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To achieve precise finite element simulation of the vibration-assisted cold upsetting forming process of
titanium alloys, this study focuses on Ti-45Nb titanium alloy as the research object. A constitutive model
for vibration-assisted cold upsetting forming is established, incorporating both viscoelastic and
viscoplastic deformation. The model is transformed into a programmable incremental form, and the
control equations for elastic-viscoplastic deformation are derived. Secondary development is conducted
using the VUMAT interface of ABAQUS, and the model is applied in simulation. Multi-condition
simulations of Ti-45Nb titanium alloy cold upsetting forming are performed, and the results are
compared with experimental data. The average relative error is found to be within 5%, verifying the
accuracy of the finite element numerical simulation based on the secondary development. The developed
constitutive model is used to simulate the cold upsetting forming process of Ti-45Nb titanium alloy
internal wire joint components. The significant effects of vibration assistance in reducing maximum
stress, optimizing stress distribution, and improving material flow are intuitively obsetved. This study
provides technical support for the application of vibration-assisted cold upsetting forming technology in
the forming of difficult-to-deform materials.

Keywords: Cold upsetting forming, Vibration assistance, VUMAT subroutine, Constitutive model, Finite element
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1 Introduction

Multi-station cold upsetting is a non-cutting metal
pressure working process with low consumption, high
material yield, and high production efficiency [1,2].
With the development of high-end manufacturing
industries such as aeronautics, astronautics, and high-
speed trains in China, the demand for high-strength
fasteners, represented by titanium alloys, is increasing
[3-5]. However, at room temperature, titanium alloys
have high deformation resistance and severe work
hardening, which makes them difficult to form and
limits the application of cold upsetting processes.

Vibration-assisted plastic forming technology,
applied in the forming process in the form of
mechanical vibration or ultrasonic vibration, can
effectively alter the internal stress distribution and
flow characteristics of materials, making them more
susceptible to flow and cavity filling during forming
[6]. Applying auxiliary vibration during forming is an
effective method for achieving high-speed cold
upsetting forming of titanium alloy fasteners at room
temperature [7-9]. However, due to the short duration
of vibration-assisted cold upsetting forming, it is
challenging to monitor stress-strain distribution and
workpiece geometric changes during the process [10].
Finite element simulation technology is therefore

utilized to reveal complex phenomena such as material
flow, stress distribution, and temperature changes
during forming, serving as a primary research method
for vibration-assisted cold upsetting forming.

The accuracy of numerical simulation results
depends on the precision of the material constitutive
equation [11-12]. Research on constitutive theory for
vibration-assisted forming shows that Kirchner et al.
[13] established a compression stress oscillation
superposition model for materials with strain rate -
independent and - dependent plasticity, highlighting
significant stress differences between the two under
low-frequency vibration. Cai et al. [14] proposed a
vibration-assisted  tension  constitutive = model,
demonstrating the strong predictive capability of
viscoelastic-viscoplastic models for metal mechanical
properties under vibration. Wang [15] developed a
constitutive model for 6061 aluminum alloy based on
Cai's model, validating its reliability in ultrasonic
vibration-assisted tensile tests. Siddiq et al. [16-17]
incorporated acoustic softening effects into crystal
models for vibration-assisted forming, improving the
accuracy of phenomenological constitutive models.
These findings indicate that constitutive models under
vibration-assisted conditions are becoming more
sophisticated. However, the integration of these
theoretical achievements into practical applications
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through secondary development of finite element
software remains a gap. Such development is vital for
advancing vibration-assisted cold upsetting forming
technology, as it enables seamless integration of
complex constitutive models, improves simulation
accuracy, customizes calculation processes, enhances
simulation  efficiency, and optimizes process
parameters to improve material utilization and
product yield [18].

This study focuses on Ti-45Nb titanium alloy to
establish a constitutive model for vibration-assisted
cold upsetting forming that considers viscoelasticity
and viscoplasticity. The model is integrated into finite
element simulations through secondary development
of the software, providing a theoretical basis for
investigating the dynamic mechanical properties of Ti-
45Nb titanium alloy under vibration-assisted cold
upsetting forming.

