual stress relaxation
model [24]. Research on vibratory finishing mainly focuses
on the surface roughness [25] and residual stress [26]. The
vibratory finishing is extensively utilized in the manufac-
turing process of aircraft engine blades [27, 28]. The
residual stress of the part can be reduced by a part, and it
can also become uniform. The normal force, material
removal and surface topography of vibratory finishing were
analyzed and correlated to understand the cause-effect
relationships, and then enable the efficient surface
smoothing and improved residual stress depth distribution
[29]. Shot peening improves the fatigue resistance of
specimens by introducing high compressive residual stress.
The research of residual stress distribution after shot
peening mostly adopts finite element analysis [30, 31] and
experiment [32], and the residual stress value and the
uniformity of the residual stress distribution are both
research goals [33]. The model to predict the residual stress
distribution induced by shot peening has also been pre-
sented [34]. Other shot peening methods such as water jet
peening give a surface layer residual stress equivalent
better than that of normal shot peening [35]. The effects of
shot peening time on the residual stress evolution in the
process of shot peening have been investigated [36]. There
are also a lot of researches on the distribution of residual
stress after the composite machining process [37—40].

At present, most of the research focuses on the residual
stress of a single machining process, and there are few
studies on the change of residual stress between multiple
processes. The fan blade was used as the research object in
this paper; the milling, polishing, heat treatment, vibratory
finishing, and shot peening processes were performed; and
the residual stresses were measured. The surface and

subsurface residual stresses of each process are analyzed,
and the reconstructive change of the residual stress
between processes is studied by fitting empirical formulas.
It has important reference significance for studying the
residual stress in the whole process of fan blade.

2 Machining of fan blade and measuring
of residual stress

A large fan blade of aeroengine is studied in this paper, and
the material of the fan blade is Ti-6Al-4V. The fan blade
has a more complex geometry with three-dimensional free-
form surface, therefore, the complicated processing tech-
nology is needed. The machining process of the fan blade
from blank to finished product is shown in Fig.1. The blade
was milled on the DMU125P five-axis machining center of
Gildemeister, and it was polished with the 2MY55200-
6NC belt polishing machine of Chongging Samhida
Grinding Machine Co. Ltd. The heat treatment was carried
out in the HVA-8812S vacuum heat treatment furnace of
ACME; the vibratory finishing process was then completed
on Rotary Vibrator R 420 DL of Rosler; and finally, the
shot peening process was done on MP1500TX shot peening
equipment of Wheelabrator.

After the blade was processed by various processes, the
residual stress was measured. The measurement points
were carefully chosen to ensure that the measured residual
stress reflected the residual stress distribution in the blade
as closely as possible. On the surface of the blade, 20
measurement points were distributed as evenly as possible
to measure surface residual stress. To measure the sub-
surface residual stress, 18 measurement points were dis-
tributed as evenly as possible as shown in Fig. 2. As the
heat treatment and vibratory finishing in the blade process
do not have a clear machining direction, only the residual
stress in the x-direction is measured, as shown in Fig. 2.

The PROTO-LXRD MG2000 residual stress measure-
ment system is used to measure the surface and subsurface
residual stresses of the thin-walled fan blade. Residual
stress measurement is realized based on the X-ray
diffraction technique. The basic principle is that the lattice
strain and the macroscopic strain of a material caused by a
certain stress are the same, and the lattice strain can be
measured by the X-ray diffraction technique and the
macroscopic strain can be obtained from elastic mechanics.
The macroscopic stress can be deduced from the measured
lattice strain. In the process of residual stress measurement,
the sin?y method of X-ray diffraction stress analysis is
used. According to the Bragg equation, the stress calcula-
tion equation can be obtained as
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where o is the residual stress; K is the X-ray stress constant,
MPa/(°); 0y is the diffraction angle in the stress-free state;
204, is the X-ray diffraction angle; i is the angle between
the normal of the diffraction crystal plane (hkl) and the
normal of the material surface; M is the slope of the
diffraction angle position corresponding to different
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directions 204, and sin? | linear relationship. The key to
the residual stress measurement is to accurately determine
the diffraction angle 20y4,, and then find the value of
residual stress according to the stress calculation equation.

