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Abstract: The residual stress generated in the machining process has a passive influence on the
machining accuracy of a thin-walled workpiece. Annealing treatment can release the residual stress
induced in the machining process and suppress the machining distortion. However, there is no
unified standard for whether annealing treatment is arranged after machining. In this paper, an
analytical model for predicting the distortion caused by residual stress of thin-walled superalloy
GH4169 is established. Then, the finite element method is applied to analyze the prediction results
of the proposed model. It is found that the residual stress generated in the manufacturing process
chain can cause large distortion for the thin-walled workpiece. Finally, combined with the law
and principle of workpiece distortion, the annealing process planning of multiple manufacturing
sequences of thin-walled superalloy GH4169 is formulated to suppress the machining distortion. For
the machining process on one side of the workpiece, it is necessary to release residual stress. This is
not necessary for the double-sided machining process. Research results can be used to optimize the
manufacturing sequence of thin-walled components.

Keywords: residual stress; thin-walled workpiece; distortion prediction; manufacturing sequence;
process planning

1. Introduction

A superalloy has excellent comprehensive mechanical properties, but it increases the
difficulty of machining and results in great residual stress on the machined surface [1,2].
The residual stress generated in the machining process has a passive influence on the
machining accuracy for the thin-walled workpiece [3,4]. Although mechanical properties of
superalloy material are perfect, their thin-walled parts can still deform under the influence
of stress state [5]. For example, the diameter of large discs and shaft parts such as the
turbine disc can reach 600 mm, and the thickness of the part wall is only 3 mm. Therefore,
the heat treatment with annealing is usually arranged in the machining process to reduce
residual stress and ensure the size and shape accuracy of the thin-walled parts.

Accurate prediction of machining distortion caused by machining residual stress
is the prerequisite to prevent and control machining distortion of the thin-walled part.
There are mainly theoretical models and finite element simulation methods to predict
machining distortion of the thin-walled workpiece [6]. Meng et al. [7] measured residual
stress on milling workpiece surface and depth of its affected layer by experimental means
and predicted the bending distortion of workpiece caused by machining residual stress
on the milling surface. The prediction result was in good agreement with experimental
results. Zhang et al. [8] proposed a new method for calculating average residual stress of
milling surface by simulation and experimental verification and established a prediction
model for workpiece distortion caused by machining residual stress. The error between
experimental result and simulation result was less than 20%. Wang et al. [9] established
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an analytical model based on elastic theory to predict the distortion of structural part.
Then, the reliability of prediction results was verified by experiment and simulation,
and the machining process was optimized according to the predicted result for control
machining distortion. Masoudi et al. [10] studied the relationship between machining
residual stress and machining distortion of the thin-walled part. The results showed that
the increase of machining residual stress leads to the increase of workpiece distortion.
Hussain et al. [11] established a simulation model to simulate machining distortion of
complex structural parts and found that the error is small by experimental verification.
Gao et al. [12] established a semi-analytical machining deformation prediction model based
on equivalent bending stiffness of the workpiece, and the reliability of prediction results was
verified by experiment and simulation. Weber et al. [13] analyzed the effect of the milling
strategy for the thin-walled workpiece on machining distortion through finite element
simulation. Three main categories of pre-control distortion compensation techniques were
identified. Aurrekoetxea et al. [14] proposed a method for bulk stress characterization,
which coupled the effects of bulk residual stresses, machining stresses resulting, and initial
raw geometry. Their work results show that both bulk stress and machining stress affect
the machining distortion of the workpiece.

In addition, Cerutti et al. [15] studied the influence of the initial residual stresses, the
fixture layout, and the machining sequences on the machining quality. They reported that
the fixture layout was important for its role in both the clamping and in the machining
process. Therefore, an appropriate fixture layout was required to prevent workpiece
deflections after clamping as well as during machining. Herranz et al. [16] studied the
static and dynamic problems of the milling of low-rigidity parts to minimize the bending
and vibration effects. They found that static problems were related to cutting forces while
dynamic problems were related to vibrations. Therefore, the machine tool stiffness and
machining parameters affected the machining accuracy of the thin-walled parts. In addition,
the machining system including the workpiece, cutting tool, fixture, and the machine tool
could be rigid to avoid vibration in the machining process. Annealing treatment is an
effective method to reduce residual stress on machining surface and control machining
distortion of the thin-walled workpiece. Zhu and Rahimi [17,18] conducted an experimental
study found that annealing treatment can reduce residual stress of superalloy, and the
greater residual stress can be decreased greatly. Landwehr et al. [19] machined a heat-
treated workpiece and found that a low stress level can prevent machining deformation.
Khan et al. [20] found that heat treatment can reduce workpiece machining deformation
by 60%. However, parts have to go through several machining processes in the forming
process. There is no definite standard for whether residual stress should be relieved by
annealing after each machining process.

