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Abstract
As an important material, titanium alloy is widely used in the manufacture of aircraft engine parts, and its processed surface
quality is critical to the performance of aircraft engines. Abrasive belt grinding (ABG) is a kind of elastic grinding, which plays a
significant role in improving titanium alloys’ surface integrity. To validate the mathematical model’s effectiveness from the
grinding parameters to the surface residual stress after grinding, firstly, according to the molecular dynamics theory and ABG
process, a physical model of titanium alloy ABGmolecular system is proposed, and the embedded atommethod is chosen as the
interatomic potential of titanium alloy. Secondly, combined with the mathematical expression model of residual stress, the
surface residual stress is characterized, and the heat correction coefficient is proposed to modify the mathematical model.
Finally, based on molecular dynamics, the simulation of grinding residual stress and the grinding experiment is carried out for
titanium alloy thin-walled parts. The results of simulation and experiment show that the trend of simulation results is similar to the
experiment results. The simulation model can better represent the change rule of ABG surface residual stress for the titanium
alloy material, but the average error rate is up to 15.01% due to the systematic error between the two. After correction, the average
error rate between the simulation values and experiment values of residual stress on the surface decreases to 4.44%; the
effectiveness of the mathematical model is verified.

Keywords Titanium alloy thin-walled parts . Abrasive belt grinding . Molecular dynamics . Mathematical model .
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1 Introduction

With the unprecedented increase in demand for civil aero-
space and military aerospace, the performance require-
ments of aeroengine materials are getting higher and
higher. Titanium alloy, as a typical high-performance and
difficult-to-machine material, is widely used in the manu-
facture of aeroengine blade [1, 2]. Previous research found
that the surface residual stress after machining can easily
lead to warpage and deformation of parts. It was also found
that the surface residual stress has a great impact on the
corrosion resistance, fatigue resistance, and other proper-
ties of parts [3–5]. In recent years, abrasive belt grinding
(ABG) has been used for a wide range of the machining of
titanium alloy complex curved surfaces and the control of
surface residual stress because of its dual functions of
grinding and polishing [6, 7]. Therefore, it is significant
to detect and predict the surface residual stress accurately
for guiding the design and processing of parts and improv-
ing the surface quality.
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To realize the prediction of surface residual stress, some
scholars have researched it. Rami et al. [8] used three-
dimensional (3D) simulation technology based on a hybrid
method to evaluate the residual stress produced by the rolling
and polishing process of AISI 4140 steel. The results showed
that the established numerical model had better qualitative
results for the residual stress under different polishing forces
and feed speeds. Nikam and Jain [9] predicted the residual
stress in the process of microplasma transfer arc using the
finite element method (FEM). The simulation results indicated
that the tensile residual stress at the junction of deposition and
matrix is higher, and the tensile residual stress at the midpoint
of the deposition path is the smallest. Wang et al. [10]
established a finite element elastic-plastic contact model con-
sidering the hardness gradient and initial residual stress. The
initial residual stress distribution was obtained by experimen-
tal measurement. Choi et al. [11] simulated the residual stress
of the AA7085 rectangular steel bar by using ABAQUS/
Standard software, compared the simulated residual stress
with the experiment results of the longitudinal cutting method,
and verified the accuracy of the model. Koňár and Patek [12]
predicted the residual stress of the X5CrNi18-10/S355J2H
welding joint using SYSWELD software, to prevent failure.
Darmadi [13] predicted the residual stress of multi-pass girth
weld by FEM. It was found that the prediction result of using
the maraging model was closer to the experiment. Wang et al.
[14] predicted the complete residual stress state of solid by
using the data of surface stress measurement and proposed a
FEM. The experiment results indicated that the method could
predict the residual stress field well.

The above research mainly focuses on predicting residual
stress by finite element simulation, while other scholars put
forward the prediction of residual stress based on the analyti-
cal method. Sun et al. [15] proposed a new residual stress
prediction model that comprehensively considers the dynamic
characteristics, mechanical-heat coupling, and deformation ef-
fects. Based on the above factors, the multiphase field’s resid-
ual stress was established, and the results were in good agree-
ment with the results of the dynamic grinding hardening ex-
periment. Valíček et al. [16] predicted the residual stress dis-
tribution after milling by putting forward an analytical meth-
od. The results indicated that the strength of residual stress is
determined by the roughness and its control. The theoretical
calculation results and experiment results agree well with the
results of the literature investigation, which proves the validity
of this method. Lu et al. [17] proposed a grain size sensitive-
MTS model. The analysis results were compared with the
experimental research and the classical Johnson-Cook model,
which verified the model’s effectiveness in residual stress pre-
diction. Pan et al. [18] proposed a prediction and analysis
model of orthogonal turning residual stress considering ther-
mal effect. The predicted residual stress was very close to the
measured values. Fergani et al. [19] proposed various