To obtain the distribution of residual stress along the
depth, the blade surface was electropolished with a satu-
rated solution of CH3;OH:C¢H,,0,:HCIO, = 10:5:1 to
expose the deeper layers. Firstly, the surface residual stress
and the original thickness perpendicular to the measure-
ment point were measurement. The electrolytic polishing
equipment is then used to corrode the local area, and the
depth of corrosion is controlled by adjusting the electrol-
ysis time and number of times. Then the residual stress in
the x-direction of each layer is measured until multiple
residual stress values are close to a certain stress value. It
can be considered that the measured residual stress value is
the same as the residual stress of the material matrix. When
measuring the subsurface residual stress after corrosion, the
corrosion area is a circle with a diameter of Smm, which is
smaller than the blade profile (600 mm x 150 mm). The
deformation caused by the corrosion removal has little
impact on the residual stress and can be ignored. At the
same time, the diameter and depth of the corrosion area are
input into the measurement system, and the residual stress
measurement system will automatically compensate, fur-
ther ensuring the accuracy of the residual stress measure.

Considering various factors, the parameters for mea-
suring the residual stress of Ti-6Al-4V are shown in
Table 1.
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Table 1 Parameter for measuring the residual stress of Ti-6Al-4V

Voltage/ Electric X-ray p angle/ Exposure Exposure Bragg angle Diffraction crystal ~ Collimator
kV current/mA transistor ©) number time/s 20/(°) plane diameter/mm
25 20 Cuk, +25 10 142 {213} 3

Before measuring the residual stress, the equipment has
been debugged by experienced testers for many times, and
the error of the measurement result can be kept within &£ 30
MPa. The results are very accurate, and the error can be
ignored during the analysis.

3 Analysis of surface residual stress of the blade

3.1 Distribution of surface residual stress
of the blade

After the residual stresses of the blade are measured, the
surface residual stresses of the measured points on each
blade are analyzed and the residual stress distribution based
on the blade surface coordinates can be obtained by func-
tion fitting. The distributions of the surface residual stress
of the blade after milling, polishing, heat treatment,
vibratory finishing, and shot peening are described in Fig. 3
with the contour map of residual stress. In the figure, the x-
axis and the y-axis respectively represent the x coordinate
axis and the y coordinate axis of the blade design coordi-
nate system, and the magnitude of the residual stress value
is indicated by color. The dark blue area indicates that the
compressive residual stress is large; the dark red area
indicates that the compressive residual stress is small; and
the transition from dark blue to dark red color also repre-
sents the decrease of the compressive residual stress value.

As can be seen from Fig. 3, the surface residual stress
profile and its value in the blade back and the blade basin
are very different, depending on the blade structure and the
different processing techniques. And the maximum and
minimum compressive residual stresses in the surface of
the blade back and the blade basin are different due to
different processing techniques. After the blade is milled,
the maximum surface residual stress in the blade back is
located in the ridge area of blade root, with a value of
—405.30 MPa. The minimum surface residual stress is
located in the exhaust side area of blade middle, with a
value of —250.39 MPa. In addition, the maximum surface
residual stress in the blade basin is located at the exhaust
side area of blade root with a value of —380.56 MPa, and
the minimum surface residual stress is located at the intake
side area of blade middle with a value of —210.56 MPa.

The extreme values of the compressive residual stress of
milling, polishing, heat treatment, vibratory finishing, and
shot peening are shown in Tables 2 and 3. Based on the
milling process parameters and blade structure, the surface
residual stress caused by the milling process is from
—200 MPa to —400 MPa, and its surface residual stress
range is from —100 MPa to —350 MPa after polishing.
Then the heat treatment is carried out to eliminate the
residual stress, its surface residual stress range becomes
from 20 MPa to —90 MPa. Because of the vibration fin-
ishing treatment, its surface compressive residual stress
increases to the range between —300 MPa and —530 MPa,
and finally the shot peening further improve its compres-
sive residual compressive stress to the range between
—650 MPa and —800 MPa.

Comprehensive analysis found that the residual stresses
in the surface of the blade back and blade basin are all
compressive residual stresses, and there is no consistent
law of distribution.