2 Constitutive Model Development
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Fig. 1 Visco-elastoplastic Model
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Based on plasticity theory for large deformation
and existing visco-elastoplastic theories [19], a hybrid
constitutive model considering stress superposition
and softening effects was developed for multi-pass
cold upsetting forming of Ti-45Nb titanium alloy
under vibration assistance, as shown in Fig. 1.

In the first mechanism, the stress superposition
effect caused by vibration is described by a series
connection of elastic and viscoplastic components.
Combining Voigt and Kelvin models, the viscoelastic-
viscoplastic stress can be expressed as [20]:

O pey

_ M,
m+n,

m+n,

o E+o, (1)

Where:

1, and 77, ...Material viscosity coefficients,

E ... The elastic modulus,
& ... The material strain.

& ... The material strain rate.

The first term on the right denotes the elastic stress
change under vibration. The second term represents
the change in viscous stress under vibration, reflecting
the stress superposition effect of vibration, that is,
periodic fluctuations superimposed on the original
stress and strain, The third term denotes the plastic
stress component.

The second mechanism reflects the softening
effect produced during metal deformation. As
vibration energy increases, the stress reduction
process can be expressed as [20]:

o) =280(E, / t)' @

Where:

0 and n ...Vibration energy field parameters,
7 ...The material's shear threshold,

E, ...Denotes acoustic energy.

Combining Egs. (1) and (2), the constitutive model
can be expressed as:

O=0"—0

_771+772

3 Constitutive Model Algorithm Derivation

In the initial deformation stage, material units

undergo elastic deformation, Ag = Ag®, resulting in

Wk g4 - 270(E, /) 3)

elastic strain. Based on the initial stress tensor 0, of

the incremental step, the elastic predicted stress tensor
can be obtained as:

o" =0, + Mrace(e)] +2GAe @)

Where:
trace(¢) ... The trace of the tensor;

I ... The unit tensor;
A and G ... The first Lame and constant the

material's shear modulus, respectively, which can be

expressed in terms of the elastic modulus E and
Poisson's ratio Vv as:
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For stress in metal materials, it can generally be
decomposed into spherical stress tensors O,
(hydrostatic stress) and deviatoric stress tensors S .
The spherical stress tensor induces elastic deformation
in materials, while the deviatoric stress tensor induces

plastic deformation. The specific expressions are as
follows:

1
o 25(0114'0-22"‘0-33) 7

m

S=o0-0 (8)

m

Where:
0,,,0,,,05; ... The principal stresses in three

directions.

The Mises yield criterion is employed in this study
to determine when material yielding occurs. The Mises
stress expression is:

Gmises = \’%SS = \/ 3J2 (9)
Where:

J, ... The second invariant of stress, calculated

from the deviatoric stress tensot.
1
Jz 25(5121 +S222 +S323 +Slzz +Szz3 +‘5'123) (10)

The von Mises yield function f can be written as:

3
fzamises_o-y: E S_Gy:() (11)

Where:

0, ... The current yield stress of the material.

When f <0, the material unit is in the elastic
deformation stage; when f >0, the material stress

exceeds the yield limit, and the material enters the
viscoplastic deformation stage.
In the plastic deformation stage, the strain rate

under vibration-assisted compression &£” can be
represented by the equivalent compressive plastic

strain rate 7.
The equivalent viscoplastic strain rate & 7 can be

defined as a function of the viscoplastic strain rate £

[21]:

P =, |=vér (12)

Integrating the equivalent viscoplastic strain rate
g” . over time t yields the equivalent viscoplastic

strain &7

t .
el = OEpdr (13)

The hardening rule in viscoplastic deformation can
be defined as:

Ao, =hAE® (14)

The yield equation defines the yield surface f =0
and elastic deformation region f < 0. Assuming the

material satisfies the flow rule, the viscoplastic
deformation rate can be expressed as:

28 -
gh=—-—¢&" (15)
3o,

This flow rule determines the increment direction
of viscoplastic strain.

Eqgs. (12) to (15) govern the viscoplastic evolution
behavior of the material. However, these equations
cannot be directly programmed and need to be
converted into an incremental form through time
integration. The integration procedure is as follows:
first, perform an elastic prediction, i.e., calculate the
equivalent stress based on purely elastic behavior
using the following formula:

5" = /%S”’S”’ (16)

S =8;+2ule; (17)

Where the superscript o represents the result from
the previous step, and pr denotes prediction.

