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Compared with traditional arc welding, ultrasonic welding of plastic structural components
has such advantages as fast welding speed, high weld strength, small surface damages,
simple equipment operation and cleanness and no pollution, thus having a good application
prospect. However, the existing literatures have discussed little on the thermal stability
analysis of the welding process and the influences of the parameters affecting the fixation
effect of welding on the heat transfer performance of the welding process. For this reason,
this paper analyzes the heat source in the ultrasonic welding of plastic structural
components based on numerical simulation. First, numerical simulation was performed on
the temperature field of the heat source in the ultrasonic welding of plastic structural
components, the basic heat transfer forms in the welding process were elaborated in detail,
the corresponding governing equations and boundary conditions were given and the
governing equation of nonlinear transient heat conduction were solved by the finite element
method. Then, ABAQUS thermal analysis and heat source parameter calibration were
carried out on the welding heat source. In the experiment section, the heat source analysis

results were given regarding the ultrasonic welding of plastic structural components.

1. INTRODUCTION

The ultrasonic technology including ultrasonic detection
and power ultrasound has been widely used in ultrasonic
testing, ultrasonic cleaning and ultrasonic welding. As an
important branch of power ultrasound, ultrasonic welding was
first applied in the fields of electronic packaging and welding
of metal structural parts. Since the 1970s, it has been gradually
applied to the welding of plastic structural components [1-4].
Compared with traditional arc welding, ultrasonic welding of
plastic structural components has such advantages as fast
welding speed, high weld strength, small surface damages,
simple equipment operation and cleanness and no pollution,
etc., thus having a good application prospect [5-7].

At the current stage, the research at home and abroad on the
ultrasonic welding technology mainly focuses on the bonding
of composite components, the performance of ultrasonic
vibration joints and molecular thermodynamic coupling
analysis of contact surfaces [8-10]. In order to explore the
mechanism of how the temperature field distribution of the
alloy material is affected by the ultrasonic welding amplitude,
Volkov et al. [11] constructed a corresponding ANSYS two-
dimensional finite element analysis model, and then collected
the real-time welding temperature data via the thermocouple
temperature measurement platform and compared them with
the numerical simulation results of the temperature field to
verify the proposed model. Gussev et al. [12] introduced rotary
ultrasonic machining into ultrasonic welding, proposed the
welding mode of left-right splicing and up-down fixation and
the friction-assisted welding method, and completed the
construction of the plastic welding and melting temperature
field model and the finite-element thermo-mechanical
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coupling analysis based on the software ANSYS. Rani et al.
[13] constructed a viscoelastic mechanics model of structural
parts in the ultrasonic plastic welding process, carried out
numerical simulation of the thermal behavior and viscoelastic
thermal energy at the moment of welding, and analyzed the
influences of parameters like ultrasonic frequency and
amplitude on the welding temperature field. Natesh et al. [14]
calculated the viscoelastic heat and frictional heat of different
characteristic temperature sections in the ultrasonic plastic
welding process using the finite element method, analyzed the
heat generation mechanism of frictional heat and viscoelastic
heat, and verified the numerical simulation results through
experiments. The ultrasonic welding that can achieve the
welding of long carbon fiber composite materials has three
weld modes - time mode, displacement mode and energy mode,
with differences in their control mechanisms [15-19]. Huang
et al. [20] calculated and compared the optimal welding
parameters in each mode, plotted a power-displacement curve
describing the heat transfer mechanism of the welding process,
and verified its accuracy through microstructure observations
in the experiments.

The existing literatures on ultrasonic plastic welding have
mostly focused on the improvement and optimization of
welding vibration systems, theoretical analysis of the welding
mechanism, and strategies to improve the reliability of
welding quality [21-27], but discussed little on the thermal
stability analysis of the welding process and the influences of
the parameters affecting the fixation effect of welding like
amplitude, welding pressure, trigger pressure, welding time
and welding depth on the heat transfer performance of the
welding process. Therefore, this paper analyzes the heat
source in the ultrasonic welding of plastic structural
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components based on numerical simulation. Section 2 studies
the numerical simulation of the temperature field of the heat
source in the ultrasonic welding of plastic structural
components, elaborates in detail the basic heat transfer forms
in the welding process, gives out the corresponding governing
equations and boundary conditions and solves the governing
equation of nonlinear transient heat conduction by the finite
element method; Section 3 carries out ABAQUS thermal
analysis and heat source parameter calibration on the welding
heat source. The experiment section gives the heat source
analysis results of the ultrasonic welding of plastic structural
components.

2. NUMERICAL SIMULATION OF
TEMPERATURE FIELD OF THE HEAT SOURCE
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THE

. . Cooling and
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heating ehng ‘ Fusing ‘ solidification
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Figure 1. Mechanism of ultrasonic plastic welding

Figure 1 shows the mechanism of ultrasonic plastic welding.

