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A numerical simulation method for

machine finite element analysis

Tiantao Feng1, Guiju Fan1,∗, Xiaohui Zhang1

Abstract. In order to improve the research and analysis precision of aluminum alloy plastic
flow thermally coupled welding process, the finite element analysis method of aluminum alloy plastic
flow thermally coupled welding process is proposed. Firstly, the basic theory of finite element for
rigid viscoplasticity of aluminum alloy is given, and the finite element solution equations on velocity
increment are obtained with the fact that the basic theory is Markov variational principle; secondly,
the analysis model for finite element field of aluminum alloy plastic flow thermal coupling is given
to have given two models, namely, single-layer aluminum alloy plastic flow thermal coupling and
multi-layer aluminum alloy plastic flow thermal coupling with finite length diameter; finally, the
effectiveness of the algorithm is verified by simulation experiments.
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1. Introduction

As a kind of less cutting process, the bulk forming of aluminum alloy is widely
used in manufacturing industry because of the characteristics of its high quality and
high efficiency. With the rapid development of numerical simulation technology and
the further deepening understanding of aluminum alloy flow law in recent years,
numerical simulation technology plays an increasingly important role in aluminum
alloy bulk forming. By using numerical simulation, the designers are assisted to
optimize the parameters, in order to achieve defect-free design.

In the plastic deformation of aluminum alloy, the temperature has a great im-
pact on the deformation. Due to the uneven deformation of the workpiece during the
plastic processing, the heat generated by the deformation is differently distributed
in the parts of the workpiece. There is not only heat transfer between workpiece
and mould and thermal radiation and heat convection between workpiece and envi-
ronment; but also plastic deformation work and friction work on the contact surface
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of workpiece and mould are translated into thermal energy, so that the temperature
in the workpiece and mold is unevenly distributed. Uneven temperature field will
affect the quality of the product, or even form a defect. Therefore, it is necessary
to combine the deformation flow and the thermal effect to carry on the coupling
analysis.

Aimed at the analysis problem of aluminum alloy plastic flow thermally coupled
welding process, the effective analysis of aluminum alloy plastic flow thermally cou-
pled welding process has been achieved with the finite element of thermal radiation
field to carry out analysis under the condition of thermal coupling. The experiment
results have verified the effectiveness of the method proposed.

2. Basic theory of finite element for rigid viscoplasticity of
aluminum alloy

For forming problems of aluminum alloy with large deformation, the deformation
aluminum alloy shall be deemed as a rigid plastic body, so at this time, the material
shall meet the following assumptions: the elastic deformation of the material shall
be excluded; the bulk shall be incompressible; the materials shall be isotropic bodies;
the bulk force and inertia force shall be excluded; the material flow shall obey flow
rules of Levy-Mises.

When plastic deformation happens to rigid-plastic materials, the basic equations
and basic conditions of the following plastic mechanics shall be met: (1) equilibrium
differential equation: σij,i = 0; (2) relationship between speed-strain rate: εij =
1
2 (ui,j+uj,i); (3) constitutive equation: εij = λσ′ij and λ = 3ξ/2σ; (4) yield criterion:
1
2σ
′
ijσ
′
ij = k2; (5) incompressible conditions of bulk: εv = εkk = 0; (6) boundary

conditions: σij = F i.
The basic theory of rigid-plastic finite element is the variational principle of

Markov. In the kinematically admissible velocity field meeting the velocity condition,
the coordination equation and the incompressible volume condition, the real velocity
field must be the minimum value acquired by the following functional. The functional
of penalty function method widely used can be expressed as:

π =

∫
v

= σεdv +
k

2

∫
v

εdv −
∫
SF

FiuidS . (1)

In the formula, k is the penalty factor, the true solution of which can be acquired
when δπ = 0. The solution equation set concerning velocity increment for finite
element can be acquired by carrying out variation and linear treatment on the above
formula:

[S][∆U ] = {R} . (2)

In the formula, [S] is the stiffness matrix, {R} is the load vector sum and [∆U ]
is the increment vector for the node rate. This linear equation is a general formula
of rigid-plastic finite element method, in which a variety of mechanics field quantity
can be acquired with the solution of Newton-Raphson iteration method.
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3. Finite element field analysis of heat transfer of aluminum
alloy

3.1. Distribution of heat transfer field

In general, the ratio between the length and diameter of the heat transfer field is
infinite if it is in an ideal state, the heat transfer field in general is plasticized with a
single layer method and if the theorem is calculated in accordance with Savart-Biot,
the field strength inside heat transfer field can be acquired, in which the form of
expression B0 is:

B0 = µ0n0I/2I . (3)

In formula (3), the parameter 2l is an aluminum alloy body in any section of
aluminum alloy; parameter n0 is the strength of heat transfer field contained in the
length of the aluminum alloy body selected. Aimed at the ideal heat transfer field
studied to carry out the field induction analysis, the following research results can
be acquired:

(1) Because the heat transfer field in the ideal state meets the limiting conditions,
and the field strength calculated based on this condition is also the limiting char-
acteristic case, but in the real application environment, the heat conduction field in
the ideal state does not exist, so the state of heat transfer field is approximate to
limit state generally by setting the conditions.