3.2 Statistics of residual stress on the blade surface

The measured value of the surface residual stress of each
process is statistically analyzed, and the approximate range
of the residual stress value of each process is evaluated.
The statistical content of residual stress is shown in Fig. 4.
The axis of abscissa represents the interval of residual
stress values, and the axis of ordinate represents the num-
ber of values in each interval of residual stress. And the
specific number in the interval of each residual stress value
is indicated on the histogram.

It can be seen from Fig. 4 that the surface residual stress
value of the blade after milling is mainly concentrated
between —240 MPa and —360 MPa; the residual stress
value of polishing is mainly concentrated between
—200 MPa and —300 MPa; and the residual stress value of
heat treatment is mainly concentrated between —20 MPa
and —80 MPa; the residual stress value of vibratory fin-
ishing mainly concentrated between —360 MPa and
—440 MPa; the residual stress value of shot peening
mainly concentrated between —660 MPa and —720 MPa.
Comprehensively comparing the distribution range of the
residual stress value on the blade surface of each process, it
is found that the distribution range of the residual stress
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Fig. 3 Distributions of surface residual stress in the blade a blade back of milled blade, b blade basin of the milled blade, ¢ blade back of the
blade after polishing, d blade basin of the blade after polishing, e blade back of the blade after heat treatment, f blade basin of the blade after heat
treatment, g blade back of blade after vibratory finishing, h blade basin of the blade after vibratory finishing, i blade back of blade after shot
peening, j blade basin of the blade after shot peening
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value of the blade after milling and polishing is large; the
residual stress difference is relatively large; and it is easy to
cause large processing deformation, so the processing
process needs to be further optimized. The distribution
range of the residual stress values of the blades after heat
treatment, vibratory lighting and shot peening is small,
which indicates that they have a high processing consis-
tency. However, the heat treatment is an artificial aging
treatment to eliminate residual stress. After the heat treat-
ment, the blade still has a residual stress between —20 MPa
and —80 MPa, and the heat treatment process should also
be optimized. Although there are individual singular
residual stress values of the blades after vibratory finishing
and shot peening, they are negligible due to the small
number.

The surface residual stress in the blade is further ana-
lyzed, and the average value and standard deviation of the
surface residual stress of each process after blade
machining can be obtained by calculation, as shown in
Table 4. With the processing of blades from milling, pol-
ishing, heat treatment, vibratory finishing to shot peening,
the average surface residual stress has also evolved from
—305.87 MPa, —236.45 MPa, —46.46 MPa,
—405.78 MPa, to —704.89 MPa, respectively. Standard
deviation is analyzed by comparison. It is found that the
standard deviation of residual stress after milling and pol-
ishing is greater than the measurement error of residual
stress (30 MPa), and the standard deviation of residual
stress after heat treatment, vibration finishing and shot
peening is less than or close to the measurement error of
residual stress. The residual stress profile is determined by
a variety of factors. The residual stress after milling is
determined by the structure of the workpiece and the
parameters of the milling process, and most of the residual
stress profile is not very uniform. However the residual
stress after polishing process is generally more uniform
[12], and the standard deviation of the residual stress after
polishing in this paper is greater than the measurement
error, indicating that the processing stability is poor. It is
suggested that the subsequent polishing process optimiza-
tion should be combined with the blade structure to make
the residual stress distribution as uniform as possible.

3.3 Residual stress distribution based on Rational
Taylor surface function

According to the results of measured surface residual stress
after blade processing, the two-dimensional distribution of
blade residual stress is numerically fitted based on surface
coordinates x, y, and the two-dimensional distribution
formula of residual stress was obtained. In order to improve
the fitting accuracy, the surface coordinates and surface
residual stress of blade need to be processed by mean-

Table 2 Extreme values of compressive residual stress on blade back

Process Maximum Minimum
Position Value/ Position Value/
MPa MPa
Milling Ridge area of — 405.30 Exhaust side  — 250.39
blade root area of
blade
middle
Polishing Ridge area of — 274.91 Intake side — 108.30
blade tip area of
blade
middle
Heat Exhaust side — 85.22 Intake side 33.10
treatment area of area of
blade blade tip
middle
Vibratory Exhaust side ~ — 472.71 Exhaust sidle = — 331.77
finishing area of area of
blade tip blade root
Shot Ridge area of — 784.77 Intake side — 658.58
peening blade area of
middle blade root