prediction models for the residual stress of single pass mar-
tensite. The results showed that the test data of the AA2121-
T3 milling process agree well with the model prediction.
Zheng et al. [20] proposed a model to predict the residual
stress distribution after riveting. Combined with the residual
stress calculated by the model, the fatigue life was predicted
using the multiaxial fatigue criterion. Shan et al. [21] proposed
a residual stress prediction model based on an analytical meth-
od considering mechanical stress and thermal stress in the
orthogonal cutting process. Through the orthogonal cutting
experiment of a pipeline, the validity of the proposed residual
stress prediction method was verified.

In addition, Ling et al. [22] gave the longitudinal stress
distribution of the linear guide during the straightening pro-
cess and the numerical calculation method of the straightening
stroke considering the residual stress inheritance characteris-
tics. The results showed that the compressive residual stress
generated during the straightening process leads to the com-
pressive residual stress after grinding. Doan et al. [23] simu-
lated the residual stress of Cu-Zr metal film by using molec-
ular dynamics. When the indentation force values is 100~185
nN, the residual stress value is 0.44~0.82 GPa in the loading
stage and 0.4~0.9 GPa in the unloading stage.

In conclusion, there are many studies on residual stress
prediction, which mainly focus on the prediction of milling,
turning, and welding. However, there are few reports on the
prediction of ABG residual stress of titanium alloy thin-walled
parts by using molecular dynamics. Therefore, this study
chooses the residual stress on the ABG surface as the research
object. The established mechanical model is calculated by
molecular dynamics, the mathematical model from ABG pa-
rameters to surface residual stress is obtained, and the charac-
terization of surface residual stress is realized. The effective-
ness and accuracy are verified by comparing simulation re-
sults with the experiment results of ABG of titanium alloy
thin-walled parts.

2 Molecular dynamics analysis of titanium
alloy ABG

2.1 Establishment of physical model of molecular
system for titanium alloy ABG

In the actual ABG process, because the size of ABG particles
is much larger than the size of the molecular system of parts to
be processed, the actual contact between ABG particles and
parts to be processed is surface contact, so the ABG particles
can be abstracted as a cube in the model. The ABG process of
titanium alloy thin-walled part is abstracted as a physical mod-
el divided into Newton atom, constant temperature atom, and
boundary atom, as shown in Fig. 1. In Fig. 1, the Newton atom
is affected by ABG particles. In molecular dynamics system,
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its motion law conforms to Newton’s law ofmotion. Although
the constant temperature atom is affected by the Newton atom,
its energy will not change. The boundary atom is an atom that
is not affected by the ABG particle’s action. Combined with
molecular system dynamics, the stress between particles is
analyzed by delamination and recombination under the action
of external force; the characterization of residual stress is
realized.

Because the titanium alloy molecular system can be
regarded as a 3D model, the established traditional Cartesian
coordinate system is used to express the molecular kinematic
vectors that will result in a lot of complicated calculations.
Therefore, this study converts the 3D molecular model into a
planar two-dimensional molecular model system and con-
siders the residual stress generated by the molecular system’s
movement in the plane x and y direction. In addition, the
grinding feed speed, abrasive belt speed, and grinding pres-
sure in the grinding process are all transformed into the speed
change of the system by Newton motion.

Because the basic theory of molecular system dynamics is
Newton’s law of motion, the parameters of the molecular sys-
tem can be obtained by differential equations and computer
calculations. Therefore, the molecular motion calculated by
quantum mechanics will not be considered in the subsequent
simulation. In this way, we can get the any molecule force in
the system according to the potential energy function.

Fi
�! ¼ −∇iU ¼ − i

! ∂
∂xi

þ j
! ∂

∂yi
þ k
! ∂

∂zi

� �
ð1Þ

According to Newton’s second law, the acceleration of
titanium alloy molecule i can be calculated.

ai!¼ Fi
�!
mi

ð2Þ

In the ideal model of molecular crystal, molecules are ar-
ranged repeatedly in 3D space. Different metals have different
crystal structures. The research object of this paper is the
grinding process of titanium alloy. Titanium is used as the
metal-solvent, and other metals are incorporated into the crys-
tal lattice of titanium to form a solid solution titanium alloy.
Titanium crystal is a hexagonal close-packed (HCP) structure,
so the titanium alloy formed is an HCP structure.