The objective of this paper is to formulate the process planning of annealing treatment
and machining process for thin-walled superalloy GH4169. Firstly, the prediction model for
thin-walled superalloy GH4169 bending distortion caused by machining residual stress is
established based on a static equilibrium relationship. Then, the influence of residual stress
on machining distortion of thin-walled superalloy GH4169 is analyzed by finite element
simulation. Finally, the process planning of annealing treatment in multiple manufacturing
sequences for thin-walled superalloy GH4169 is developed combining with the law and
principle of workpiece distortion to suppress machining distortion. The novelty of the
study is that an analytical model is proposed and is used to optimize the manufacturing
sequences of a thin-walled workpiece, which is much simpler in comparison with the
reference given.

2. Modelling of Machining Residual Stress Induced Distortion

Machining residual stress on a machined surface can be equivalent to the bending
moment relative to the middle layer of the workpiece. The workpiece matrix will form
a rival bending stress during its bending process. The residual stress on the machined
surface is in balance with bending stress inside the workpiece when distortion is completed.



Metals 2022, 12, 1460

30f12

Then, the curvature radius of distortional workpiece can be calculated to predict machining
distortion by machining residual stress.

2.1. Equivalent Bending Moment

The residual stress generated in the machining process varies with depth after the thin-
walled workpiece is machined. The residual stress in one direction of machined surface
can be equivalent to the tension or pressure on the workpiece surface. Its equivalent unit
force F, can be calculated by Equation (1) [8]:

F = / o(h)dh = oahe )

where h, (mm) is the depth of layer affected by residual stress, h (mm) is the depth of a
point from surface, o(h) (MPa) is residual stress of a point from a machined surface, o,
(MPa) is the equivalent stress of the machined surface, and the width of the workpiece is
assumed to be 1 mm.

Machining residual stress is equivalent to the force applied to the thin-walled work-
piece and produces a bending moment M;j relative to the workpiece middle layer, and its
expression is shown in Equation (2):

H—h 1
-— °bF, = E(H — he)heboy, )

M,

where H (mm) represents the thickness of the thin-walled workpiece, and b (mm) represents
the width of the workpiece. The equivalent bending moment generated by residual stress
is shown in Figure 1.

(a) (b)

Figure 1. Machining residual stress on the surface and its equivalent bending moment. (a) residual
stress on the machined surface; (b) equivalent bending moment.

2.2. Bending Stress and Distortion of Machined the Thin-Walled Workpiece

Bending stress inside a distortional workpiece matrix is symmetrically distributed
up and down when bending distortion occurs and the middle layer of the workpiece is a
neutral layer with zero stress. However, machining residual stress will cause the neutral
layer to deviate from the middle layer of workpiece [7]. The internal bending stress caused
by workpiece distortion at the middle layer can be expressed as:

oahe

oy = H

®)

According to Hooke’s law, the middle layer strain of distortional workpiece can be

expressed as:

e _UO__Uahe
"= F ~ THE

(4)

where E is the elastic modulus.
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Assuming that the curvature radius of distortional workpiece middle layer is R, the
strain at any point inside workpiece is as follows:

1
e(z) = §Z+€O (5)
where z (—H/2 < z < H/2) (mm) represents the distance between the strain position and
the middle layer.
According to Hooke’s law, the bending stress at any point inside distortional workpiece
can be expressed as:

o(z) = Ee(z) = E(%z +¢€9) (6)

The equivalent bending moment Mj is obtained by integral calculation of the bending
stress inside distortional workpiece, as shown in Equation (7). The distribution of bending
stress is shown in Figure 2:

EbH3

12R @)

" beaz = [ B bzd
M2:/H/2(7(z) V4 Z:/—H/ZE(EZ+EO) zdz =

Figure 2. Bending stress inside distortional workpiece and its equivalent bending moment.