If the elastic predicted stress &7 exceeds the

yield stress 0, , viscoplastic flow of the material

occurs. Using the backward Euler method to integrate
Eq. (15), we get:

pr
rer =22 Az 18)
O

From Eq. (18), the expression for the equivalent
viscoplastic strain increment can be derived as:

-
- 0" -0,

Ag =——2 (19)
3u+h

The specific stress update flow chart is shown in
Fig. 2.
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Fig. 2 Flow Chart of Parameter Updates Based on Radial

4 Constitutive Model Subroutine
Verification

In this work, the constitutive model subroutine for
vibration-assisted cold upsetting forming of Ti-45Nb
titanium alloy was developed using the FORTRAN
programming language. The established constitutive
model was linked to ABAQUS via the VUMAT uset-
defined subroutine interface. In the VUMAT
subroutine, most material properties need to be
defined by the user within the program, and the
defined property values are stored in the PROPS array
of the subroutine. As shown in Table 1, a total of 25
PROPS variables were defined in the program
developed for this study.

Return Algorithm
Tab. 1 Definable Material Parameters in the VUMAT Subroutine
PROPS 1 2 3 4-7 8-16 17-25
. . . . Dislocation Constitutive
Material Elastic Poisson Shear Material Densi Model
Parameters | Modulus E Ratiov Modulus G Parameters v
Parameters Parameters

In the subroutine, the PROPS material parameters
correspond to the material property values defined in
the ABAQUS preprocessor. This ensutes that the
ABAQUS main program can access the material
parameters in the constitutive model for vibration-
assisted cold upsetting forming of Ti-45Nb titanium
alloy at any time. Based on the relevant mechanical
relationships defined in the constitutive model,
ABAQUS can calculate the initial strain values and
time increments, and subsequently update the stress
and other related variables.

Within a single increment step of the VUMAT
subroutine, the calculation of the constitutive model
for Ti-45Nb titanium alloy under vibration-assisted
cold upsetting forming can be divided into the
following steps:

e 1) Add the keyword USER MATERIAL in
the ABAQUS main program to pass the 25
material constants defined in the main
program to the subroutine.

e 2) Read the stress increment and strain
increment from the main program, and
calculate the elastic trial stress based on the

generalized Hooke’s law.

e 3) Calculate the hydrostatic stress and
deviatoric stress tensor from the trial stress,
and then compute the von Mises equivalent
stress.

e 4) Calculate the yield stress from the

constitutive  equations, and  determine

whether the material yields based on the yield
function. If yielding does not occur, update
the stress and state variables and proceed to
the next increment.

e 5) If yielding occurs, the material enters the
plastic stage. Compute the viscoplastic flow
to update the equivalent plastic strain, and
update the total stress and other state
variables.

e 0) Update internal wvariables and state
variables.

e 7) Complete the calculation and return
control to the main program.

The computational procedure of the subroutine is
illustrated in Fig. 3.

I Start reading malerial properties. Compute the frue stress using
T the radial return algorithm

3

| Calculate elastic trial stress "

Compute plastic flow and update
3 the equivalent plastic strain
Calculate elastic hydrostatic stress a,,,
deviatoric stress 5, and von Mises
equivalent stress o,,ices

Calculate the total stress:
a=agM1) +0"(2)

Calculate yield stress @, and
hardening modulus A

YES
Tinises ~ 0_‘, >0?

Update state
variables
Return to the
main program

Fig. 3 Flowchart of the VUMAT Subrontine

:

Update internal variables such as
dislocation density evolution and
static recovery
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The experimental verification in this study refers to
the experiments reported in [22]. The experiments
were conducted on Ti-45Nb titanium alloy using a
servo press for low-frequency vibration-assisted
upsetting tests. The specimens were annealed at 850°C
and then machined into cylinders with a diameter of
3.92 mm and a height of 5 mm. Before the test, a
preload of 100 N was applied to the specimen surface
to prevent slipping. During the experiment, the upper
punch was pressed downward at a rate of 0.1 mm/s
while  superimposing low-frequency  sinusoidal
vibration. The load data were collected in real time by
a pressure sensor mounted on the tool head, with a
sampling frequency of 30 Hz and a resolution

Tab. 2 Finite element model information

of 50 N. The punch, die, and specimen were modeled
according to the experimental setup, with the specific
model information shown in Table 2. Since the
deformation of the die and punch is negligible
compared with the specimen in the actual experiment,
they were treated as rigid bodies in the simulation.
The three-dimensional finite element model is shown
in Fig. 4. To match the experimental conditions, the
die was fully constrained, and the punch was applied
with downward vibration-assisted displacement.
The friction coefficient between the specimen and the
punch/die was set to 0.8. The punch feed rate was
0.1 mm/s, and a total strain of 50% was applied.