2.2 Establishment of mathematical model of
molecular system for titanium alloy ABG

The selection of intermolecular potential function directly af-
fects the accuracy of the subsequent model establishment of
the molecular system. At present, the intermolecular potential
function widely used mainly includes the pair potential model
and the multi-body potential model. The pair potential model
has a large error when it is used to simulate the changes of the
metal compoundmolecular system, and the multi-body poten-
tial model can avoid this problem. In the multi-body potential
energy model, according to the functional method and the
molecular distribution density, the embedded atom method
(EAM) is developed. The following hypothesis is put forward:

vs
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Constant temperature atom

Newton atom

Abrasive atom 

m1 m2 m3

m4 m5 m6 m7

m8
m9 m10

Bond between atoms
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φ=60°
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O X

Y

Z

Single abrasive 

Fig. 1 Molecular system of ABG
on titanium alloy surface
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the electron density of metal molecular system can be linearly
superposed by each electron at a certain place. In the EAM
model, a molecule embedded in the molecular system is sep-
arated as an atom embedded in the molecular system, and then
the interaction between other atoms is called the embedded
energy. EAM considers the interaction between atoms and the
embedded energy of molecular system.

In EAM, the total energy of titanium alloy molecular sys-
tem is as follows:

E ¼ 1

2
∑

i; j;i≠ j
ϕ rij
� �þ ∑

i
Fi ρið Þ

ρi ¼ ∑
i; j;i≠ j

f i rij
� �

8>><
>>: ð3Þ

where E is the total energy of molecular system; ϕ is the two-
body interaction potential of molecular system; Fi is the mo-
lecular embedded energy of molecular system; ρi is the elec-
tron density at molecule i; fi(rij) is the electron density gener-
ated by molecule j at molecule i with distance rij; rij is the
distance between molecule i and molecule j. Here, Fi(ρi) and
ρi satisfy the functional relationship.

Zhou et al. [24] gave the expressions of f(r) and ϕ(r):

f rð Þ ¼
f eexp −β

r
re
−1

� �� �
1þ r

re
−λ

	 
20 ð4Þ

ϕ rð Þ ¼
Aexp −α

r
re
−1

� �� �
1þ r

re
−κ

	 
20 −
Bexp −β

r
re
−1

� �� �
1þ r

re
−λ

	 
20 ð5Þ

where A, B, α, and β are variable parameters; κ and λ are
intercept parameters; re is the equilibrium distance of the
nearest particles.

The expression of embedded energy is:

F ρð Þ ¼ ∑
3

i¼0
Fni

ρ
0:85ρe

−1
� �i

ρ < 0:85ρe

F ρð Þ ¼ ∑
3

i¼0
Fi

ρ
ρe

−1
� �i

0:85ρe≤ρ < 1:15ρe

F ρð Þ ¼ Fe 1−ln
ρ
ρe

� �η� �
ρ
ρe

� �η

1:15ρe≤ρ

8>>>>>>><
>>>>>>>:

ð6Þ
where ρe is the equilibrium electron density; ρ is the electron
density.

In Table 1, part of the physical parameters required for
establishing EAMpotential function of titanium alloy is listed.

The force state and acceleration of each molecule can be
obtained from the energy gradient, and the molecular coordi-
nates and velocities after a certain number of cycle steps can

be obtained by combining the leap-frog algorithm. Because
the derivation of traditional hydrodynamics residual stress is
based on the model derived everywhere and continuously, it is
crucial to choose the appropriate formula of ABG residual
stress of titanium alloy. According to Zhou [25], the virial
stress of a single atom is:

σi ¼ −mivmi v
n
i þ

1

2
∑
N

i; j;i≠ j
Fijrij

 !
=Vi ð7Þ

where σi is the residual stress of atom i;mi is the mass of atom

i; Vi is the volume of the atom i, Vi ¼ 4πa3i
3 , and ai ¼

∑
j
r−1ij

2∑
j
r−2ij

;

vmi ; v
n
i are the speed component of atom i in horizontal and

vertical directions; N is the number of atoms in the system; Fij

is the force of atom i from atom j, Fij ¼ ∂ϕ rijð Þ
∂rij , ϕ(rij) is the

potential energy of an atom; rij is the distance vector between
atom i and atom j.