The specific welding process is as follows: 1) the plastic
structural component contacts with the weld joint and
generates heat (Stage 1); 2) the plastic structural component
heats up and melts faster (Stage 2); 3) the thickness of the
melted layer remains unchanged and the components fuse with
each other steadily (Stage 3); 4) the ultrasonic vibration stops
and the melted layer is cooled and solidified.
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Figure 2. Plastic structural component model

Figure 2 shows the model of the plastic structural
component to be welded. Based on the numerical simulation
principle of viscoelastic heat, in the process of ultrasonic
plastic welding, the energy generated in the deformation of the
plastic structural component can be divided into two parts -
stored potential energy and heat loss. In this paper, dynamic
thermodynamic analysis was performed on the entire process
to obtain the mechanical heating characteristics of ultrasonic
welding at all frequencies. Since ultrasonic welding takes a
very short time, it can be deemed that there is no heat
convection between the plastic structural component and the
air, and that the position of the structural component which the
weld joint and the heat source are applied to is insulated.

In this paper, the one-dimensional contact model is
introduced to characterize the contact states of various
interfaces in the ultrasonic plastic welding system, which helps
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achieve the numerical simulation of the physical state of the
actual welding system, and improves the accuracy of
calculation (Figure 3).
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Figure 3. Plastic structural component interface contact
model

Similar to those in the traditional arc welding, the basic
forms of heat transfer in the process of ultrasonic plastic
welding also include heat conduction, heat convection and
heat radiation. Specifically, heat is transferred between the
heat source and the plastic structural component mainly in the
form of heat radiation and heat convection; and after the
plastic structural component melts, the heat is internally
transferred mainly in the form of heat conduction. In the
simulation and calculation of the heat source temperature field
in ultrasonic welding, it is necessary to pay more attention to
the heat transfer process within the structural component
dominated by heat conduction after the plastic structural
component obtains heat, and at the same time consider the heat
radiation and heat convection between the plastic structural
component and the surrounding medium. With the aid of the
heat efficiency of welding, the actual heat transfer between the
heat source and the plastic structural component can be
simplified.

Let the heat conduction and the temperature field in the
process of ultrasonic plastic welding be denoted as £ and (y»-
w1), the heat conduction distance and the heat conduction area
as L and S, the heat transfer duration as 4, and the thermal
conductivity as u, and then under the fixed temperature
gradient, the heat conduction in the ultrasonic plastic welding
can be calculated by Formula (1):

E :—y(@JSh (1)

The material of plastic structural components is not as dense
as that of metal structural parts. The heat conduction can be
expressed as a unit differential equation, as shown in Formula

)
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T
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Assuming that the convective heat transfer coefficient is
represented by fpn, the heat convection between the plastic
structural component and the surrounding medium can be
characterized by Formula (3):

Eon = Bon (W_WA)Sh 3)

Let the temperature of the heat source be denoted as y, the
air temperature around the plastic structural component as w4,
the thermal conductivity of the air and the air velocity as u4
and 64, the air density, the specific heat capacity of the air and
the air viscosity as o4, SH4 and y, respectively, and the shape



coefficient of the heat source surface as w, and then, the
convective heat transfer coefficient fpr can be expressed by
the function shown in Formula (4):

Pon :g(‘//al//AuuA'HAlo-A'SHA!%“’P--) 4

Let the ambient temperature be denoted as wg, and the
radiant heat transfer coefficient as ¢, and then the radiant heat
energy existing near the melted plastic structural component
can be expressed by Formula (5):

N:g(‘//_l//lz)4 (5)

Figure 4 shows the top and side view of the welding set
structure. As can be seen from the figure, when the ultrasonic
plastic welding starts, the heat source instantly heats the plastic
structural component to above the melting point. After the
welding is completed, the plastic structural component quickly
cools off. This heating process of the heat source is
instantaneous, dynamic and locally concentrated. Therefore,
the analysis of the heat source temperature field of ultrasonic
plastic welding can be regarded as the investigation into the
time-related nonlinear transient heat conduction problem. The
temperature and thermophysical parameters of the plastic
structural component constantly change during the movement
of the heat source, and the process is also accompanied by the
melting, cooling and solidification and the latent heat of the
liquid-solid phase change of the plastic structural component.
Therefore, the heat source temperature field of ultrasonic
plastic welding is significantly uneven and unstable.