The bending moment produced by machining residual stress is balanced during the
distortion process of workpiece occurs after unloading in machining. The internal bending
stress and machining residual stress reach a static equilibrium state when the distortion
process is completed. According to the static equilibrium relation:

M; = —M, (8)

Substituting Equations (2) and (7) into Equation (8), the relation between the curvature
radius R of a distortional workpiece and the equivalent residual stress o, of machined
surface can be obtained:

_ EH® 1
" 6(H —he)he 0y

Displacement of any point on the axis of distortion workpiece is defined as the dis-
tortion degree, expressed by dy, and its geometric relationship is shown in Figure 3. The
distortion degree of workpiece can be expressed as:

R )

dy = R(cosa — cosf) (10)

where 6 is the central angle corresponding to the arc with half the length of the work-
piece, and « is the central angle corresponding to the arc length between any point of the
workpiece and the central line.
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Figure 3. Geometric relation of workpiece bending distortion.

According to Figure 3, the maximum distortion degree of the bending workpiece is at
the symmetric axis of workpiece, and its expression can be expressed as:

Amax = R(1 — cos 6

dmar - K ) 1)
R

where [ (mm) is the length of the workpiece. According to Equation (11), the workpiece

distortion degree is related to residual stress and its depth, as well as the thickness and

length of workpiece.

3. FEM Simulation of Thin-Walled Workpiece Bending Distortion

The finite element method is used to simulate and calculate the bending distortion
of the thin-wall workpiece caused by surface residual stress. Firstly, the residual stress on
the machined surface is obtained by cutting simulation. Then, the residual stress obtained
by cutting simulation is imported to the surface of the thin-walled workpiece model.
Finally, workpiece distortion occurs under an unconstrained state. The degree of workpiece
distortion caused by residual stress is obtained after the distortion process is completed.

3.1. Orthogonal Cutting Simulation Modeling

The orthogonal cutting simulation model is established using Abaqus finite element
software (Abaqus 2016, SIMULIA, Providence, RI, USA) to obtain the residual stress
distribution on the machined surface of a superalloy thin-walled workpiece. The Jonson-
Cook (J-C) material constitutive equation is used to characterize the plastic behavior of
superalloy GH4169 in the cutting simulation model [21]. The constitutive parameters are
shown in Table 1. In the simulation model, the tool front angle is 9°, the tool back angle is
6°, the radius of curvature of the cutting edge is 10 um, the cutting depth is 0.1 mm, and
the mesh size of workpiece is set at 10 um. The length of the workpiece model is 3 mm, and
the height is 2 mm. The bottom and sides of the workpiece are fixed, as shown in Figure 4.
The cutting speeds are 60, 80, and 120 m/min, respectively.

Table 1. Johnson-Cook constitutive equation parameters. Data are from [21].

Element A (Mpa) B (Mpa) c n m
Component 1290 895 0.016 0.526 1.55
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Figure 4. Orthogonal cutting simulation model.

3.2. Bending Distortion Simulation

The rectangular thin-walled workpiece model was established in Abaqus finite element
software to simulate and predict the bending distortion caused by machining residual stress.
Residual stress data obtained by cutting simulation are imported into the surface of the
thin-walled workpiece model. Then, workpiece distortion occurs under unconstrained
state until static equilibrium, and the distortion degree is measured. The layer affected by
residual stress is divided into seven thin plates with the thickness of 20 um. Residual stress
in each plate is the average of stress in this depth. These thin plates are in turn bound to
the workpiece matrix. The distortion of the thin-walled workpiece is calculated in a “static,
general” analysis step, and its CAE model is shown in Figure 5.

(a) (b)

Figure 5. CAE model of thin-walled GH4169 workpiece with residual stress layer. (a) CAE model of
the thin-walled workpiece; (b) layer affected by residual stress.

The length and width of the thin-walled workpiece model are 40 mm and 4 mm,
respectively. The simulation cases and their parameters are shown in Table 2.

Table 2. Simulation cases and parameters.

Case Cutting Speed Workpiece Thickness
01 60 m/min 2 mm
02 80 m/min 1.5 mm
03 80 m/min 2 mm
04 80 m/min 2.5 mm

05 120 m/min 2 mm
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4. Results and Discussion
4.1. Orthogonal Cutting Simulation Modeling

The residual stress and its depth on the machined surface are key parameters to predict
thin-walled workpiece distortion. The distribution of residual stress on the machined
surface can be observed by cutting simulation results. The generation of residual stress is
closely related to the cutting speed. The cutting simulation with different cutting speed
conditions is carried out in order to obtain machining residual stress with obvious numerical
difference. Consideration of only the residual stress in cutting direction and simulation
results is shown in Figure 6.