Table 3 Extreme values of compressive residual stress on blade

basin
Process Maximum Minimum
Position Value/ Position Value/
MPa MPa
Milling Exhaust side — 380.56 Intake side — 210.56
area of blade area of
root blade
middle
Polishing Intake side — 321.28 Ridge area of — 211.89
area of blade blade
tip middle
Heat Intake side — 67.88 Exhaust side —3.17
treatment area of blade area of
middle blade root
Vibratory  Intake side — 459.64 Exhaust side  — 369.24
finishing area of blade area of
middle blade tip
Shot Exhaust side — 760.65 Intake side — 661.51
peening area of blade area of
middle blade
middle

subtraction before fitting to avoid the influence of abnormal
values and extreme values. The formula of mean-subtrac-
tion is shown as follows
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X =x—pu,
y=y—u, (4)
o =0—p,

where x',y" and ¢’ are the values of mean-subtraction; x, y
and ¢ are the actual measured values; p is the average
value of the actual data.

) + Aoi1x + Bory + Bozy” 4 Cooxy
1+Ax+ By +A2x2 +Bzy2 + szy-

(5)
The Rational Taylor surface function shown in Eq. (5) is

used to fit the surface residual stress distribution of the
blade. The surface coordinates and surface residual stress

@ Springer

of blade are processed by mean-subtraction according to
Eq. (4) before fitting. The coordinates and the residual
stress of each process based on Eq. (4) are shown in
Table 5.

The parameters of the fitting empirical formula based on
Eq. (5) are shown in Table 6. R?is the goodness of fit of the
empirical formula, and the goodness of fit is extremely
close to 1, indicating that the accuracy of the fitting is high.

Combining Eqgs. (4) and (5), the fitting formula for the
actual surface residual stress distribution of the blade based
on the surface position x and y (as shown in Fig. 2) can be
obtained, and —75 <x <75,200 <y <600.
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4 Analysis of subsurface residual stress
of the blade

4.1 Distribution of subsurface residual stress

The distributions of the residual stress along the depth
based on the measurement data of the blade back and blade
basin are shown in Fig. 5. The distribution trend of the
residual stress in the blade back and the blade basin along
the depth direction is generally consistent, but the residual
stress value at each point of the same depth is different.
The compressive residual stress in the surface of the blade
after milling is about —300 MPa. With the increase of the
depth, the compressive residual stress gradually decreases,
and finally reduces to about 0 MPa at a depth of 50-60 pm.
This is the residual stress value of the milled blade base,
and the depth of the residual stress field is about 50 pum.
The compressive residual stress in the surface of the blade
after polishing is about —300 MPa. With the increase of
the depth, the compressive residual stress gradually
decreases and finally reduces to about 0 MPa at a depth of
30-40 pm, and the depth of the residual stress field is about
40 pm. The compressive residual stress in the surface of
the blade after heat treatment is about —50 MPa. With the
increase of the depth, the compressive residual stress
gradually decreases and finally reduces to about 0 MPa at a
depth of 20 um, and the depth of the residual stress field is
about 20 pm. The compressive residual stress in the sur-
face of the blade after vibratory finishing is about
—400 MPa. With the increase of the depth, the compres-
sive residual stress gradually decreases and finally reduces
to about 0 MPa at a depth of 50 um, and the depth of the
residual stress field is about 50 pm. The compressive
residual stress in the surface of the blade after shot peening
is about —700 MPa, and the compressive residual stress
gradually increases with the increase of the depth, which
reaches the maximum value at a depth of 30 um. Com-
pared with the value of surface residual stress, each area
increases by several tens in varying degrees. Then the
compressive residual stress gradually decreases with
increasing depth and finally decreases to about 0 MPa at a
depth of 150 pm, and the depth of the residual stress field is
about 150 um.

