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Abstract: In order to study a new thread rolling forming process from a microscopic perspective, a
polycrystalline model was established, based on the crystal plasticity finite element method (CPFEM)
and Voronoi polyhedron theory. The fluidity of metals was studied to explain the reason for the
concave center. The simulation results show that the strain curve of the representative element can
more truly reflect the deformation behavior of the material. The grain orientations after deformation
are distributed near the initial orientation. The evolution of each slip system is determined by the
initial grain orientations and grain locations. The pole figures obtained from the experiment show
high consistency with the pole figures obtained by simulation, which verifies the accuracy of the
texture prediction by CPFEM. The experimental results show that thread rolling is more uniform in
deformation than ordinary rolling.

Keywords: thread rolling; Voronoi method; orientation; pole figure; CPFEM

1. Introduction

With the progress of society, scientific research has begun to be closely linked in
multiple disciplines and fields. A better combination of numerical simulation and theory is
required to establish a quantitative relationship between the micro- and macro-perspective.
It is of particular significance to study the changes of grain orientation and dislocation
slip microscopically. The crystal plasticity finite element method (CPFEM) has relatively
high requirements from modeling to analysis, to data processing. Because of its academic
frontier, it has become a hot spot in related research fields. When the size is reduced to the
micro-scale, the size effects [1,2] become significant. The material will show anisotropy
in the plastic deformation process [3]. The appearance of texture will have an important
impact on the mechanical properties of the material [4,5].

The production technology of wire rod has been highly automated and has become an
indispensable part of the industry. A large number of new materials, new equipment, and
new products are widely used. As a traditional plastic processing method, the drawing
process is mainly used for the processing and production of bars and wires. This paper
mainly proposes a new wire processing method, designing a new type of metal wire thread
rolling equipment. The material exhibits significant anisotropy during plastic processing
with large deformation. The constitutive model of the research material plays an important
role in CPFEM [6,7]. As the theory of crystal plasticity becomes more and more perfected, it
becomes easier to establish the connection between the internal mechanism of the material
and the macroscopic properties. It is of great significance to use CPFEM to simulate material
deformation [8–10]. The plastic constitutive theory of continuum mechanics can only solve
the macroscopic material plastic deformation problem. Parameter fitting is required in the
macroscopic simulation, which requires a large amount of experimental data as a basis. It
has a great dependence on experiment, and it is also necessary to find the correct expression
to obtain the mechanical property data of the material. The crystal plasticity theory based
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on the microstructure of materials can truly reflect the plastic deformation behavior of
materials [11–15]. The movement of the slip system is described by plastic shear strain rate.
Metal materials have a size effect. As the size decreases, the effect becomes more obvious.
CPFEM is based on the different grain orientations inside the material. This method truly
restores the physical nature of the material and makes up for the shortcomings of the
macroscopic finite element method. Today’s computer technology is developing very
rapidly, and most forming methods can be numerically simulated on the computer. CPFEM
can improve the quality of the material and help understand the plastic deformation
mechanism of the material [16–18]. Chen et al. [19] used CPFEM to analysis the copper
rolling process, and the results showed that the movement of the slip system is different.
Pi et al. [20,21] used CPFEM to analysis the textures during the different deformation
methods of pure aluminum, and the results showed that the textures of the simulation were
consistent with the experimental. Hama and Takuda [22,23] studied the unloading behavior
of magnesium alloy during tensile deformation. It was concluded that only the base slip
systems were activated during the unloading process. Alankar et al. [24] and Ha et al. [25]
simulated the deformation of pure aluminum by using a dislocation-density-based crystal
plasticity model. The results showed a reasonable attempt at incorporating microstructural
considerations into the model along with the kinematics of crystal plasticity in forming
a more physically realistic prediction. Li et al. [26] studied the rotation of the grains
during uniaxial deformation. The results showed that the initial orientation determined
the degree of grain rotation. Ritz and Dawson [27] used CPFEM to study the effect of
grain morphology on the tensile deformation of aluminum alloys, and found that the
grain morphology significantly affects the stress distribution interior of the grains and at
the grain boundaries. Nakamachi et al. [28] established a polycrystalline representative
volume element (RVE) model that satisfies the periodic condition of the crystal orientation
distribution, and verified the accuracy of the RVE model through the results. Jigh et al. [29]
used the RVE model to predict the mechanical behavior of metal foams and studied the
effects of different boundary conditions on the mechanical properties.

