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Abstract
Fan blade is an important component of turbofan engine. It is a kind of curved thin-walled structural parts, which tends to have a
certain amount of deformation after machining process. In order to predict the deformation of fan blade after machining process,
the commercial simulation software Abaqus® is used to analyze the deformation of fan blade with titanium alloy through
considering the effect of residual stress. The residual stresses on the surface and subsurface of the blade after milling and shot
peening processes were measured and analyzed by experimental testing. Based on the measured residual stress data, the three-
dimensional model of fan blade is segmented by the operation of extracting geometric features. Then, the residual stress values
are discretized according to separation layers, and the discrete results are applied to the thin-walled blade by dividing layers and
dividing regions. Finally, a finite element analysis (FEA) model for the deformation prediction of blade through considering the
effect of residual stress is established. The simulation deformation is compared with the measured deformation, and the feasibility
of the FEA model is verified. The study provides an effective analysis method for the deformation prediction of fan blade after
milling and shot peening processes.
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1 Introduction

The turbofan engines have been developed tomeet the require-
ments of modern aero engines, such as weight reduction, in-
creasing thrust, reduction of fuel consumption, and noise con-
trol. As an important part of the turbofan engine, the fan blade
is characterized by a long blade body (600 mm~ 700 mm)

with a large twist angle. The complex structure of the fan blade
significantly increases the difficulty and cost of blade machin-
ing. The performance of turbofan engines, such as safety, effi-
ciency, reliability, and service life, is remarkably influenced by
the precise shape and dimension of the fan blade.

With the development of science and technology, the applica-
tion of finite element analysis (FEA) in the field of manufacturing
is becoming more and more widespread [1–4]. Based on the
analyses of the machining deformation mechanism and basic ma-
chining deformation characteristics of the thin-walledworkpieces,
Yan et al. [5] have presented an NC milling deformation–
forecasting approach based on CAD/CAM/FEA integration to
forecast the machining deformation of the aeronautical thin-
walled workpieces. Based on the finite element software
AdvantEdge®, WANG et al. [6, 7] have established an FEA
model for the milling process of workpiece. Then, tool tempera-
ture, tool stress, and the elastic deformation of the free-form thin-
walled blade were calculated, and the law of elastic deformation
was predicted. Li et al. [8] have proposed a new iterative FEA
model: the calculation of the interaction between deformation
degree and cutting force. The mesh was very densely divided,
and the cutting force was scattered on each node as the actual
situation. Although there were still some errors, the simulated
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results are roughly consistent with the actual deformation. Liu
et al. [9] have proposed a newmethod for predicting milling error
based on FEA. The dynamic model of the tool was established,
and the continuous machining process and milling error of arbi-
trary point were analyzed. The accuracy of the FEA method is
verified by experiments. Based on FEA and force-model of Ti-
6Al-4Valloy thin-wall components, Chen et al. [10] have predict-
ed the machining deformation and compared with the measured
data. Fei et al. [11] have studied the deformation of thin-walled
structures during sidemilling. The cantilever plate was used as the
object, and the classical equationwas used to construct themotion
equation of the component, then the state superposition method
was used to solve the equation and obtain the deformation results.
A three-dimensional FEA model has been established by Wang
et al. [12] through considering the coupling effect of residual
stress, milling force and clamping force on the machining defor-
mation. The FEA of the cutting process from blank to workpiece
was carried out, and the deformation of the sidewall during the
machining process was obtained. Using finite element method,
Cheng et al. [13] have analyzed the deformation law and cutting
force variation of thin-walled parts. The correctness of the cutting
force model is verified by the machining experiment of thin-
walled parts. Ou et al. [14] have proposed a deformation predic-
tion method based on back propagation neural network. The ex-
perimental results were obtained by orthogonal experimental de-
sign, and a neural network model for deformation prediction
based on experimental results was established. The results
showed that the deformation prediction model was reasonable
and can be used for the prediction of milling deformation.