4.2 Residual stress distribution based on cosine
decay function

According to the measured residual stress after blade
machining, the depth distribution of residual stress is
modeled based on the depth A, and the depth distribution
formula of residual stress is obtained. To improve the fit-
ting accuracy, the depth # and subsurface residual stress
need to be processed by min-max normalization before
fitting to avoid the influence of abnormal values and
extreme values. The formula is shown as follows

b// = (b_bmin)/(bmax_bmin)v (6)

where b” is the value of min-max normalization; b is the
actual measured value; by, is the maximum value of the
measurement data; bp;, 1S the minimum value of the
measurement data.

a(h) = Ae™ cos(wh + 0) + ay. (7)

The cosine decay function shown in Eq. (7) is used to fit
the surface residual stress distribution along the depth. The
depth value and residual stress value are processed by min-
max normalization according to Eq. (6). The parameters of
each process based on Eq. (6) are shown in Table 7.

The parameters of the fitting empirical formula based on
Eq. (7) are shown in Table 8. R? in the table is the goodness
of fit of the empirical formula, and the goodness of fit is
extremely close to 1, indicating that the accuracy of the
fitting is high.

Combining Egs. (6) and (7), the fitting formula of the
actual subsurface residual stress distribution along the
depth of the blade based on the depth position & can be
obtained.

5 Three-dimensional modeling and reconstructive
change of residual stress

5.1 Three-dimensional modeling of residual stress

According to Egs. (5) and (7), the parametric modeling

based on the space coordinates x, y, h of the blade is per-
formed to obtain the three-dimensional distribution model
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Table 4 Average value, and standard deviation of surface residual Table 5 Parameters of the mean-subtraction formula for each process
stress of blade — — -
Milling Polishing Heat Vibratory  Shot

Process Average value/MPa  Standard deviation/MPa treatment finishing peening
Milling — 305.87 45.42 X,/mm — 4.87 -362 -2 -2 -2
Polishing — 236.45 53.90 Y/ mm 379.14 374.12  371.62 371.62 371.62
Heat treatment — 46.46 17.73 oy/MPa  —306.11 — 23645 — 4646 —410.12 — 704.89
Vibratory finishing — 405.78 29.89
Shot peening — 704.89 29.25
of the residual stress for each process, as shown in
Egs. (8)—(12).

oM = 469.20(exp(—2.651") cos(—3.99h" + 4.08) + 0.51) + oy,

—0.48 — 10.38x" — 2.37y' — 9.74e 2y? — 3.47¢ 2y 306.11

Ty = 1 —6.97x — 0.82y' — 0.22x2 + 3.63e2y2 — 0.12x'y’ o

W' = h/60,

X =x+4.87, (8)

y =y—379.14,

=75 <x<75,

200 <y <600,

0<h <60.

op = 2097.27(exp(—0.054") cos(—0.44h" + 0.59) — 0.85) + gp_s ',

14.57 +2.93e72x' + 0.60y’ + 3.31e 73y + 3.67e >x'y
Op—x,y = — — — — 236457
1+ 0.27x — 0.23y' + 3.79e2x"2 — 2.68e3y"2 — 4.91e3xy’

W' = h/40,

X =x+3.62, (9)

v =y—1374.12,

—75<x<175,

200 <y < 600,

0 <h <40.

o = —155.89(exp(—0.664") cos(—2.64e A" + 1.02) — 0.46) + gy,
—0.62 +3.9¢ 72X +2.14e72y + 1.83e*y? — 4.24e ¥y

1 —4.54e3x + 1.28e72y’ — 3.35e~4x'2 — 6.24e6y2 + 2.23e~*x'y

' = h)20,

X=x+2, (10)

y =y—371.62,

—75<x<75,

200 < y < 600,

0<h<20.

ove = 1131.75(exp(—2.56R") cos(—0.95h" + 4.28) + 0.45) + avy—r.y,
9248.72 + 161.62¢ + 9442 + 025> +0.99¢y

1 —55.84x" — 5.45y' — 1.06x2 — 5.34e~2y2 — 0.90x'y’ o

W' = h/50,

X =x+2, (11)

y =y—371.62,

—75<x<75,

200 < y < 600,

0<h<50.