According to the above literature review, it is clear that the molding method is rel-
atively simple. At present, research on the effect of grain orientation during complex
deformation, based on the three-dimensional CPFEM model, is still limited. This paper
proposes a new forming method—thread rolling. This forming method using CPFEM is
difficult to converge with calculation. The relevant parameters need to be set strictly. A
poly crystalline model was established based on the Voronoi diagram, and the deformation
behavior during the rotation of the workpiece was studied. The fluidity of the metal was
analyzed, and the reason for the concave core phenomenon explained. The rotation of the
grain and the movement of the slip system were also studied. The pole figure obtained from
simulation was used to predict the appearance of the texture on thread rolling forming.

2. Theoretical Model
2.1. Kinematics Model

The theory of crystal plasticity follows the pioneering work of Talor [30]. The plastic
constitutive equations were initially proposed by Hill and Rice [31]. The total deformation
gradient F is given as follows:

F = F∗·FP (1)

where FP and F∗ are the plastic and the elastic deformation gradient, respectively. The
elastic constitutive relation can be expressed as follows:

M = Ce : E = det(F∗)(F∗)−1σ(F∗)−T (2)

where M is the second Piola–Kirchhoff stress; Ce is the fourth-order anisotropic elasticity

matrix; E is the Lagrangian elastic strain tensor; σ is the Cauchy stress tensor.
.
F

P
is the
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rate of change of FP;
(

FP)−1 is the inverse matrix of FP;
.
γ
(α) is the shear strain rate of the

slip system α. The relationship between
.
F

P
and

.
γ
(α) is given as follows:

.
F

P
·
(

FP
)−1

= ∑
α

.
γ
(α) S(α)

⊗
m(α) (3)

where S(α) is the slip direction vector of the slip plane in the slip system α; m(α) is
the normal direction vector of the slip plane in the slip system α. The summation range
includes all the slip systems being activated.

2.2. Constitutive Model

Assuming that the crystal slip follows Schmid’s law, the relationship between σ and
the resolved shear stress τα is given as follows:

τα = m∗(α)·ρ0

ρ
·σ· S∗(α) (4)

where m∗(α) and S∗(α) are the unit normal direction vector of slip plane and the unit slip
direction vector in the slip system α, respectively. ρ0 and ρ represent the mass density of
the reference state and the current state, respectively.

Crystal plasticity theory is completed by relating the shear strain rate
.
γ
(α) to the

stress M. The generalized Schmid’s law states that slip occurs if the resolved shear stress
τα = M : T reaches a critical value. T is the Schmid tensor. In the rate-dependent crystal
plasticity model, the exponential equation describes the relationship between the shear

strain rate
.
γ
(α) and the resolved shear stress τα of the slip system α. The formula is given

as follows:
.
γ
(α)

=
.
γ
(α)
0 sign (τα)

∣∣∣∣ τα

τα
c

∣∣∣∣n (5)

where τα
c is the critical resolved shear stress of the slip system α;

.
γ
(α)
0 is the reference shear

strain rate; n is the strain rate sensitive coefficient. n = 0 and n = ∞ correspond to
viscoelasticity and rate-independent materials, respectively. The critical shear rate

.
τ

α
c is

given as follows:
.
τ

α
c =

N

∑
β

hαβ

∣∣∣ .
γ
(β)
∣∣∣, (6)

where hαβ is the slip hardening modulus;
.
γ
(β) is the shear strain rate of the slip system β.