(2) The internal field of heat transfer in the ideal state can acquire synchronous
and even field distribution along radial and axial directions and a more ideal test
result can be acquired based on the field analysis of heat transfer in the ideal state
above and heat transfer field approximate to be in the ideal state as the plastic
analysis method of aluminum alloy.

3.2. Field distribution analysis of single-layer aluminum al-
loy

If the heat transfer field of aluminum alloy studied has a single-layer structure,
and the length parameter of the heat transfer field is 2l, the total plastic strength is
n1. The distribution form of the field strength in the axial direction can be acquired
by further using Savart-Biot calculation law, which is:

Bx =
µ0n1I

2l

l

2

[
x+ l√

r2 + (x+ l)2
− x− l√

r2 + (x− l)2

]
. (4)

According to formula (2), if the value of l/r is limited, the field strength in heat
transfer field along the axial direction is related to the value of x in the axial direction
of coordinate, and if x = 0 or x = ±l is satisfied, the value of l/r is limited, and
meanwhile it can be known that the field distribution in the axial direction of heat
transfer field is not uniform, so aimed at the case of limited value of tl/r, it is divided
into two cases to analyze the field distribution in heat transfer field:

(1) To analyze the effect of the value of l/r on the field strength along the axis
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of the heat transfer field. If x = 0 is satisfied, that is, it is located in the central
axial area of the heat transfer field, the field strength of this location area B can be
calculated with formula (4):

B =
µ0n1I

2l
− (l/r)√

l + (l/r)2
= B0β0 . (5)

In formula (5), B0 is the value of field strength generated by heat transfer field in
the ideal state; β0 is the attenuation coefficient of the field strength along the axial
direction of heat transfer field, in which this parameter value is usually chosen as
β0 < 1. If the computational formula of change amplitude α by comparing the true
strength of field induction in central axial area with ideal strength of induction in
ideal spiral heat transfer heat under ideal state is:

α = (B0 −B)/B0 = f(l/r) = (1− β0)× 100% . (6)

According to formula (6), it can be known that the function relationship existing
in the ratio between change amplitude α and l/r can be expressed as: if l/r > 3,
the attenuation coefficient of the field strength in the axial direction can reach 5%,
if l/r > 5, in this case, the attenuation coefficient α of the field strength in the
axial direction is <1%, in which case its working condition is in the ideal working
conditions and is an ideal heat transfer field.

(2) To analyze the value of l/r for the axial distribution characteristcis of alu-
minum alloy of the field strength along the entire aluminum alloy. According to
formula (7), it can be known that the strength component Bx of field strength along
the axis on the heat transfer field is a function of x, which is inconsistent with the
central strength value of the field induction. If x = ±l is true, the section strength
value Bxl of field induction generated by heat transfer field at both ends is calculated
as:

Bxl =
B0β0

2
. (7)

According to formula (5), it can be known that the axis component of field
intensity at the end position of the heat transfer field is 1/2 of the field strength
value at the center of the axis, which is unrelated to the value of l/r, but related to
the value of l/r of the induction strength between the center of the axis and both
ends. It can be known by calculation that the larger the calculated value of l/r is,
the better the stability of the field strength presented in the heat transfer field is;
When the calculated value of l/r tends to be infinite, the even distribution field in
each direction will be generated in the heat transfer field.

3.3. Analysis of multi-layer heat transfer field

In the real application scenario, the heat transfer field used is usually multi-layer,
and the internal distribution of this multi-layer heat transfer field along the axial
field can be deemed as being constituted by multiple groups of heat transfer field
in the axial direction. According to the previous theoretical analysis, each layer of
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heat conduction field has its own inherent characteristics. Aimed at the structure of
multi-layer heat transfer field studied, the inner diameter of the heat transfer field
is assumed to be r1 and its outer diameter to be r2, then the field strength B along
the axial heat transfer field and at its central position is calculated as:

B =
µ0mn0I

2l
− 1

r2 − r1
ln
r2 +

√
r22 + l2

r1 +
√
r21 + l

. (8)

The above formula is simplified and approximated with the first-order formula,
and the specific form is as follows

B =
µ0mn0I

2l
=
µ0n0I

2l
. (9)