To establish the mathematical model from grinding param-
eters to surface residual stress, it is necessary to introduce the
expression from grinding parameters to grinding force:

Table 1 Physical parameters of EAM potential function of titanium
alloy [24]

Parameters re fe κ α β

Value 2.933872 1.863200 0.5 8.775431 4.680230

Parameters A B λ ρ μ

Value 0.373601 0.570968 1.0 25.565138 0.558572

Fig. 2 Boundary conditions of molecular system simulation
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Ft ¼ Us
v0:84w

vs
a0:71p B 1þ Zstð Þ

Fn ¼ Us
v0:84w

v1:15s
a0:68p B 1þ Zstð Þ

8>><
>>: ð8Þ

where Ft is the tangential predicted grinding force; Fn is the
normal predicted grinding force; Us is specific grinding ener-
gy, and its value varies according to different materials; ap is
the grinding depth; vs is the abrasive belt speed; vw is the
workpiece feed speed; B is the abrasive belt width; Zs is ac-
cording to different ABG particles and grinding parameters;
the range is 2×10−2~5×10−5 s−1.

Because the states of the atoms in the system are different,
the surface residual stress can be obtained by the average
value of the atomic virial stress.

σ ¼ ω
N

∑
N

i∈S
−mivmi v

n
i þ

1

2
∑
N

i; j;i≠ j
Fijrij

 !
=Vi

" #
ð9Þ

where ω is the shape correction coefficient, which can be mea-
sured by experiment. When the workpiece is a flat plate, ω= 1.

In order to simplify the calculation, this paper takes
Newtonian mechanics as the main basis of microcomputation
and does not consider the influence of heat in the calculation
process, so the calculation result of residual stress will have a
large error. Zhang et al. [26] proposed the expression of grind-
ing heat distribution ratio of ABG:

ε ¼ 1−
bapvwew
Ftvs

� �
� 1

1þ 0:97kgffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r0vs kρcð Þw

p ð10Þ
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Input vs, vw, ap to calculate 

grinding external force

Calculation of intermolecular 

interaction by EAM potential 

function 

Prediction of molecular position 

and speed in the next time based 
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Calculate the residual stress 
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End
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calculation result of 
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coordinates and speed
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Fig. 3 MATLAB simulation flow
chart
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It can be seen that the heat allocated to the workpiece in the
ABG process is negatively related to vw

ap
vs
, that is, the magni-

tude of residual pressure stress is negatively related to vw
ap
vs
.

Therefore, the influence of heat is introduced into the simula-
tion process. By changing different grinding parameters and
combining with a lot of experiments, the heat correction co-
efficient τ is proposed, which is defined as:

τ ¼

1
vwap
vs

≥0:02

0:8 0:02 >
vwap
vs

≥0:0075

0:6 0 <
vwap
vs

< 0:0075

8>>>><
>>>>:

ð11Þ

When formula (11) is introduced into formula (9), the
corrected residual stress formula is as follows:

σ ¼ τ
N

∑
N

i∈S
−mivmi v

n
i þ

1

2
∑
N

i; j;i≠ j
Fijrij

 !
=Vi

" #
ð12Þ

3 Simulation of ABG residual stress
of titanium alloy based on molecular
dynamics

3.1 Initial condition setting of molecular dynamics
simulation

(1) Time step

Because the calculation of molecular system involves
many physical quantities and cycle calculations, it is necessary
to choose a reasonable time step to avoid too long simulation
time. MATLAB software is developed based on C++ lan-
guage. Comparedwith general C language software, the speed
of non-vector loop operation is much slower. Therefore, the
selected time step of system operation simulation is Δt =
1×10−15 s.

Fig. 4 Simulation results of ABG residual stress of titanium alloy

Fig. 5 Experimental platform of seven-axis six-linkage adaptive CNC
abrasive belt grinder

Table 2 Parameters of each axis of the grinder

Category Parameters

X, Y, Z axis positioning accuracy (mm) 0.012, 0.01, 0.01

X, Y, Z axis repeated positioning accuracy (mm) 0.008, 0.005, 0.005

X, Y, Z feed speed (m/min) 0~15
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(2) Boundary conditions of molecular system simulation

Because of the limited computing power of computer, the
model of molecular dynamics simulation cannot be built
completely according to the actual situation, only for a small
area. However, because the system that can be simulated is too
small, it is often far less than the material’s thermodynamic
limit, which will produce size effect. Therefore, the periodic
boundary conditions are introduced to achieve the correction.
Periodic boundary condition is to divide the whole molecular
system into many boxes. The number, distribution, and energy
of particles in each box are identical, as shown in Fig. 2.When a
particle leaves one side of the box, there must be a same particle
entering the box at the same speed from the opposite side of the
box. As a result, the total number of particles inside the box
remains the same. After introducing periodic boundary condi-
tions, each box state is completely equivalent. Therefore, only
one box needs to be calculated and analyzed. Its states can be
extended to the whole particle system to eliminate the size
effect and reduce the calculation amount of simulation.