N represents the total number of slip systems; The above formula sums all activated slip
systems. When α = β, hαβ = hαα, hαα is called the self-hardening modulus; when α 6= β,
hαβ is called the latent hardening modulus. The formula for calculating the self-hardening
modulus was given by Peirce [32,33] et al. and Asaro et al. [34] as follows:

hαα = h(γ) = h0sech2
(

h0γ

τs − τ0

)
(7)

γ = ∑
α

∫ t

0

∣∣∣ .
γ
(α)
∣∣∣dt (8)

The formula for calculating the latent hardening modulus is as follows: γ

hαβ = qh(γ)(α 6= β) (9)

where h0 represents the initial hardening modulus; γ represents the cumulative shear strain
rates of all slip systems; τ0 represents the initial critical shear stress; τs is the saturation
value of the initial critical shear stress; q is the latent hardening parameter.
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The constitutive model was compiled by FORTRAN language into the user-defined
material subroutine (UMAT) for the CPFEM simulation, and the combination of finite
element method and crystal plasticity constitutive theory was realized.

3. Finite Element Model

In this paper, the polycrystalline model was obtained by the NEPER [35] software.
The polycrystalline model used for thread rolling forming contains 50 grains. Each grain is
given a random orientation before deformation. The model is given in Figure 1.
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Figure 1. Polycrystalline model: (a) before meshing; (b) after meshing.

This research independently designed thread rolling forming equipment. The power
of the equipment comes from the motor, and the movement of the top and bottom dies
is completed by the transmission of the drive shaft. The transmission shaft drives the
movement of the gears. The gears mesh with each other, and the top and bottom dies
are driven by the connecting rod. In this way, the reciprocating movement between top
and bottom dies can be realized. Combined with the pressure applied to the top die, the
workpiece is deformed in this process, and the thread rolling process is formed. Figure 2b
is a simplified thread rolling finite element model. As shown in Figure 2d, the length of the
workpiece changes from 10 mm to 21 mm and the diameter changes from 3 mm to 2 mm
after the thread rolling experiment. The thread rolling model is shown in Figure 2.
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The simulation in this article consists of two analysis steps. The first analysis step (be-
fore 1 s) establishes the contact relationship between the parts, and the second analysis step
(1 s later) begins the deformation. The size of the top and bottom dies is 200 mm × 20 mm;
the thickness is 5 mm; the diameter of the workpiece is 3 mm; the length is 10 mm; the
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number of nodes is 8236; the element type is C3D10; the number of elements is 5302. The
bottom die is fixed on the Y and Z axis; the top die is fixed on the Y axis and given a
displacement in the negative direction of the Z axis; the top and bottom dies move in
opposite directions on the X axis. Through the relative movement of the top and the bottom
dies in the X and Z axis directions, the workpiece is uniformly thinned and elongated. In
this paper, pure aluminum material is used as the research object. By comparing simu-
lated and experimental tensile stress-strain curves in Figure 3, the reasonable parameters
are determined. The elastic coefficients are C11 = 108,000 MPa, C12 = 62,000 MPa, and
C44 = 28,300 MPa. The parameters of the constitutive model are shown in the following
Table 1.

Metals 2021, 11, x FOR PEER REVIEW 5 of 18 
 

 

The simulation in this article consists of two analysis steps. The first analysis step 
(before 1 s) establishes the contact relationship between the parts, and the second analysis 
step (1 s later) begins the deformation. The size of the top and bottom dies is 200 mm × 20 
mm; the thickness is 5 mm; the diameter of the workpiece is 3 mm; the length is 10 mm; 
the number of nodes is 8236; the element type is C3D10; the number of elements is 5302. 
The bottom die is fixed on the Y and Z axis; the top die is fixed on the Y axis and given a 
displacement in the negative direction of the Z axis; the top and bottom dies move in 
opposite directions on the X axis. Through the relative movement of the top and the 
bottom dies in the X and Z axis directions, the workpiece is uniformly thinned and 
elongated. In this paper, pure aluminum material is used as the research object. By 
comparing simulated and experimental tensile stress-strain curves in Figure 3, the reasona-
ble parameters are determined. The elastic coefficients are C11 = 108,000 MPa, C12 = 62,000 
MPa, and C44 = 28,300 MPa. The parameters of the constitutive model are shown in the fol-
lowing Table 1. 