In formula (9), n0 is the strength of heat transfer field of each layer in the
heat transfer field; m is the number of heat transfer layers of the heat transfer
field; r1 is the radius of heat transfer field in the innermost layer; r2 is the radius
if the heat transfer field in the outermost layer. According to formula (7), the
following discussion can be acquired: (1) the total spiral strength and length of the
aluminum alloy body affect the field strength at the axial position of the multi-layer
heat transfer field structure, while the inner-layer length-diameter ratio of the heat
transfer field does not affect the field strength at the axial position of the multi-layer
heat transfer field structure; (2) the strength distribution of the single-layer heat
transfer field is similar to that of the field strength at the end position of the multi-
layer heat transfer field. The field strength values in both cases are half of the field
strength values detected at the axial position; (3) for the multi-layer heat transfer
field, the structural parameters of the length-diameter ratio are associated with the
total number of layers of the heat transfer field, and meanwhile it can be known
that the indicator value of length-diameter ratio (l/r1) at the innermost layer of the
heat transfer field is the largest, while the indicator value of length-diameter ratio
(l/r2) at the outermost layer of the heat transfer field is the smallest; therefore, the
value range of field strength evenly distributed in the multi-layer heat transfer field
is related to the number of layers of the multi-layer heat transfer field.

Based on the relationship between the field strength distribution at both ends
and the center position along axial heat transfer field and parameter value (l/r) of
heat transfer field, it can be known that for the general case, if the field distributed
in the heat transfer field meets the even characteristic, the general values of field
can be calculated as follows:

Φ = B0A =
µ0nIA

2l
. (10)
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Fig. 1. Shape of workpiece

4. Experimental analysis

4.1. Models and parameters

The shape of the workpiece is as shown in Fig. 1 and due to the symmetry of
the workpiece, we use its 1/8 for analysis.

Initial conditions: the material of blank is 6061 aluminum alloy whose stress-
strain curve at various temperature is shown in Figure 2; the blank is heated to the
initial forging temperature which is 480◦, with the resistance-heated furnace; the
blank is the bar, the size of which is; the surrounding medium temperature is 20◦.
The entire simulation process includes several following parts:

(1) The blank is removed from the furnace to the anvil, during the process of
which there is no plastic deformation and only thermal conversion. Data required
for simulation: it takes 10s for the blank to be removed from the furnace to the
anvil. (2) The blank stays on the anvil, the process of which is the same as it in
(1), with only thermal conversion. Data required: the blank stays on the anvil for
2s, the temperature of anvil is 300◦ (putting the iron burnt red on the anvil can
preheat the anvil) and free resting=0.003 is selected for heat transfer coefficient.
(3) The process for blank to be removed from anvil to mould is the same as it in
(1), with only thermal conversion. Data required: it takes 6s to remove blank from
anvil to mould. (5) The process of forging forming is the same as it in (3), where
there is plastic deformation and also thermal conversion. Data required: the mould
temperature is 400◦, but the remaining conditions are the same as it in (3).

4.2. Results and analysis

It can be seen from Fig. 2 that the bulk temperature of the blank is reduced
from 480◦C to about 450◦C due to the time taken to remove the blank from the
furnace to upsetting, and the surface is in contact with the air so that the central
temperature is slightly higher than the temperature on the surface.

As can be seen from Figure 4, the internal strain of the forging is uneven: the
deformation at the bottom of workpiece is small and the equivalent strain is about
1; when the blank is formed, the upper part is back-extruded into two rings, so the
deformation at the top of the workpiece is large and the equivalent strain is about
2; the burr part is intensely deformed at the external rim, and the equivalent defor-
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  Fig. 2. Temperature distribution after upsetting

 
  Fig. 3. Temperature distribution after forming of forging

mation reaches 2.91. From the point of view of the equivalent stress distribution,
the distribution of its values is more even, mostly between 40 and 60 MPa, and the
stress in the burr parts is larger, which is more than 95 MPa.

The required pressure for forming the upsetting and forging of this workpiece
can be predicted from Fig. 5, in which the crest in the front is the forming pressure
required by upsetting of workpiece, about 6500 N, but due to the use of the 1/8
model analysis, it needs to be multiplied by 8, about 52 000 N. Similarly, the forging
forming pressure worked out is 208 000 N.

5. Conclusion

A finite element analysis method of aluminum alloy plastic flow thermally coupled
welding process is proposed in the Paper and the basic theory of finite element for
rigid viscoplasticity of aluminum alloy and the analysis model of finite element field
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Fig. 4. Equivalent stress-strain distribution diagram

 
Fig. 5. Forming pressure diagram

for aluminum alloy plastic flow thermal coupling are given. The effectiveness of the
algorithm has been verified through the simulation experiment, which has improved
the research and analysis precision of aluminum alloy plastic flow thermally coupled
welding process. The main research direction of the Paper in the next step mainly
includes the performance improvement of finite element analysis algorithm, and the
extension of type analysis on aluminum alloy component.
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