(3) Molecular system parameter simulation algorithm

Generally speaking, the Newton equation of multi-particle
system cannot be solved analytically, so it needs to be solved
by numerical integration method. In molecular dynamics, the
Newton equation can be solved by the finite difference meth-
od. At a certain time, the external force of a particle is equal to
the vector sum of all other particles’ forces on the particle.
According to the particle’s force state, the acceleration of the
particle at this time can be obtained. In the time step, the force
is determined as a constant. Combined with the particle’s po-
sition and speed at this time, the position and speed of the next
time can be obtained. Then, according to the new speed and
position of the particles, we can get the new state of force, so
repeatedly.

In this study, the leap-frog algorithm is adopted, and the

speeds vi! t þ Δt
2

� �
and vi! t−Δt

2

� �
are Taylor expanded at time

t, respectively.

vi! t þ Δt
2

� �
¼ vi! tð Þ þ ai! tð Þ Δt

2

� �
þ 1

2!
bi
!

tð Þ Δt
2

� �2

þ O Δt3
� � ð13Þ

vi! t−
Δt
2

� �
¼ vi! tð Þ þ ai! tð Þ −

Δt
2

� �
þ 1

2!
bi
!

tð Þ −
Δt
2

� �2

þ O Δt3
� � ð14Þ

The subtraction of formula (13) and formula (14) can ap-
proximate all molecules’ speed of in the molecular system.

vi! t þ Δt
2

� �
− vi! t−

Δt
2

� �
¼ ai! tð Þ Δtð Þ þ O Δt3

� � ð15Þ

where O(Δt3) is the higher order term of Taylor expansion,
which can be ignored.

In the same way, ri! t þΔtð Þ and ri! tð Þ are expanded and

sorted by Taylor at time t þ Δt
2 , and all molecules’ positions in

the molecular system can be approximated.

ri! t þΔtð Þ− ri! tð Þ ¼ vi! t þ Δt
2

� �
Δtð Þ þ O Δt3

� � ð16Þ

3.2 Molecular dynamics simulation process

According to the above algorithm and the established model, a
MATLAB program is developed to simulate and analyze the
surface residual stress for the molecular system. The simula-
tion process is as follows:

(1) Set initial conditions

Combined with the simulated HCP structure of the molec-
ular system on the titanium alloy surface, the molecular ran-
dom speed is set. The coordinates of each atom will automat-
ically deviate from the initial position as the system evolves.

(2) Exert external influence

According to the abrasive belt speed vs, grinding head feed
speed vw and grinding depth ap can be used to calculate the
external force of ABG. Since the size of ABG particles is
much larger than that of the molecular system, the external
force can be set as uniform distribution.

(3) Calculate intermolecular influence

The intermolecular interaction is mainly determined by a
potential function. In this study, according to the titanium
alloy materials’ characteristics, EAM potential function is se-
lected, and the intermolecular interaction can be calculated
based on it.

Fig. 6 TC4 titanium alloy plate
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(4) Prediction of molecular position and speed in the next
time based on the algorithm

The algorithm selected in this study is leap-frog algorithm,
which has high accuracy. According to this algorithm, the
molecular position and speed can be predicted at the next
moment.

(5) Calculate molecular residual stress

When the number of cycles is more than 5000, the residual
stress can be obtained by taking the molecular position and
speed into formula (9) and formula (12).

The MATLAB simulation process is shown in Fig. 3.

3.3 Molecular dynamics simulation results

Figure 4 shows the simulation results of ABG residual stress
of titanium alloy. In Fig. 4, the range of residual stress is from
−220 to −260 MPa. Compared with the experiment results in
Fig. 9, the trend is almost the same, but the difference of
residual stress results under the grinding parameters is large.