Table 1. Constitutive model parameters of pure aluminum. 𝒉𝟎. 𝝉𝟎 𝝉𝒔 𝜸𝟎(𝜶) 𝒏 𝒒 
60 21 61 0.001 10 1.2 

 
Figure 3. Tensile stress–strain curves by simulation and experiment. 

4. Simulation Results and Discussion 
4.1. Metal Fluidity Analysis 

Figure 4 shows the distribution of the total displacement field of the workpiece during 
thread rolling forming. U, U1, U2, and U3 represent the total displacement, the radial dis-
placement in the X direction, the axial displacement in the Y direction, and the radial dis-
placement in the Z direction, respectively. Figure 4a is an intuitive view of the workpiece, 
and Figure 4b is a radial sectional view. It can be seen from the total displacement field that 
the displacement at the axis center is smaller. When approaching the surface, the displace-
ment value will increase. 

Figure 3. Tensile stress–strain curves by simulation and experiment.

Table 1. Constitutive model parameters of pure aluminum.

h0. τ0 τs
.
γ

(α)
0 n q

60 21 61 0.001 10 1.2

4. Simulation Results and Discussion
4.1. Metal Fluidity Analysis

Figure 4 shows the distribution of the total displacement field of the workpiece during
thread rolling forming. U, U1, U2, and U3 represent the total displacement, the radial
displacement in the X direction, the axial displacement in the Y direction, and the radial
displacement in the Z direction, respectively. Figure 4a is an intuitive view of the workpiece,
and Figure 4b is a radial sectional view. It can be seen from the total displacement field
that the displacement at the axis center is smaller. When approaching the surface, the
displacement value will increase.
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In order to further explain the fluidity of metal materials on thread rolling forming,
five characteristic points on the axial section of the workpiece are selected as path outputs
for research, and the corresponding points are marked as P1, P2, P3, P4, and P5. At
the radial section of the workpiece end, five characteristic points are also selected as the
research object, and the corresponding marks are P6, P7, P8, P9, and P10. Two characteristic
points are selected on the outer surface of the workpiece, which are located in the middle
and the end respectively, and marked as P11 and P12. The distribution of characteristic
points is given in Figure 5.
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Figure 6 shows the axial displacement-time curve of the characteristic points. The
displacement value in the middle is always near zero during the deformation process.
When approaching the end of the workpiece, the displacement changes become more and
more obvious. A trend of symmetrical extension on both sides is shown. At the end of
the thread rolling deformation, the axial displacement value reaches the maximum, with a
value of about 0.35.
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Figure 6. The axial displacement-time curve of the characteristic points (P1–P5).

Figure 7 shows the axial displacement-true path curve of the characteristic point on the
radial section during the deformation process. It can be seen that the axial displacement and
the total displacement gradually increase from the inside to the outside. The displacement
at the axial center is the smallest, and the displacement at the outside is the largest. The
axial extension of the outer characteristic point is about 0.05 mm more than the axial
extension at the center, and a certain depth of cavity is formed. This is because the outside
of the workpiece end is directly affected by the die to produce axial elongation. The axial
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center is driven by the additional tensile stress generated by the axial elongation of the
outside region, and the additional tensile stress gradually weakens from the outside to the
center. Similarly, from the curve of the total displacement, it can be seen that the change
in the displacement at the axial center is the smallest, and the fluidity of the outer metal
is larger than that of the inner metal. So a concave core phenomenon is formed at the
workpiece end.
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Figure 8 shows the characteristic point displacement-time curve of the radial section.
Although the workpiece is elongated in the axial direction, it can be seen that except for
the characteristic point P6 at the axial center in Figure 8a, the total displacement curves
of the other characteristic points are distributed periodically. The closer the characteristic
point is to the outside, the greater the fluctuation range. This shows that the change of
the axial displacement of the outer point only accounts for a relatively small part, and
the radial displacement is dominant. The radial displacement of points close to the axial
center does not change much, so the deformation trend retains the characteristics of the
axial displacement change, and the value slowly increases. At the end of each cycle,
the displacement values of all the characteristic points almost coincide. This is because
the radial displacement of all characteristic points is smaller at this time, and the total
displacement value is completely determined by the axial displacement. Figure 8b is the
displacement-time curve in the radial direction of the X axis which has an obvious periodic
distribution. The magnitude of the amplitude depends on the distance from the axial center
position. The amplitude of P7 and P8 on the outside is larger, and the amplitude of P6 at
the axial center is the smallest. Figure 8c shows the change in the axial displacement of
the characteristic point. At the same moment in time, the axial displacement value of P6 at
the axial center is always smaller than the other characteristic points. This fully explains
the formation of the concave core in the workpiece end. The displacement change in the
radial direction of the Z axis in Figure 8d is basically consistent with the trend in Figure 8b,
which is the result of this periodic change due to the rotation of the workpiece.