Scholars have done a lot of research on shot peening. Wang
et al. [15] have studied the deformation of 7150 aluminum alloy
specimens by changing the coverage of shot peening. The re-
sults showed that the curvature radius increased with the in-
crease of the sheet thickness after shot peening. In addition,
enhanced shot peening coverage can increase the deformation
without changing the thickness and shot parameters. Achintha
et al. [16] have presented a hybrid explicit finite element/
eigenstrain model for predicting the residual stress generated
by arrays of adjacent/overlapping laser shock peening shots.
The prediction results for the strain distributions are in agree-
ment with experimental measurements of plastic strain obtained
by neutron diffraction. Gallitelli et al. [17] have studied the
relation between the process parameters and the material state
(residual stress and plastic variables) for complex geometry,
and a finite element method was used to analyze the residual
stress and deformation fields in the mechanical part. Salvati
et al. [18] have proposed a particular way of prescribing the
eigenstrain field due to surface treatment such as shot peening.
The eigenstrain variation is described by a continuous function
of the distance from the boundary of the object in a two-
dimensional model of its cross-section, and the eigenstrain
modeling approach generates an efficient parametric represen-
tation of the residual stress field.

The deformation problem of thin-walled workpieces dur-
ing the manufacturing process is worth discussing. At present,
most of the studies on the deformation of thin-walled struc-
tures are focused on the flat plates. In the previous studies of
residual stress and deformation, the simulation was carried out
based on uniform residual stresses, which is inconsistent with
the actual residual stress distribution. In this paper, the uneven
residual stresses are loaded to the different layers and regions,
and then the research is carried out. The thin-walled blade with
Ti-6Al-4V titanium alloy is taken as the research object.
Based on the combination of FEA and experiment, the effects
of residual stress on deformation of the thin-walled blade after
milling and shot peening processes are studied. Firstly, the
residual stress on the surface and subsurface of the blade after
milling and shot peening are measured by an X-ray diffrac-
tometer, and the residual stress data were simply analyzed.
Then the three-dimensional model of fan blade is divided by
layers, and the measured residual stress is discretized corre-
sponding to the division layers. Finally, the residual stress is
applied to the three-dimensional model of fan blade by divid-
ing layers and dividing regions, and the FEA is carried out to
predict the deformation of the blade.

2 Finite element modeling and experimental
measuring

2.1 Characteristics of the blade profile

The structure of the fan blades is complex. As shown in Fig. 1,
the outer contour of the fan blade is composed of three-
dimensional free surfaces. The curvature radius of the profile

Blade root

Side of gas
discharges

Side of gas
enters

Cross section  
of  blade root

Cross section in  
middle of  blade

Cross section  
of  blade tip

Blade back

Blade basin

Blade back

Blade basin

Blade back

Blade basin

Blade tip
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near the root is small, but the curvature radius near the top of
the blade is much larger than the root. The curvature radius is
generally reduced from the top region to the root region. A
large difference in curvature of the root of blade, the middle of
blade, the top of blade, the side of gas enters, and the side of
gas discharges. It also can be seen from different cross-
sections that the thickness of each area of blade profile is
inconsistent, which leads to a great difference in stiffness. In
order to ensure the authenticity of residual stress distribution
and improve the accuracy of the FEA model, the blade must
be divided into several regions for analysis.

2.2 Finite element model of residual stress-induced
deformations of blade

The size of blade model is big which is about 150 mm ×
600 mm, and the blade profile is complicated. The curvature
of blade differs greatly, and the thickness of each region of
blade profile is inconsistent, which leads to a great difference
in stiffness among the regions. If the same residual stress is
loaded onto the surface of blade, the simulation accuracy is
greatly reduced. In order to make the loading of residual stress
closer to the real situation, and considering the time that is
required by the FEA model, the blade surface is divided into
nine regions as much as possible according to the principle of
equal area, as shown in Fig. 2 a. The 18 measuring points of
residual stress corresponds to the 18 divided regions of the
blade. When the residual stresses are loaded, the residual
stress values of each measuring point can be assigned to the
corresponding region.