4 ABG experiment of titanium alloy
thin-walled parts

4.1 Experimental equipment

In this experiment, a new type of the seven-axis six-linkage
adaptive CNC abrasive belt grinder is adopted. The grinder is
controlled by an advanced CNC system and can be used for
rough grinding, fine grinding, and automatic polishing of the
workpiece surface, as shown in Fig. 5. Because the contact
wheel itself has certain elasticity in the ABG process and the
machine tool has a certain range of elastic movement in the Z-
axis direction, the machine tool can realize flexible grinding in

the machining process, greatly reducing the precision error
brought by the small displacement of grinding head in the
ABG process. The parameters of each axis of the grinder are
listed in Table 2.

The test piece used in the experiment is TC4 (Ti-6Al-4V)
titanium alloy plate, as shown in Fig. 6. The dimension is
170×100×2 (length× width× thickness) mm. The chemical
element content and mechanical parameter values of the
TC4 test piece at room temperature are listed in Table 3 and
Table 4, respectively.

XK870F ceramic alumina abrasive belt of VSM company
in Germany is selected, abrasive belt size is 2540 mm×5 mm,
and granularity is P240#. To detect the surface residual stress
of the TC4 plate after processing, the μ-X360s type stress
meter of Japan Pulstec company is selected. The equipment
can detect the non-destructive residual stress of the processed
parts, and the measurement accuracy parameters are listed in
Table 5.

4.2 Experimental method

The purpose of this experiment is to research the surface re-
sidual stress distribution characteristics of titanium alloy thin-
walled parts after grinding and to explore the influence of
grinding parameters on the surface residual stress value. The
experimental grinding method is down grinding and dry
grinding. The reciprocating grinding scheme is adopted, and
the angle between the ABG head and the workpiece plane is
60°, as shown in Fig. 7.

Titanium alloy thin-walled parts have the characteristics of
thin-walled weak stiffness, which is very easy to produce de-
formation in the process of machining, which will seriously
affect the machining accuracy and surface integrity after ma-
chining, and finally lead to the decline of fatigue strength of
parts. To reduce the deformation of titanium alloy caused by
grinding force during grinding, the error correction technolo-
gy is used to reduce the machining error. In the ABG process,
the deformation is estimated or measured in advance, and then
the tool path in the machining process is corrected to realize
the correction of the error.

To realize the research on the main influence law of the
ABG residual stress under the condition of less experimental

Table 4 Mechanical parameter values of the test piece

Elasticity modulus
(GPa)

Density (kg/
m3)

Yield strength
(MPa)

Tensile strength
(MPa)

111.5 4640 1110 ≥895

Table 5 Measurement parameters of μ-X360s type stress meter

Category Parameters

Systematic error ±5 MPa

Measuring speed 2–3 min/point

Detection object Normal stress and shear stress

Minimum collimator ≤0.3 mm

External signal touch interface Open

Table 3 Chemical element content of the test piece

Element Al V Fe C

Content (wt%) 5.5~6.8 3.5~4.5 ≤0.3 ≤0.1
Element N H O Ti

Content (wt%) ≤0.05 ≤0.015 ≤0.2 bal
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times, this study uses the multi-factor orthogonal experimental
method to design the experimental scheme. The effects of the
abrasive belt speed, the feed speed of grinding head, and the
grinding depth on the surface residual stress are comprehen-
sively studied. Take 3 levels for each factor, and makeup 3
factors 3 level orthogonal experiment. The ABG parameters’
setting is listed in Table 6.

The vs can be obtained by formula (17).

vs ¼ πDn
60� 1000

ð17Þ

where D is the diameter of the drive wheel; n is the speed of
the abrasive belt drive wheel.

The vw and the ap can be achieved by setting the grinding
machine parameters during programming.

He et al. [27] proposed that the residual stress at the depth
of 1.2 μm is the largest after ABG; the selected detection
depth is 1.2 μm. To reduce the impact of random errors, de-
tection points (1–6) are selected on the parts to be processed
surface, and the experiment result is obtained by the measured
average values of these six points. The clamping position and
the distribution of detection points are shown in Fig. 8.

By detecting the residual stress of the processed part sur-
face under different ABG parameters such as the vs, the vw,
and the ap, compared with the simulation results, the simula-
tion results are verified to be correct.

4.3 Experimental result

The ABG experiment results of titanium alloy thin-walled
parts are depicted in Fig. 9. In Fig. 9, the range of residual
stress in the experiment is from −150 to −270 MPa.