1000y —#— 60 m/min
—— 80 m/min
800 —4— 120 m/min
600
=
=W
S 400
£ 200
=
=1
T 0 . . . . . . m r—
&"3 40 60 80 100 0 180 200
-200}
-400}
-600t Distance /pm

Figure 6. Residual stress distribution in cutting simulation.

The residual stress in the cutting direction on the topmost machined surface is tensile
stress, and the subsurface is compressive stress. The maximum residual stress on the
machined surface increase with the increase of cutting speed. The depth of residual stress
affected layer in the simulation case is set at 140 um and divided into seven layers on
average. Residual stress in each layer is the average value of stress, as shown in Table 3.

Table 3. Residual stress in each layer.

Layers 1 2 3 4 5 6 7
60 m/min 303 —141 —252 —206 —142 -79 —24
80 m/min 412 —162 —333 —264 —178 —104 —46
120 m/min 547 —367 —436 —278 —167 -97 —46

The residual stress on the machined surface produces an equivalent bending moment
relative to the middle layer of workpiece, which leads to the bending distortion. The
distortional workpiece is arched because the equivalent residual stress on the machined
surface is compressive stress.

The distortion degree of the workpiece is related to the residual stress on the machined
surface, as shown in Figure 7. It can be seen from Figure 7 that the simulation results are
consistent with the calculated results. The increase of machining residual stress results
in the increase of an equivalent bending moment which causes distortion to occur. The
maximum bending distortion degree of workpiece with a length of 40 mm and thickness of
2 mm is 15 pm, 18 pm, and 23 pm due to different residual stress conditions, respectively.
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Figure 7. Influence of machining-induced residual stress on distortion. (a) results of workpiece

distortion simulation; (b) simulation and calculation results.

The thickness of workpiece affects its stiffness, which will decrease due to the reduction
of thickness. The bending distortion degree of workpiece with different thickness under
cutting speed of 80 m/min condition is shown in Figure 8. It can be seen from Figure 8 that
the simulation results are consistent with the calculated results. The maximum bending
distortion degree of thin-walled workpiece with different thickness is 12 um, 18 um, and
32 um, respectively.

——H = 1.5 simulation
—— H =2 simulation

35 ¢ —— H =2.5 simulation
- — — —H = 1.5 calculation
e RN - = = H =2 calculation
30F 4 "\ -~ - —~H=2.5 calculation
7 N
Z N
25 72 \\
4
_§ 20 / P \
£ P =<
8 4
2 15F
kS
10
5| v = 80m/min
0 1 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40

workpiece length/mm
(a) (b)

Figure 8. Influence of workpiece thickness on distortion. (a) results of workpiece distortion simula-
tion; (b) simulation and calculation results.

Therefore, it can be said that machining residual stress and workpiece thickness have
a significant influence on the distortion of the thin-walled workpiece. Large residual stress
and insufficient workpiece stiffness will lead to excessive distortion which affects the
machining accuracy of the thin-walled workpiece.

4.2. Controlling to Suppress Distortion by Process Planning

The bending distortion caused by residual stress on the machined surface will af-
fect the shape accuracy of the thin-walled workpiece, such as flatness and straightness
beyond the tolerance range. Therefore, annealing treatment is usually arranged in the
machining process to reduce residual stress. In addition, it is necessary to establish an
exact criterion to determine whether the workpiece needs annealing treatment in multiple
manufacturing sequences.
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Superalloy thin-walled parts usually need to be machined several times in production,
and machining allowance is left for later machining processes. However, the machining
process destroys the stress balance inside the workpiece when the machined material is
removed, which results in the distortion of the thin-walled workpiece, as shown in Figure 9.

b

(a) z v tool ( ) z Ma/chined layer (C) z
) Fe) M Fe
M’l(

| —) _ —>

machining bstlress
alance

Mi=M M=0 MF#0 Mh=M"

— —

Figure 9. Distortion caused by multiple manufacturing sequences. (a) first machining distortion;
(b) multiple machining; (c) last machining distortion.

In order to discuss the effect of multiple manufacturing sequences on machining
distortion of a thin-walled workpiece more concisely and accurately, it is assumed that
there is no residual stress inside the thin-walled workpiece without machining. Residual
stress is generated on the workpiece surface which suffers the first machining process.
Machining residual stress on the machined surface and bending stress inside the workpiece
reach a static equilibrium state after the distortion is completed, as shown in Figure 9a.
When the machining process is carried out again, the residual stress induced by the first
machining process is released due to the removal of machining layer material. However,
the bending stress inside the workpiece still exists, so the distortion will continue under the
action of the bending stress due to an unbalanced state, as shown in Figure 9b. The residual
stress induced by the second machining process is distributed on the machined surface and
is in equilibrium with the bending stress through distortion, as shown in Figure 9c.