In order to more intuitively describe the movement of the workpiece in space during
the thread rolling process and explain the flow characteristics of the metal, the spatial
movement trajectory graph of the characteristic points was studied. Figure 9 shows the
spatial motion trajectories of P11 and P12. It can be seen that the trajectory graph of
the characteristic points is distributed in a circle, which is caused by the rotation of the
workpiece itself. The displacement value of the characteristic point in the Y direction
increases with time. The spatial motion trajectories are distributed in the circle of the
two-dimensional plane formed by the X and Z axes. The maximum axial displacement
of P12 is around 0.4 mm, which is uniformly distributed in a circle. The maximum axial
displacement of P11 at the middle is only 0.015 mm. The common point in Figure 9a,b
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is that the radius of the circle in the two-dimensional plane formed by the X and Z axes
decreases as the axial displacement increases. Above, the important characteristics of the
thread rolling forming process are further explained from three-dimensional space.

Metals 2021, 11, x FOR PEER REVIEW 8 of 18 
 

 

part, and the radial displacement is dominant. The radial displacement of points close to 
the axial center does not change much, so the deformation trend retains the characteris-
tics of the axial displacement change, and the value slowly increases. At the end of each 
cycle, the displacement values of all the characteristic points almost coincide. This is be-
cause the radial displacement of all characteristic points is smaller at this time, and the 
total displacement value is completely determined by the axial displacement. Figure 8b 
is the displacement-time curve in the radial direction of the X axis which has an obvious 
periodic distribution. The magnitude of the amplitude depends on the distance from the 
axial center position. The amplitude of P7 and P8 on the outside is larger, and the am-
plitude of P6 at the axial center is the smallest. Figure 8c shows the change in the axial 
displacement of the characteristic point. At the same moment in time, the axial dis-
placement value of P6 at the axial center is always smaller than the other characteristic 
points. This fully explains the formation of the concave core in the workpiece end. The 
displacement change in the radial direction of the Z axis in Figure 8d is basically con-
sistent with the trend in Figure 8b, which is the result of this periodic change due to the 
rotation of the workpiece. 

 
Figure 8. The characteristic point displacement-time curve: (a) U; (b) U1; (c) U2; (d) U3. 

In order to more intuitively describe the movement of the workpiece in space dur-
ing the thread rolling process and explain the flow characteristics of the metal, the spa-
tial movement trajectory graph of the characteristic points was studied. Figure 9 shows 
the spatial motion trajectories of P11 and P12. It can be seen that the trajectory graph of 
the characteristic points is distributed in a circle, which is caused by the rotation of the 
workpiece itself. The displacement value of the characteristic point in the Y direction in-
creases with time. The spatial motion trajectories are distributed in the circle of the 
two-dimensional plane formed by the X and Z axes. The maximum axial displacement of 
P12 is around 0.4 mm, which is uniformly distributed in a circle. The maximum axial 
displacement of P11 at the middle is only 0.015 mm. The common point in Figure 9a,b is 
that the radius of the circle in the two-dimensional plane formed by the X and Z axes 
decreases as the axial displacement increases. Above, the important characteristics of the 
thread rolling forming process are further explained from three-dimensional space. 

Figure 8. The characteristic point displacement-time curve: (a) U; (b) U1; (c) U2; (d) U3.

Metals 2021, 11, x FOR PEER REVIEW 9 of 18 
 

 

 
Figure 9. The spatial motion trajectories: (a) P11; (b) P12. 