— 46.46,

OHt—x,y =

OVf—x,y =
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Table 6 Parameters of the Rational Taylor surface function for each process

Milling Polishing Heat treatment Vibratory finishing Shot peening

o — 0479 14.571 —0.624 9248.727 46.799
Ao — 10.382 0.029 0.004 161.619 — 1.885
Bo — 2374 0.603 0.021 94.417 —0.258
Bo: —0.097 0.003 1.828 x 107 0.249 0.001
By, —0.034 3.667 x 107 — 4245 x 107 0.994 — 0.005
Co» — 6.969 0.266 —0.005 — 55.838 — 0426
A, —0.220 0.0379 — 3350 x 107* — 1.055 0.014
As —0.819 —0.229 0.013 — 5452 0.036
B, 0.036 —0.003 —6.242 x 107°° —0.053 —3.843 x 107*
C, —0.121 — 0.005 2228 x 107 —0.902 0.003
R? 0.970 0.969 0.992 0.986 0.978

asp = 177.06(exp(1.17h") cos(—3.83h" + 3.36) + 0.99) + a5,

B 46.79 — 1.88x' — 0.26y’ + 1.02e3y> — 5.46e 3xy’ 704.89

TS5y T T 0.43x + 3.66e2y + 1.36 212 — 3.84e-4y2 1 2.89e3xy 0

W' = h/180,

X =x+2, (12)

y =y—371.62,

—75<x<75,

200 < y < 600,

0<h<180.

In Egs. (8)-(12), om, op, Ont, 0vi, and s, respectively
represent the three-dimensional residual stress of the blade
after milling, polishing, heat treatment, vibration finishing,
and shot peening. Taking the milling process as an exam-
ple, the three-dimensional distribution of residual stress
after milling is shown in Fig. 6. The residual stress on the
surface varies from position to position. For each position
on the surface, the trend along the depth is roughly the
same. However, due to the difference in surface residual
stress, the residual stress values at different positions at the
same depth are also different.

To verify the validity of the residual stress prediction
formula, three points were selected for each process, and
their coordinates (expressed as (x, y, h)) were substituted
into the formula to calculate the residual stress values and
compare them with the measured values. Comparing the
results as shown in Fig. 7, the calculation error of heat
treatment residual stress is the smallest, which is less than
the measurement error (30 MPa); the calculation errors of
residual stress for milling, polishing, vibration finishing
and shot blasting are 15.7%, 20.8%, 21.6% and 6.4%,
respectively. The calculation errors are all less than 25%,

and the formulas have a high accuracy to characterize the
residual stress distribution of each process.

5.2 Reconstructive change of residual stress

The reconstructive change of residual stress among multi-
ple processes is shown in Fig. 8. It can be seen from Fig. 8
that the trend of the fitting curve of the residual stress
distribution along the depth direction of each process is
basically the same. The maximum residual stress is in the
surface or subsurface, and then the compressive residual
stress decreases with the depth increase until it decreases to
about 0 MPa, but the residual stress value at the same
depth has a certain degree of dispersion.

The evolution of the residual stress distribution of each
process is comparatively analyzed in Fig. 8. It can be found
that as the first process of blade machining, the surface
residual stress after milling is about —300 MPa, and the
depth of the residual stress field is 60 pm. Subsequently,
due to the removal amount of 10-20 pum in the polishing
process, the compressive residual stress in the surface is
reduced to about —260 MPa, and the depth of the residual
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Fig. 5 Distributions of residual stress along depth a blade back of milled blade, b blade basin of the milled blade, ¢ blade back of the blade after
polishing, d blade basin of the blade after polishing, e blade back of the blade after heat treatment, f blade basin of the blade after heat treatment,
g blade back of blade after vibratory finishing, h blade basin of the blade after vibratory finishing, i blade back of blade after shot peening, j blade
basin of the blade after shot peening

stress field is also reduced to about 40 pm. After heat
treatment for the purpose of stress removal, the

compressive residual stress in the surface is reduced to
about —50 MPa, and the depth of the residual stress field is
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Fig. 6 Three-dimensional distributions of the residual stress for the blade. take the milled blade as an example a distribution of surface residual
stress, b distribution of subsurface residual stress

Table 7 Parameters of the min-max normalization formula for each process

Milling Polishing Heat treatment Vibratory finishing Shot peening

Rmax /tm 60 40 20 50 180
Rpin / tm 0 0 0 0 0
Omax/MPa 0 0 0 0 0
Omin/MPa — 400 — 315 - 70 — 450 — 780
Table 8 Parameters of the cosine decay function for each process