The rebalancing process of residual stress in multiple manufacturing sequences results
in wave-like distortion of the thin-walled workpiece. According to the multiple machining
distortion analysis, the final machining distortion of workpiece is related to the residual
stress induced by the first machining process. If the distortion induced by residual stress of
the first machining process is out of the tolerance range, the subsequent machining process
shall be implemented after annealing treatment. If the residual stress induced by the second
machining process is less than the first machining residual stress, the distortion caused by
the first machining process does not exceed the tolerance range, the subsequent machining
process will not lead to bigger distortion than the first machining, so the annealing treatment
may not be arranged after the first machining process. If the residual stress induced by the
second machining process is not less than the residual stress induced by first machining, the
workpiece distortion will increase continually due to the decrease of the workpiece stiffness
in the subsequent machining process, so the annealing treatment should be arranged to
release the residual stress induced by the second machining process. The process planning
of annealing treatment in multiple manufacturing sequences for the thin-walled workpiece
is shown in Figure 10.
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First machining

Distortion yes | Annealing

out of tolerance treatment
Second machining |«

MIRS less Annealing

than first machining treatment

A

Machining finish

Figure 10. Process planning of annealing treatment in multiple manufacturing sequences.

Some thin-walled parts require double-sided material removal during machining,
such as turbine blades that need milling on both sides. The stress inside the workpiece is
balanced after single-side machining, but a greater degree of distortion will occur due to
the destruction of the stress balance when the reverse side of the workpiece is machined.

A certain degree of distortion occurs after the thin-walled workpiece without initial
residual stress is machined on one side, and the residual stress on the machined surface is
in equilibrium with the bending stress inside the workpiece, as shown in Figure 11a. The
bending stress induced by the first machining distortion is reduced due to the removal of
machining layer material when the reverse side of the thin-walled workpiece is machined.
In addition, the distortion will increase under the action of residual stress induced by
the first machining process, as shown in Figure 11b. After the workpiece is subjected to
double-sided machining, the residual stress on two machined surfaces and bending stress
inside workpiece reach a new balance, as shown in Figure 11c.

(b)

(©)

F”)Ml M(F" L')Ml M(F“

“machining “stress balance

) —) M,,l(F

'Machined layer o
Mi>Me Mi=M"+M:

[
— | ﬂ]l:> distortion ds<d\

Figure 11. Distortion caused by double-sided machining. (a) first machining distortion; (b) double-
sided machining; (c) last machining distortion.

According to the above analysis, the final distortion degree of the thin-walled work-
piece suffering double-side machining is still related to the residual stress induced by the
first machining process. However, the subsequent machining distortion is offset by the
residual stress generated on both sides when workpiece is subjected to the double-sided
machining process. Even if the distortion induced by residual stress of first machining is
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excessive, the subsequent machining keeps the distortion within the tolerance range. There-
fore, annealing treatment may not be arranged between double-side machining processes
to release the residual stress induced by the first machining process.

5. Conclusions

In this paper, the analytical model is proposed to predict machining distortion of a
thin-walled workpiece induced by machining residual stress. The influence of residual
stress and the thickness of the thin-walled workpiece on machining distortion is analyzed
by finite element simulation. The distortion behavior of the thin-walled workpiece in
multiple manufacturing sequences is discussed and analyzed. Finally, the process planning
of annealing treatment in the machining process for the thin-wall workpiece is put forward.
The main conclusions are summarized as follows:

The residual stress generated in the machining process causes the distortion of the
thin-walled workpiece. Large residual stress and insufficient workpiece stiffness will lead
to excessive distortion of the thin-walled workpiece.

Multiple machining processes on one side of the thin-walled workpiece result in wave-
like distortion. In addition, the final machining distortion of the workpiece is related to the
residual stress induced by the first machining process. If the residual stress induced by the
second machining process is less than the first machining residual stress, the subsequent
machining process will not lead to bigger distortion than the first machining, so annealing
treatment may not be arranged. If not, it is necessary to arrange annealing treatment to
release residual stress.

The subsequent machining distortion is offset by the residual stress generated on
both sides when the thin-walled workpiece is subjected to the double-sided machining
process. Therefore, the annealing treatment may not be arranged between double-side
machining processes.
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