In the FEA process, the measured residual stress needs to
be loaded into FEA model, and it is known that the residual
stresses are distributed in the form of a curve along the depth
direction. If these residual stresses are simply loaded during
the FEA, it leads to the errors for the analysis of the residual
stress-induced deformations. Therefore, the method of loading
residual stresses by dividing layers is adopted in the present
study, and the measured residual stresses are discrete accord-
ing to the depth of each layer, then they are loaded layer by
layer into FEA model. It makes the loaded residual stresses
close to the actual residual stresses on the workpiece, thus
ensuring the accuracy of the FEA.

The process of loading residual stresses layer by layer is
shown in Fig. 2 b. Taking the milled blade as an example, the
nine measurement points of the blade back or the blade basin
were peeled five times in the depth direction, each at 10 um,
and each measurement point obtained six residual stress data
(including surface residual stress), which are σ0, σ1, σ2, σ3,
σ4, and σ5. In the FEAmodel, five sheets, namely l1, l2, l3, l4,
and l5, are respectively tied to the blade back or blade basin,
and the thickness of each sheet is 10 um, which is the same as
the thickness of each peeling layer. Then take the first area M-
back-1 as an example, σl1 = 0.5 × (σ0 + σ1), σl2 =

0.5 × (σ1 + σ2), σl3 = 0.5 × (σ2 + σ3), σl4 = 0.5 × (σ3 + σ4),
and σl5 = 0.5 × (σ4 + σ5), and σl1, σl2, σl3, σl4, and σl5 is the
residual stress of each sheet. Therefore, the residual stress in
the depth direction is discrete, that is, the residual stress loaded
on the l1 layer is σl1, the residual stress loaded on the l2 layer
is σl2,…, and the remaining areas such as M-back-2, M-back-
3,…, M-basin-1, ..., and M-basin-9 are all the same. The dis-
tribution of measured residual stresses along the depth direc-
tion is discretized according to the thickness of each layer, and
then the corresponding average stress of each layer is obtain-
ed. The residual stress values of each layer are respectively
loaded onto the corresponding layers of the finite element
model.

The residual stress belongs to the stress field, and the pre-
defined field option should be set when loaded with residual
stress. In the editing interface of the predefined field, each
region of each layer is selected, and the corresponding residual
stress is inputted. The residual stress values of a plurality of
regions (90 regions of the milled blade, 128 regions of the
blade after shot peening) were loaded one by one in this
way, as shown in Fig. 2.

2.3 Machining of blades and measuring of residual
stress

The material of fan blade is Ti-6Al-4Vand after the blade was
milled from blank, it was polished, heat-treated, and finally
shot peening, and the blade will be polished again if the sur-
face roughness is not satisfactory [19]. This paper mainly
studies the residual stress-induced deformations after blade
milling and shot peening. The milling process was completed
on the DMU125P five-axis machining center of Gildemeister,
and the shot peening was finished on the MP1500TX shot
peening machine of Wheelabrator. The shot peening strength
is 0.25 N, the pressure is 2 bar, the flow rate is 1.5 kg/min, and
the moving speed is 600 mm/min, coverage ≥ 100%.

In this paper, the residual stress was measured using the
PROTO-LXRD MG2000 residual stress measuring system,
and the measuring interface was shown in Fig. 3. As shown
in Fig. 3 a, the data of 18 points are fitted, and the fitting effect
is well; therefore, the residual stress data is accurate. Figure 3
b shows that the diffraction peaks were detected on two
probes, the diffraction peak fitting effect is well, and the reli-
ability of the measured residual stress data is proved together
with Fig. 3 a.

In order to obtain the distribution of residual stress along the
depth, the residual stress data under the surface of blade should
be measured. The blade was etched in a direction perpendicular
to the surface using an electrolytic polisher and then the residual
stress of each layer was measured. In the process of measuring
the residual stress under the surface, etching the material layer
by layer will release residual stress partly in depth of the work-
piece, which will cause deformation at the same time, but the
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diameter of peel area is only 5 mm, and the blade is
150mm × 600mm, as shown in Fig. 4. The residual stress mea-
surement system automatically calculates the “actual residual
stress” as we enter the thickness and diameter of the etched
region into the system, and the “actual residual stress” and de-
formation are affected little by etching.