Model Diameter (mm) I_(I:;:i})lt Element Type 1;]3111?;13:;:{' Material
Specimen 3.92 5 C3D8 20895 Ti-45Nb
Die 10 3 C3D8 232 Rigid body
Punch 6 15 C3D8 610 Rigid body
the vibration frequency): no vibration, A=0,05mm,
! F=10Hz; A=0,1mm, F=10Hz; A=0,2mm, F=10Hz;

Fig. 4 Experimental 3D finite element model

The VUMAT subroutine was used to simulate the
3D model of Ti-45Nb titanium alloy vibration-
assisted cold upsetting forming. Seven sets of
vibration parameters were simulated (Where A
represents the vibration amplitude, and F represents

Tab. 3 Average Relative Error of Simulation Results

A=03mm, F=10Hz; A=0,Ilmm, F=20Hz; and
A=0,1mm, F=30Hz. The stress-strain cutrves
obtained from the simulation were compared with
experimental results, as shown in Fig. 5.

From the comparison of different conditions in
Fig 5, it can be seen that the VUMAT subroutine
simulation results have a slightly better fit with the
experimental data in the viscoplastic stage than in the
elastic stage. This is mainly because the viscoplastic
forming stage involves larger deformations and more
fitting parameters, which have a greater impact on
forming flow. Therefore, when fitting parameters, the
focus was on the plastic forming stage. However,
overall, the fitting results are very close.

To quantify the simulation accuracy of the
VUMAT subroutine, the average relative error of the
simulation data was calculated, as shown in Table 3.

Amplitude/mm Frequency/Hz VUMAT Subroutine Error (%)

0 0 4.38
0.1 10 3.23
0.1 20 3.69
0.1 30 2.72
0.05 10 4.67
0.1 10 3.23
0.2 10 3.71
0.3 10 4.49
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As shown in Table 3, the average relative error
between the simulation results of the VUMAT
subroutine and the experimental data is less than 5%,
quantitatively demonstrating that the secondary-

developed Ti-45Nb titanium alloy vibration - assisted
cold upsetting forming constitutive model subroutine
in this paper has high precision and good consistency
with the actual material properties.

1200

1000

800

600

Stress (MPa)

400

200

]

Experiment

A=0 =0
A=0,05mm f=10hz
A=0,1mm f=10hz
A=0,2mm f=10hz
A=0,3mm f=10hz
A=0,1mm f=20hz
A=0,1mm f=30hz

VUMAT

A=0 =0
A=0,05mm f=10hz
A=0,Ilmm f=10hz
A=0,2mm f=10hz
A=0,3mm f=10hz
A=0,1lmm f=20hz
A=0,1mm f=30hz

Strain

0,3

0,4

Fig. 5 Comparison of VUMAT Subroutine Simulation Results and Experimental Data

5 Application of the Constitutive Model

Taking the Ti-45Nb internal wire joint as the
application object, the internal wire joint connector is
a cylindrical tubular part. Cold upsetting forming in a
single operation is challenging. To ensure part forming

914, 85

$14. 7

5

quality, the cold upsetting process for the internal wire
joint is divided into five steps: (1) reshaping; (2)
necking; (3) compound extrusion; (4) boss forming;
(5) drilling and trimming, as shown in Figure 6. This
study primarily focuses on simulation research of the
first four steps in multi-pass cold upsetting forming,.
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2 Necking == 3 Compound Extrusion —= 4 Bumping —= 35 Drilling and Trimming

Fig. 6 Inner wire joint parts forming process diagram (nmm)

5.1 Finite Element Model Establishment

Based on the drawings of the internal-thread
connector, the component and the corresponding
cold forging dies were modeled using SolidWorks.
Since the component has an axisymmetric geometry,
a 1/4 model was selected for the simulation.