5 Simulation and experiment results analysis
of titanium alloy ABG

5.1 Comparative analysis of simulation and
experiment results before correction

(1) Analysis of the relationship between residual stress and
abrasive belt speed

The residual stress on the surface before correction is ar-
ranged according to the abrasive belt speed is depicted in Fig.
10, and the other corresponding grinding parameter settings
are listed in Table 6. In Fig. 10, with the increase of the abra-
sive belt speed, the results of simulation before correction and
experiment show a slow decline trend as a whole. However,
most of the simulation results before the correction are larger

Fig. 7 ABG experiment of titanium alloy thin-walled parts

Table 6 ABG parameter setting
Experiment
number

Abrasive belt speed vs
(m/s)

Feed speed of grinding head vw
(m/min)

Grinding depth ap
(mm)

1 8 0.3 0.2

2 8 0.6 0.4

3 8 0.9 0.6

4 16 0.3 0.4

5 16 0.6 0.6

6 16 0.9 0.2

7 24 0.3 0.6

8 24 0.6 0.2

9 24 0.9 0.4

Clamping 

position

Detection area

Detection point

Titanium alloy thin-walled parts

Fig. 8 Clamping position and detection point distribution
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than the experiment results, and the results of simulation and
experiment before correction are quite different.

(2) Analysis of the relationship between residual stress and
feed speed of grinding head

The surface residual stress before the correction is arranged
based on the grinding head’s feed speed is depicted in Fig. 11,
and the other corresponding grinding parameter settings are
listed in Table 6. In Fig. 11, with the increase of grinding
head’s feed speed, the results of simulation and experiment
before correction show a slow increase trend as a whole.
However, most of the simulation results before correction
are larger than the experiment results, and the results of sim-
ulation and experiment before correction are quite different.

(3) Analysis of the relationship between residual stress and
grinding depth

The surface residual stress before correction is arranged
based on the grinding depth is depicted in Fig. 12, and the
other corresponding grinding parameter settings are listed in
Table 6. In Fig. 12, with the increase of grinding depth, the
simulation and experiment results before correction show a
slow increasing trend as a whole, which are consistent.
However, most of the simulation results before correction
are larger than the experiment results, and the results of sim-
ulation and experiment before correction are quite different.

Through the above comparison, it can be found that the
simulation results before correction are quite different from
the experiment results, and the maximum residual stress error

Fig. 10 Relationship between residual stress and abrasive belt speed
before correction

Fig. 11 Relationship between residual stress and feed speed of grinding
head before correction

Fig. 9 ABG experiment results of titanium alloy thin-walled parts
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is about 70 MPa. The above results may be that only grinding
parameters are considered in the calculation of external forces
in the simulation model before correction, and the influence of
heat on the simulation results is ignored, resulting in a large
error. Therefore, the influence of heat on the simulation results
needs to be considered. According to the corrected formula
(12), the residual stress considering the heat factor can be
obtained.

5.2 Comparative analysis of simulation and
experiment results after correction

The simulation results of the residual stress after correction are
depicted in Fig. 13. In Fig. 13, the range of the residual stress
after correction is from −150 to −270 MPa. Compared with the

experiment results in Fig. 9, the trend is consistent, and the results
of residual stress under the same grinding parameters are similar.

(1) Analysis of the relationship between residual stress and
abrasive belt speed

The residual stress on the surface after correction is arranged
according to the abrasive belt speed is depicted in Fig. 14, and
the other corresponding grinding parameter settings are listed
in Table 6. In Fig. 14, with the increase of the abrasive belt
speed, the surface residual stress decreases slowly. The fitting
degree of the simulation curve and the experimental curve is
higher after correction.

Fig. 13 Simulation results of ABG residual stress of titanium alloy after correction

Fig. 14 Relationship between residual stress and abrasive belt speed after
correction

Fig. 12 Relationship between residual stress and grinding depth before
correction
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(2) Analysis of the relationship between residual stress and
feed speed of grinding head

The surface residual stress after the correction is arranged
based on the grinding head’s feed speed is depicted in Fig.
15, and the other corresponding grinding parameter settings
are listed in Table 6. In Fig. 15, with the increase of the grind-
ing head’s feed speed, the surface residual stress increases
slowly, and the fitting degree of the simulation curve and the
experimental curve is higher after correction.