Considering various factors, the parameters for measuring
the residual stress of Ti-6Al-4V are as follows: voltage is

25 kV, current is 20 mA, x-ray transistor is Cu_K-Alpha, β
angle is ± 25°, diffraction crystal plane is {213}, Bragg angle
2θ is 142°, the number of exposures is 10, the exposure time is
2 s, and the diameter of the collimator is 3 mm.

In the measured data of residual stress, it can be found that
there is an error in each measured data, but the error is only
about ± 20 MPa, so it will be ignored in the analysis process
and FEA model.
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In order to make the measured residual stress reflect the
residual stress distribution of blade as much as possible, the
measurement points should be planned. The distribution of
measurement points should be as uniform as possible and
correspond to the division area of blade. For the convenience
of analysis, the coordinate system of measurement points is
consistent with the design model. The midpoint of the blade
root is the origin point, from the side of gas enters to the side
of gas discharges is the X-direction, from blade back to blade
basin is the Y-direction, and from the root of blade to the tip of
blade is the Z-direction.

2.4 Finite element analysis of residual stress-induced
deformations

The geometry model of blade and sheets were imported into
the Abaqus software, and the coordinate system in Abaqus
software was consistent with the design coordinate system
of the blade.

Thematerial property parameters of Ti-6Al-4Vwere entered
in the “property” module. The thickness of each sheet was set
according to the depth of etch region, so the sheet’s thickness of
the milled blade was 10 μm, and the sheet’s thickness of the

blade after shot peening was 30 μm. In order to match the
direction of the loaded residual stress with the direction of the
measured residual stress, it is necessary to set the material di-
rection for each sheet. The Z-direction and the X-direction of
residual stress as shown in Fig. 5, and the direction perpendic-
ular to the surface is the Y-direction of residual stress.

The deformation analysis of the blade is based on the root
of the blade, so the root of blade model should be constrained
when establishing boundary conditions. The boundary con-
straint of blade root is “encased”, and the six degrees of free-
dom of blade root are completely constrained.

In this paper, the residual stress-induced deformations of
the blade after milling and shot peening are studied. The mea-
sured residual stresses are the residual stress after blade was
deformed. The residual stress that was loaded into the FEA
model should be converted to the stress before the blade de-
formed. In order to explore their differences, the same com-
pressive residual stresses in the X-direction and Z-direction
were loaded onto the back and basin of blade. A plurality of
points were randomly selected on the back and basin of the
deformed blade to measure residual stress and obtain the re-
sidual stress values after deformed blade.

The different level residual stress values of the random
points after blade deformed were statistically analyzed, and
the comparison with the residual stress before the blade de-
formed is shown in Table 1.

It can be seen from Table 1 that the residual stress value
changes before and after the blade deformed, and the com-
pressive residual stresses are reduced by 2 ~ 3%. Therefore,
the measured residual stresses need to be processed, and the
measured residual stresses after blade deformed should be
converted to the residual stresses before blade deformed.

The meshing is closely related to the analysis time and the
accuracy of the FEA result. Excessive mesh size has low
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analytical accuracy, and too small mesh size can prolong anal-
ysis time. After many experiments and explorations, a
meshing method considering both analysis accuracy and time
cost is adopted. The element size of the blade is 8 mm, the
element type is C3D10, and the total number of elements is
20,136. The element size of the sheet is 8 mm, the element
type is S4R, and the number of elements is 1765.

3 Results and discussion

3.1 Residual stress of blade after milling and shot
peening

The three-dimensional distribution of the residual stress on the
blade back after milling is shown in Fig. 6, and the distribution
of residual stress on the blade basin is consistent with blade
back. Figure 6 a shows the distribution of residual stress on
the surface. The X-axis and the Z-axis are the coordinate axes
of the two-dimensional plane of the surface of the workpiece,
and the residual stress values in various regions of the surface
are presented by different colors. As can be seen from the figure,
the residual stress at each point of the blade is greatly different.