4.2. Stress–Strain Analysis 
An important advantage of CPFEM is that the deformation behavior inside the 

crystal can clearly be analyzed on the micro-scale. It provides a convenient way for us to 
study material deformation. Figure 10 shows that the distribution of stress and strain is 
inhomogeneous. The deformation situation is also completely different because of the 
different grain orientations. In addition, the deformation among the grains is coordinat-
ed, which is affected by the adjacent grains. From the comparison of Figure 10a,b, there is 
a clear strain gradient phenomenon. The strain of the A,C grains on both sides and the 
B,D grains next to them have obvious gradients. The difference among them is even one 
magnitude. The reason for this phenomenon may be that the orientation of A and C is in 
a favorable position to slip, and the strain value is relatively large. The same conclusion 
can be drawn by comparing Figure 10c,d. The stress between E and F, G and H also dif-
fers greatly due to the difference of grain orientation. The stress concentrates on the 
grains boundaries and then extends to the grains interior. It is clear that the inhomoge-
neous deformation is directly affected by grain orientation. 

 
Figure 10. (a,c) Strain and stress distribution and (b,d) polycrystalline model. 

The simulation of thread rolling is more complicated than the uniaxial tension and 
compression process. As the workpiece rotates, the stress state will change periodically. 
When polycrystalline materials are formed, there is a big difference in the deformation 

Figure 9. The spatial motion trajectories: (a) P11; (b) P12.

4.2. Stress–Strain Analysis

An important advantage of CPFEM is that the deformation behavior inside the crystal
can clearly be analyzed on the micro-scale. It provides a convenient way for us to study
material deformation. Figure 10 shows that the distribution of stress and strain is inhomo-
geneous. The deformation situation is also completely different because of the different
grain orientations. In addition, the deformation among the grains is coordinated, which
is affected by the adjacent grains. From the comparison of Figure 10a,b, there is a clear
strain gradient phenomenon. The strain of the A,C grains on both sides and the B,D grains
next to them have obvious gradients. The difference among them is even one magnitude.
The reason for this phenomenon may be that the orientation of A and C is in a favorable
position to slip, and the strain value is relatively large. The same conclusion can be drawn
by comparing Figure 10c,d. The stress between E and F, G and H also differs greatly due
to the difference of grain orientation. The stress concentrates on the grains boundaries
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and then extends to the grains interior. It is clear that the inhomogeneous deformation is
directly affected by grain orientation.
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Figure 10. (a,c) Strain and stress distribution and (b,d) polycrystalline model.

The simulation of thread rolling is more complicated than the uniaxial tension and
compression process. As the workpiece rotates, the stress state will change periodically.
When polycrystalline materials are formed, there is a big difference in the deformation
among the grains. The volume average method is used in the polycrystalline model to
obtain the mechanical response of the representative element. This method can more
truly reflect the force state of the entire material after homogenization. The three curves
in Figure 11 represent the strain changes in the selected grain 20 (G20), G35 and the
representative element. This is counted from the beginning of the second analysis step. G20
and G35 are adjacent, but the changes in strain are not synchronized, and there are large
fluctuations. It can be seen that there is a big difference in the strain among the grains in
the thread rolling deformation. Due to the coordinated deformation among the grains, the
strain of the representative element tends to increase steadily after homogenization. It is
representative and accurate, and can better reflect the thread rolling deformation behavior
of the workpiece.
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Figure 12a shows the distribution of stress during the thread rolling process. S1, S2,
and S3 represent the stress of P5 in the X-axis, Y-axis and Z-axis directions respectively.
It can be seen that the fluctuation of the S2 curve is small. Unlike the drawing process,



Metals 2021, 11, 503 10 of 16

the axial stress during the thread rolling process is small, which also helps to avoid axial
necking or even fracture of the workpiece. The curves of S1 and S3 have large fluctuation,
indicating that the radial stress on the forming process is dominant. Figure 12b shows
the strain–time curve of P5. Corresponding to the change of the forming stress, the radial
strain of the workpiece also fluctuates up and down, and gradually increases. The strain
fluctuation in the axial direction is small, but the final strain value is larger. This is because
the stress in the axial direction is relatively small, and the strain will not change in the
positive and negative directions. For the characteristic point P5, the change in axial strain
indicates that it always stretches in one direction. This is different from the strain in the
radial direction. The strain of the radial direction fluctuates violently while the workpiece
is rotating. As the deformation continues, the strain values in all directions increase.
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4.3. Evolution of the Slip Systems

Pure aluminum belongs to a face-centered cubic (FCC) structure, and there are 12 slip
systems during plastic deformation. The slip system is shown in Table 2.