Milling Polishing Heat treatment Vibratory finishing Shot peening
A 1.173 15 6.658 45 —2.226 90 2.515 29 0.226 64
A — 2.653 41 — 0.045 91 — 0.662 82 — 2.565 93 1.169 49
w — 3.997 96 —0.438 44 — 0.000 26 — 0.949 76 — 3.832 08
0 4.081 98 0.595 82 1.017 31 4.283 27 3.366 06
09 0.829 18 — 5.402 80 1.364 68 1.122 51 0.321 19
R 0.974 28 0.983 33 0.989 09 0.937 99 0.995 99

also reduced to 10-20 pm. The heat treatment process is to

eliminate the residual stress, but the blade in this study still ~ about 180 pm. Due to different processing purposes, the
has a certain amount of residual stress after heat treatment  residual stress field introduced by each process is also
exists. It is recommended that the subsequent process  different.

optimization should be carried combined with the blade
structure and make the residual stress relief after heat
treatment more complete. The vibratory finishing process
to improve the surface quality increases the compressive
surface residual stress to about —420 MPa, and the depth
of the residual stress field also increases to about 50 pm,
similar to the milling process. The last manufacturing
process of shot peening greatly improved fatigue strength.
The surface residual stress increased to about —700 MPa,

and the depth of the residual stress field also increased to

For further comparative analysis, on the surface, the
residual stress is —300 MPa after milling, —250 MPa after
polishing, —50 MPa after heat treatment, —400 MPa after
vibration finishing, and —720 MPa after shot peening. At a
depth of 20pm, —250 MPa for milling, —100 MPa for
polishing, heat treatment is 0 MPa, —300 MPa for vibra-
tion finishing, and —720 MPa for shot peening. At a depth
of 40 pm, milling is —50 MPa; polishing is 0 MPa;
vibratory finishing is about —50 MPa; and shot peening is
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Fig. 7 Measured and calculated values of residual stress a milling, b polishing, ¢ heat treatment, d vibratory finishing, e shot peening

—700 MPa. The residual stresses of milling and vibratory
finishing are 0 MPa at a depth of 60 um and 50 pm,
respectively. The compressive residual stresses on the
surface of vibratory finishing are greater than those of
milling, but the depth of the affected layer is smaller than
that of milling. The residual stress is 0 MPa at 180 um
depth after shot peening.

Equations (8)—(12) describe the empirical formula of the
residual stress distribution of each process. The goodness
of fit is extremely close to 1, and the fitting accuracy is
high, showing that the residual stress distribution law is
highly consistent. The residual stress distribution of each
processing technology of the blade is taken as the target,
and the surface and subsurface residual stress of the blade
is analyzed by statistics and fitting. It can be intuitively
seen the distribution of residual stress in each process and
the evolution between them.

@ Springer

Large fan blades are prone to deformation problems
during milling, polishing, heat treatment, vibratory finish-
ing and shot peening, and fatigue problems after shot
peening should also be considered. The residual stress
distribution and evolution of multiple processes of large
fan blades in this study can guide the solution of blade
machining deformation [41] and fatigue aging problems
from the perspective of residual stress. It has a valuable
reference for the subsequent research on the residual stress
of various processes of large fan blades.

6 Conclusions
In this paper, the large fan blade of titanium alloy is taken

as the research object; the whole process of the blade from
the blank to the finished product is processed; and a series
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of studies are carried out on the residual stress after each
process. The main research results of this paper mainly
include the following aspects.

®

(ii)

(iii)

The surface and subsurface residual stresses of the
blade after multiple processes (milling, polishing,
heat treatment, vibratory finishing, shot peening)
were measured. Combined with the position of the
blade profile, the surface residual stress distribu-
tion of each process is analyzed, and the extreme
value of the residual stress of each process is
summarized.

According to the residual stress data of measure-
ment points for each process, the distribution of
residual stress is analyzed, and the Rational Taylor
surface function and cosine decay function are
used to fit the characteristic function of the
residual stress distribution. Some well-fitting
empirical formulas are obtained. The distributions
of the residual stress in each process are quite
different due to different processes.

The analysis in which the evolution of the surface
and subsurface residual stress of the blade’s multi-
process provides an idea for the subsequent
research on the residual stress of blade after
manufacturing and has a high guiding significance
for the optimization of each process.
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