Figure 6 b shows the distribution of residual stress along
the depth direction at three certain points of the surface of the

workpiece. The point of A, B, and C respectively show the
distribution of the low, medium, and high level of compressive
residual stress along the depth direction. The abscissa repre-
sents the depth perpendicular to the surface direction, and the
ordinate represents the compressive residual stress. The com-
pressive residual stress on the surface is about − 240 MPa ~
−400 MPa, and then the compressive residual stress gradually
decreases with the increase of depth, and finally decreases to
about 0 MPa at a depth of 40 μm~ 60 μm. The residual stress
value of blade body is 0MPa, which indicates that the depth of
the residual stress field after the blade milling is about 50 μm.

In previous research [20], it also can be seen that the dis-
tribution of the residual stress after milling along the direction
perpendicular to the surface of the workpiece is non-uniform.
For a real-milled workpiece, the machining process cannot be
completed in an instant, but in a sequential one-to-one cutting
process. As the material is continuously removed during the
cutting process, the overall structure, the stiffness, and natural
frequency are also changed. Meanwhile, the tool is also worn,
and the temperature of the cutting area is also changed. All
those changes generate different residual stresses in each re-
gion of the surface of the workpiece after machining.

The three-dimensional distribution of the residual stress on
the blade basin after shot peening is shown in Fig. 7, and the
distribution of residual stress on the blade back is consistent
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Table 1 Comparison of residual
stress Level 1 2 3 4 5 6

Residual stress before deformation (MPa) − 200 − 300 − 400 − 500 − 600 − 700
Residual stress after deformation (MPa) − 196 − 292 − 390 − 487 − 585 − 682

4350 Int J Adv Manuf Technol (2020) 107:4345–4356



with blade basin. Figure 7 a shows the distribution of residual
stress on the surface. It can be seen from the figure that the
distribution trend of residual stress along the depth direction is
generally uniform as the blade after milling.

Figure 7 b shows the distribution of residual stress at a
certain point on the surface of the workpiece along the depth
direction. The point of A, B, and C also respectively show the
distribution of the low, medium, and high level of compressive
residual stress along the depth direction. The compressive
residual stress on the surface is about − 660 MPa to −
770 MPa. The maximum compressive residual stress value
is reached at the depth of 30 μm, and then the compressive
residual stress gradually decreases with the increase of the
depth, and finally decreases to about 0 MPa at the depth of
150 μm and 180 μm.

In the previous research [21, 22], the residual stress after
shot peening is distributed in a curved form along the direction
perpendicular to the surface of the workpiece. For the real shot
peening workpiece, the machining process cannot be

completed in an instant but is processed in a sequence along
the planned path in a certain period of time. During the whole
shot peening process, as the shot peening continues, the shot
peening position is constantly changing, the rigidity of the thin-
walled workpiece is also changing, and the subsequent shot
peening process has the effect of vibratory stress relief on the
shot-peened portion. This produces different residual stresses
in different regions of the workpiece after manufacturing.

It can be seen from Figs. 6 and 7 that the residual stress at
each point of blade back and blade basin are inconsistent in the
depth direction after milling and shot peening processes, and
they are also different at the same depth. Due to the uneven
distribution of stress in the depth direction and the uneven
distribution of the surface, the entire workpiece will reach
equilibrium by deformation according to the principle of
“force balance, torque balance.” This is the theoretical basis
of the residual stress-induced deformations of the workpiece.
For a workpiece with a larger size and a more complex struc-
ture, the deformation is more complicated. In order to reflect
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the distribution of the residual stress of the blade more realis-
tically, the residual stress data should be applied to the FEA
model by dividing layers and regions.