Table 2. Slip systems of face-centered cubic (FCC) pure aluminum.

Plane Direction Slip System

(111)
[011] a1
[101] a2
[110] a3

(111)
[101] b1
[110] b2
[011] b3

(111)
[011] c1
[110] c2
[101] c3

(111)
[011] d1
[101] d2
[110] d3

As shown in Figure 13, it is clear that there is a significant difference in the shear
strain distribution of each slip system. SDV13 and SDV23 represent the shear strain rates of
slip systems a1 and d2, respectively. A positive value indicates movement in the positive
direction of slip, and a negative value indicates movement in the opposite direction of the
slip system. It can be seen that the shear strain distribution is related to the orientation of
the grains in Figure 13a. The shear strain rates among the adjacent grains differ greatly,
which indicates that the shear strain rate is different in the different grains. The activation
of the slip system is determined by the shear strain rate. The initial orientation of the grains
has an important influence on the movement of the slip system. In the same way, the slip
system d2 in Figure 13b has the same situation. The different slip systems have different
shear strain distributions from comparison of Figure 13a,b.
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In order to better explain the mechanism of thread rolling, the evolution of the slip
system was analyzed in each grain. Figure 14 shows the evolution of the five slip systems
in the different grains. Region A is located in the middle of the workpiece, and region
B is located at the end of the workpiece. G20 and G35 belong to region A, and G22 and
G45 belong to region B. Figure 14a shows that the slip system b1 of G20 begins to move
along the [101] direction. The initially activated slip system causes the rotation of the slip
plane, as well as the interaction among adjacent grains, which leads to the activation of slip
systems a1, c3, and d2. The slip systems a1 and c3 move along the positive directions [011]
and [101] respectively, and the slip system d2 moves along the opposite direction [101].
The shear stain rate of the initially activated slip system b1 is reduced duo to the influence
of the later activated slip systems. The slip system c2 has not been activated on the entire
thread rolling deformation. Figure 14b shows that the initially activated slip system a1
of G35 moves along the positive direction [011]. The increase rate of the slip system b1
is larger than the other slip systems, while the slip system c3 has not been activated on
the entire thread rolling deformation. The difference from area A is that all the five slip
systems are activated in the G22 and G45 of region B. There is no slip system that is not
activated. This is because the grains at the end of the workpiece need less resistance due
to coordinated deformation among the grains. It can be concluded that the shear strain
rate of the slip system is affected by the position of the grains and the orientation of the
grain, and the activation sequence of the slip system leads to inhomogeneous deformation
among the grains.

4.4. Pole Figures Analysis

On thread rolling forming, the workpiece is compressed in the radial direction and
elongated in the axial direction. Figure 15 shows the grain morphology and orientation
distribution under this molding condition. The distribution of the small cubes represents
the orientation of the corresponding crystal grains. It can be seen that the grains of the
workpiece are elongated in the axial direction. The grain orientation distribution shows
that the color is relatively uniform, and the direction distribution of each small cube is also
relatively random, indicating that the texture will not be too strong.

Figure 16 shows the pole figure distribution after thread rolling deformation. Com-
pared with ordinary rolling, only a small area with higher density appear on the (100)
plane, and the textures on the (110) and (111) planes do not appear to be obvious. The
important aspect is that the stress state of the two rolling methods is very different. On
thread rolling, there is no fixed transverse and normal force on the material. The force in
the radial direction always changes periodically. The grain rotates with the continuous
rotation of the workpiece, and the grain orientation is also changing at all times. The effect
of the periodic changes in the radial direction makes the direction of the grains still appear
as a random distribution. The workpiece is only elongated in the axial direction, without
obvious texture. Thread rolling deformation is more uniform than ordinary rolling.
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Figure 16. The pole figure distribution after the experiment.