Since cold forging is employed, the forging
environment temperatute was set to room
temperature (20°C). The workpiece material is Ti-
45Nb titanium alloy, and the previously developed
constitutive model for vibration-assisted cold forging
of Ti-45Nb was used in the simulation. The mesh was
generated with a minimum element edge length
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of 0.3 mm, resulting in a total of 58,168 elements for
the workpiece. The cold forging die files were
imported, with the die material selected as AISI H-13

Tab. 4 Mold material parameters [23]

and modeled as a rigid material. The material
parameters of the die are listed in Table 4, and the die
mesh contains 1,384 elements.

. Elastic . Thermal Specific Thermal
Mold Density Poisson’s . .
Material  (kg/m?) Modulus Ratio Expansion Heat Conductivity
(GPa) Coefficient (1/K)  (J/kg'K) (W/m-K)
AISTH-13  7.76 x 10° 193 0.26 1.18 x 1073 460 28.5

In actual forming processes, the billet comes into
contact with the mold and generates friction.
Therefore, it is necessary to set an appropriate friction
coefficient to reflect the actual conditions. In the finite
element simulation, the contact between the billet and
the uppet/lower molds is defined, with finite sliding
selected for the surface sliding behavior, and the
friction coefficient is set to 0.08.

During vibration-assisted cold upsetting forming,
the vibration effect is typically achieved by applying
axial or transverse vibrations to the mold. In this
study, axial vibration is applied to the punch during its
feed motion. Consequently, the actual motion speed
of the punch is obtained by superimposing the linear
feed speed and the axial vibration speed. The feed
speed of the punch is set to 39 mm/ss, and the applied
vibration parameters are an amplitude of 20 gm and

a frequency of 400 Hz. The reason for selecting

(a) Step 1 (b) Step 2

400 Hz is twofold: on the one hand, this frequency
falls within the typical range of mechanical vibrations,
making it easier to achieve stable output in engineering
equipment while avoiding certain structural resonance
frequencies [24]; on the other hand, the constitutive
model established in this paper is based on the
viscoelastic-plastic theoretical framework, where the
vibration effects are characterized by the material

viscosity coefficients (7], ,77, ) and the vibration energy

field parameters (@,n). The physical mechanism of
this model remains consistent over a wide frequency
range (from tens to hundreds of Hertz). The VUMAT
subroutine file is imported for calculation.
The forming results of each step are shown in
Figure 7. The results indicate that the material filling is
complete in all four steps, without folding, damage, or
other defects.

(c) Step 3

(d) Step 4

Fig. 7 Forming Results of Each Step

5.2 Simulation Result Analysis

5.2.1 Equivalent Stress Analysis
Equivalent stress is a concept used to describe the
stress state of materials, simplifying the complex stress

state into a single scalar value. It clearly reflects the
stress distribution across the model, helps identify
high-stress regions, recognizes potential defect
locations, and reveals potential issues in the process
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design. Figure 8 presents the stress distribution cloud
charts for each step of conventional cold upsetting
forming and vibration-assisted cold upsetting

Conventional
cold heading

S, Mises
(Average:75%)

+1.128e+03 b
+1.057e+03
+9.863e+02
+9.153e+02
+8.443e+02
+7.733e+02
+7.023e+02
+6.313e+02
+5.603e+02
+4.893e+02
+4.183e+02
+3.473e+02
+2.763e+02
+2.053e+02
+1.342e+02
+6.324e+01

(a) Stress Cloud Chart for Step 1

Conventional

cold heading
S, Mises
(Average:75%)

+1.159e+03 ‘
+1.082e+03

+1.005e+03
+9.280e+02
+8.509e+02
+7.738e+02
+6.967e+02
+6.196e+02
+5.426e+02
+4.655e+02
+3.884e+02
+3.113e402 v, 4

+2.342e+02
+1.571e+02 .
+7.997e+01 ‘
+2870e400  vaxggsa0a .
(b) Stress Cloud Chart for Step 2

Vibration-assisted

- T
‘ w (Average:75%)

Vibration-assisted

Max:904.09 .
P

forming. The vibration-assisted parameters are set to
an amplitude of 20 pm and a frequency of 400 Hz.