3.2 Finite element analysis results

The simulated deformation of the blade after milling are
shown in Figs. 8, 9 and 10. It can be seen from Fig. 8 that
the blade is deflected from blade basin toward the blade back
with a certain degree of torsion. From Figs. 9 and 10, it can be

found that the deformation of section 2 was larger than that of
section 1, and the largest deformation area of the blade was
mainly concentrated on the tip of the blade. The blade was
twisted in the positive direction of the Z-axis, and the defor-
mation at the side where gas enters was smaller than the side
where gas discharges. The maximum deformation amount of
the X-direction is 0.10 mm, and the maximum deformation
amount of the Y-direction is 0.08 mm.

The simulated deformation of the blade after shot peening
are shown in Figs. 11, 12 and 13. It can be seen from Fig. 11
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that the blade was deflected from the blade basin toward the
blade back with a certain degree of torsion. However, at the
top of the blade near the gas entry side, the blade back was
deflected to the blade basin. From Figs. 12 and 13, it can be
found that the deformation of section 2 was larger than that of
section 1, and the largest deformation area of blade was main-
ly concentrated on the tip of the blade. The maximum defor-
mation amount of the X-direction is 0.20 mm, and the maxi-
mum deformation amount of the Y-direction is 0.23 mm.

The deformation of section 1 and section 2 of the blade
after milling and shot peening was measured on a three-
coordinate measuring machine. The measured deformation
and simulated deformation are shown in Fig. 14.

After analyzing the simulated results and measured results,
it is found that the deformation of section 2 is larger than
section 1, and the simulated value is smaller than the measured
value, but the amounts of deformation are in the same order of
magnitude. The material property parameters of Ti-6Al-4V in
the FEAwere searched from one study [23], so there may be
some deviations in the real situation and FEA model, and it
leads to some differences in the simulated results and mea-
sured results. The blade model is so big, and the element size
is 8 mm, it also will cause the problem.

Although there are several differences in the simulated de-
formation and measured deformation, the difference is less
than 25%. Comparing the simulated and measured
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deformation trends of the blade, it is found that the simulated
and measured distortion angles are all positive values, and the
difference is small, which means that they are all twisted in the
positive direction of the Z-axis. All these results show that the
simulation results are consistent with experimental results
though there remains a gap between simulation results and
experimental testing results. This verifies the feasibility of
the FEA model for the residual stress-induced deformations
of the blade again. As the manufacturing cost of large fan
blades is high and it takes a long time to manufacture, it is
impractical to perform a large number of large fan blades
milling and shot peening experiments to study the deforma-
tion problem. The FEA can be used as a research tool that
requires little time and cost. Therefore, a series of simulation
studies on residual stress and deformation of the blade can be
carried out by the FEA, which provides a technical means for
the simulation study of blade deformation caused by residual
stress. We can study the effect of different residual stresses

between blade back and blade basin on deformation in the
future.

4 Conclusion

1) The residual stresses on the surface and subsurface of the
blade after milling and shot peening were measured and
analyzed. Based on the measured residual stress data on
the blade, the distribution of residual stress was analyzed.
The maximum compressive residual stress of the milled
blade is located at the surface, which is about − 240 MPa
~ − 400 MPa, and the compressive residual stress gradu-
ally decreases with the increase of depth until the depth of
60 μm drops to 0 MPa. The compressive residual stress
on the blade after shot peening is about − 660 MPa ~ −
770 MPa, and the maximum compressive residual stress
is about − 750 MPa ~ − 840 MPa at the depth of 30 μm.
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The compressive residual stress decreases with the in-
crease of depth, and the compressive residual stress drops
to 0 MPa when the depth is 160 μm.

2) The FEAmodel for loading residual stress on the blade to
simulate deformation was established. Comparing the
simulation deformation results with the measured defor-
mation results, it is found that the simulation deformation
values have a certain deviation from the measurement
results, but the deformation amount of simulation and
measurement are in the same order of magnitude. The
simulated deformation shows the consistent trend with
the actual deformation, and both of them are twisted in
the positive direction of the Z-axis. The feasibility of the
FEA model, which is based on the uneven residual stress
method, is verified. The method in this study not only
provides a reference for the process control of the thin-
walled structure manufacturing but also supplies an idea
of the coordinated control of residual stress and
deformation.
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