The X, Y, and Z axes represent the transverse (TD), rolling (RD) and normal directions
(ND) respectively. Figure 17 shows the (100) pole figures of G20 and G35 before and after the
thread rolling deformation. Each grain is a single orientation before the deformation. The
grain orientation will rotate after the deformation. It can be seen that the initial orientation
distribution is different in G20 and G35. The orientations of G20 rotate by a discrete
10◦–15◦ along RD, and diffuse 25◦–35◦ along ND. The orientations of G35 rotate by a
discrete 15◦–25◦ along the RD, and diffuse 15◦–25◦ along TD and ND. Due to the difference
in the initial orientation and position of the grains, the rotation of each grain is inconsistent.
The grains in a favorable orientation for deformation have a relatively large degree of
rotation. It can be seen that the grains are not severely deformed, and the orientation after
rotation appears near the initial orientation because of the coordinated deformation among
the grains. It can be concluded that the degree of the grain internal deformation is different,
and the grain orientation changes from single to discrete distribution.
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The pole figures before and after the thread rolling deformation are shown in Figure 18.
The maximum density value is 3.8 after thread rolling deformation in Figure 18d, which
is larger than 3.3 before deformation in Figure 18b. There is no obvious texture after
deformation. On the one hand, this is because the amount of deformation is relatively
small, so that the degree of grain orientation redistribution is small. On the other hand,
it is determined by the thread rolling forming method. When the workpiece continues to
rotate, the force state becomes periodic. The radial direction is compressed and the axial
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direction is elongated. In addition to the rotation of grain orientation, each grain itself
in the polycrystalline model is also rotated. The orientation is basically still randomly
distributed after deformation.
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5. Conclusions

The purpose of this article was to use CPFEM to simulate the thread rolling forming
method. The calibrated constitutive model parameters can accurately express the material
properties by comparing the tensile stress–strain curves from experiment and simulation.
The fluidity of the metal was analyzed, and the reason for the concave core explained.
The movement of the slip system and the change of grain orientation were studied. The
following conclusions were drawn:

1. The displacement field of the thread rolling was studied. It shows a trend of symmet-
rical extension on both sides during the forming process. The axial extension of the
outer characteristic point is about 0.05 mm more than the axial extension at the center.
This explains the reason for the concave core at the workpiece end.

2. The volume average method was used in the polycrystalline model to obtain the
mechanical response of the representative element after homogenization. It can better
reflect the force state of the entire material than a single grain.

3. The evolution of each slip system was determined by the initial grain orientations and
grain locations. The grains at the end of the workpiece require less resistance due to
coordinated deformation among the grains. The grain orientation after deformation
appears near to the initial orientation.

4. The pole figure obtained by the experiment is basically consistent with the pole figure
by the simulation. The grains are elongated in the axial direction and compressed in
the radial direction without obvious texture, indicating thread rolling deformation is
more uniform than ordinary rolling due to the periodic rotation effect.
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Abbreviations

F total deformation gradient
F∗ elastic deformation gradient
FP Plastic deformation gradient
M second Piola–Kirchhoff stress
Ce anisotropic elasticity matrix
E Lagrangian elastic strain tensor
σ Cauchy stress tensor
.
F

P
rate of change of FP(

FP)−1 inverse matrix of FP

.
γ
(α) shear strain rate

S(α) slip direction vector
m(α) normal direction vector
m∗(α) unit normal direction vector
S∗(α) unit slip direction vector
ρ0 mass density of reference state
ρ mass density of current state
T Schmid tensor
τα resolved shear stress
τα

c critical resolved shear stress
.
γ
(α)
0 reference shear strain rate

n strain rate sensitive coefficient
.
τ

α
c critical shear rate

h0 initial hardening modulus
N total number of slip systems
hαα self-hardening modulus
hαβ latent hardening modulus.
γ cumulative shear strain rates
τ0 initial critical shear stress
τs saturation value of τ0
q latent hardening parameter.
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