Conventional

cold heading Vibration-assisted

S, Mises

+1.214e+03
+1.134e+03
+1,053e+03
+9.726e+02
+8.921e+02
+8.115e+02
+7.309e+02
+6.504e+02
+5.698e+02
+4.892e+02
+4,087e+02
+3.281e+02
+2.475e+02
+1.670e+02
+8.641e+01
+5.844e+00

=
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(c)Stress Cloud Chart for Step 3

Conventional
cold heading

Vibration-assisted
S, Mises
(Average:75%)

+1.235e+03
+1.153e+03
+1.071e+03
+9.890e+02
+9.071e+02
+8.252e+02
+7.432e+02
+6.613e+02
+5.794e+02
+4.974e+02
+4.155e+02
+3.336e+02
+2.516e+02
+1.697e+02
+8.778e+01
+5.844e+00

(d) Stress Cloud Chart for Step 4

Fig. 8 Stress Distribution Diagram of Each Cold Upsetting Forming Step

Comparing the stress distribution cloud charts of
conventional cold upsetting forming and vibration-
assisted cold upsetting forming, it is evident that the
position of maximum stress remains unchanged after
vibration assistance, but the stress distribution
becomes more uniform, with a significant reduction in
maximum stress values. With vibration-assisted cold
upsetting forming, the maximum stress in Step 1
decreases by approximately 20.4%; in Step 2, by
approximately 22.1%; in Step 3, by approximately
20.1%; and in Step 4, by approximately 18.9%.
Additionally, the size of high-stress regions in each
step is markedly reduced.

5.2.2 Equivalent Strain Analysis

Equivalent strain is a concept used to describe
material deformation, simplifying the multi-axial strain
state under complex loading conditions into a single
scalar value. It cleatly reflects the deformation
distribution across the model, helps identify regions
with significant deformation, recognizes potential sites
for damage or failure, and reveals potential issues in
the forming process. From the strain cloud chart
variations in Figure 9, it can be observed that during
Step 3 (compound extrusion), the maximum

equivalent strain occurs on the inner side of the thin
wall. However, in this stage, the introduction of
vibration assistance promotes material flow on the
inner side of the thin wall, significantly reducing the
strain in this region.

PEEQ
(Average: 75%)
+4.89 +00

(a) Strain Distribution of Conventional Cold Upsetting Forming

i

Stepd

PEEQ
(Average: 75%)

(b) Strain Distribution of Vibration-Assisted Cold Upsetting Forming

Fig. 9 Strain Distribution Diagram of Each Cold Upsetting
Forming Step
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By comparing the workpiece internal strain
distribution charts in Figure 9 (a) and (b), it is evident
that vibration improves material flow, reduces internal
workpiece strain, and makes its distribution more
uniform.

This chapter combines the Ti-45Nb titanium alloy
internal wire joint parts from enterprise production
with  vibration-assisted cold upsetting forming
technology and employs the self-developed VUMAT
subroutine constitutive model for simulation.
Through finite element simulation, the impact of
vibration assistance on stress and strain during
forming is intuitively observed, revealing its significant
effects in reducing maximum stress, optimizing stress
distribution,  and
The VUMAT
combined with finite element simulation technology,
accurately simulates the stress and strain distribution
in vibration-assisted cold upsetting forming, providing
a scientific basis for optimizing process parameters
and die design.

improving  material  flow.

subroutine  constitutive model,

6 Conclusions

This paper establishes a visco-elastoplastic
constitutive model for Ti-45Nb titanium alloy
vibration-assisted cold upsetting forming. The model
is algorithmically transformed by deriving its
incremental form using the backward Euler method
and is implemented in simulations through the
VUMAT interface of ABAQUS. Experimental
comparisons show that the model aligns well with
experimental data in the viscoplastic stage, with an
overall average relative error of less than 5%, thus
verifying its reliability. This provides an efficient tool
for the numerical simulation of Ti-45Nb titanium
alloy vibration-assisted cold upsetting forming.
The VUMAT subroutine constitutive model
developed in this paper is used to simulate the cold
upsetting forming process of internal thread joints
made of Ti-45Nb titanium alloy. It can intuitively
observe the influence of vibration assistance on stress
and strain during the forming process. It is found that
vibration assistance can enhance the plastic
deformation capacity of Ti-45Nb titanium alloy in the
cold upsetting forming process and make the stress
distribution more uniform. In future work,
expetimental verification under higher frequency
conditions will be carried out to further expand the
applicable boundary of the proposed model.
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