(3) Analysis of the relationship between residual stress and
grinding depth

The surface residual stress after correction is arranged according
to the grinding depth is depicted in Fig. 16, and the other corre-
sponding grinding parameter settings are listed in Table 6. In Fig.
16, with the increase of the grinding depth, the surface residual
stress increases slowly. The fitting degree of the simulation curve
and the experimental curve is higher after correction.

Through the above comparison, it can be found that the
simulation results after correction are not much different from
the experiment results, and the maximum error is about 22
MPa, which is almost negligible. The above analysis shows
that the simulation model after correction can better character-
ize the variation of ABG residual stress of titanium alloy ma-
terial and verify the effectiveness of the mathematical model
of residual stress after correction.

5.3 Precision analysis of molecular dynamics
prediction and simulation of titanium alloy thin-
walled parts

Through the analysis in Section 6.2, it can be known that the
corrected residual stress simulation values agree well with the
experiment values. Therefore, more sets of grinding parameters
of residual stress are simulated and predicted. Among them, the
range of abrasive belt speed is 8–24 m/s, the range of feed speed
of grinding head is 0.3–0.9 m/min, and the range of grinding

depth is 0.2–0.6 mm. Each grinding parameter is divided into
20 groups, and 203 sets of predictions are made. The residual
stress prediction results are depicted in Fig. 17. In Fig. 17, the
change of the residual stress of the adjacent group naturally tran-
sitions without abrupt changes or errors. Within the range of
grinding parameters, the larger the feed speed of grinding head
and grinding depth, the smaller the abrasive belt speed, the larger
the residual stress value obtained; the smaller the feed speed of
grinding head and grinding depth, the larger the abrasive belt
speed, the smaller the residual stress value obtained. Therefore,
in the actual titanium alloy ABG experiment, you can choose a
lower feed speed of grinding head and grinding depth and a
larger abrasive belt speed to reduce the surface residual stress.

To improve the comparability of simulation results and
experiment results, the precision analysis of molecular dy-
namics simulation is carried out for titanium alloy thin-
walled parts. The comparison results are depicted in Fig. 18.

The error comparison between the residual stress simula-
tion results on the surface before and after correction and the
experiment results is depicted in Fig. 18. In Fig. 18, the error
rate of the corrected residual stress is obviously lower than that
before the correction. In Fig. 18a, the residual stress simula-
tion values distribution is relatively concentrated before the
correction, all of which range from −220 to −260 MPa. The
maximum error rate with the experiment values is 31.05%,
and the average error rate is 15.01%. There are two reasons.
One is that the influence of grinding heat on residual stress is
ignored in the calculation process, which leads to a large de-
viation; the other is that limited by the computer performance,
the algorithm has fewer cycle steps, and it is unable to fully
calculate the model, resulting in the lack of divergence be-
tween the data, which presents a more centralized state.
From Fig. 18b, it can be seen that after correction, the trend
of the simulation values is consistent with the experiment
values, the maximum error rate of simulation values and ex-
periment values of surface residual stress is reduced to 8.95%,
and the average error rate is reduced to 4.44%, which proves
the effectiveness of the corrected mathematical model and can
effectively predict the surface residual stress after machining.

Fig. 16 Relationship between residual stress and grinding depth after
correction.

Fig. 15 Relationship between residual stress and feed speed of grinding
head after correction
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6 Conclusions

Based on the molecular dynamics analysis of titanium alloy
ABG, the residual stress simulation of titanium alloy thin-
walled parts in ABG is carried out, and the ABG experiment
verification of titanium alloy thin-walled parts is developed. In
the last, the accuracy analysis of molecular dynamics simula-
tion of titanium alloy thin-walled parts is carried out. The
conclusions are as follows:

(1) The physical model of the titanium alloy ABGmolecular
system is established, and the molecular 3D model is
converted into a planar two-dimensional molecular mod-
el system.

(2) Combined with the residual stress expression model, the
characterization of surface residual stress is realized, and
the thermal correction coefficient is proposed to modify
the simulation model.

(3) The surface residual stress of the molecular system is
simulated and analyzed by using MATLAB. The simu-
lation results agree well with the experiment results.

(4) Due to the influence of grinding heat, the error rate be-
tween simulation values and experiment values is high.
After correction, the maximum error rate of surface re-
sidual stress is reduced to 8.95%, and the average error
rate is reduced to 4.44%.

Fig. 17 Prediction of residual stress under 203 grinding parameters

Fig. 18 Comparison of error rate between simulation results and
experiment results. (a) Residual stress and error rate before correction.
(b) Residual stress and error rate after correction
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