Vibration direction

Fixture «—>
| ..
g i Weld joint
: [
=]
g [ 1
g ' '
£ !
- T Anvil block
() (b)

Figure 4. Top and side views of the welding set structure

Let the material density and specific heat capacity of the
plastic structural component be denoted as gy and SHy, the
thermal conductivity as uu, the distribution function of the
welding heat source temperature field as F, and the
endogenous heat rate as £, and then for the three-dimensional
heat conduction problem of ultrasonic plastic welding, the
governing equation of the heat source temperature field is
expressed by Formula (6):

H. o ﬁ_i( 5_FJ+£( ﬁj
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Let the direction cosines of the normals outside the weld
boundary be denoted as m,, m; and m., the temperature of the
surrounding medium and the welding boundary as y; and yy,
respectively, and the heat exchange coefficient of the plastic
structural component surface and the heat input per unit area
as f and ey. And then, the boundary conditions required to
solve Formula (6) are as follows:

1) The temperature on the welding boundary is described as
the known first boundary condition:

oF
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2) The heat flux density on the welding boundary is
described as the known second boundary condition:

F o, +
/UMaa a

oF oF
My + Hy =M, =8,

b P (a,b,c,h) (®)

3) The heat exchange between the welding boundary and
the surrounding medium is described as the known third
boundary condition:

oF oF oF
My —— M, + fhy —— My + fiy — M = f3
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The thermal process of ultrasonic plastic welding is a time-
related transient nonlinear heat conduction problem, which
reflects to a certain extent the temperature response
mechanism of the plastic structural component that changes
with time. In this paper, the finite element method and the
finite difference method were used to analyze this problem.
First, the solution domain of the governing equation of the heat
source temperature field was discretized. Assuming that the
shape function is denoted as [C] and that the temperature at the
node of the element is denoted as {y}¢, the temperature in this
finite element can be expressed as:

{wi=[Cliw}" (10

Based on the weighted residual method, the following
equation can be established:

v +101°W = o) an

The above formula contains 3 functions [L], [@] and {O}
that vary with temperature, where [L] can be expressed as:

=S (L] +L])=E ] S8

[@] can be expressed as:

ofe ole], ofe] ele] ole] alc]
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{O} can be expressed as:
{0}

[L], [®] and {O} are nonlinear equations containing
parameters like /, SH and f. Let the discrete time interval be
denoted as A/. Discretize the solution domain of the governing
equation at A4 by the weighted difference method, and
establish the differential formula at (h+Ah). After the Taylor
series expansion of Formula (10), there is:

W =gl +(1-g) )" +P(aR) (1)

) R b Y () M AT eI

The value range of the weighting factor ¢ is [0,1], which can
be obtained by substituting the temperature value {y}#**" of
the matrix [@*] and [L?] at (h+Ah). Here, different difference
schemes correspond to different values of ¢. The forward
difference scheme ¢ is equal to 0, and the backward difference
scheme ¢ is equal to 1. When ¢ is equal to 2/3, it is the Galerkin
scheme with better accuracy and stability. It can be expressed
as:

[DG]{w} ={RE} (18)

where, both [DG] and {RE} are functions that change with
temperature. Use the Newton-Raphson method to convert the
nonlinear transient heat conduction problem into a piecewise
linear heat conduction problem, and there is:

{&(w)} =[ DG ()] {w} - {RE(w)} (19)

Perform the first-order Taylor series expansion of Formula
(19) at g, and there is:

o0& (a,)
oy}

Ew)i=1{¢(a)}+ {ag}=0 (20)

After equivalent transformation, the linear equation at the
point g, is shown as Formula (21):

olé(w)} |
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Combine the above formula and Formula (18), and there is
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In addition, [DG] and {RE} satisfy:
d[DG]{w}=[Ws]d{y}. dRE =[FH]d {y} (23)

Combine Formulas (22) and (23), and there is:

Z({ol}w +{o,}" +{03}W) = Z( [awlCl Edu+[ o[cT edr+ | o [CT ﬂz//ﬂdR)
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Calculate the partial derivatives on both sides:

0 hegah 1 h+4h 2
_{W}( m)z_{w}( )+{w}(0)+P(Ah ) (16)

oh Ah

Substitute the above two equations into Formula (11), and
perform the same Taylor series expansion of {O}, and there is:

(17)

o{s(w))

£
ot —[DG]+[WS]+[FH]

24

Substitute the obtained {g;} into Formulas (23) and (20) to
obtain {&(q,)}, (WS, [FH] and [DG,], and then combine
Formulas (24) and (21) to obtain the iterative solution
{qr+1}={q:} +{Ags+1}. Continue the iteration until the stop
condition is met, and the loop ends.

For ultrasonic welding that meets the given heat flow
conditions and adiabatic conditions, complex conditions such
as amplitude, welding pressure and welding time make the
entire simulation process of the heat source temperature field
very time-consuming. For thick and large plastic structural
components, it can be deemed that the heat transfer of the heat
source is dominated by heat conduction to shorten the
calculation time and CPU consumption. For thin and light
plastic structural components, all forms of heat transfer
including surface heat dissipation should be fully considered.

Assuming that the surface heat dissipation coefficient and
temperature of the plastic structural component are denoted as
Ps and ww, the unit heat dissipation dE of any small-sized
structural component can be expressed by Formula (25):

dE =24 (v —v, )dadbdh (25)

Assuming that the internal temperature change of the small-
sized plastic structural component due to surface heat
dissipation is dy, there is:

dE =-SH -odUdy = —-SH - o - ¢ - dadbd (26)
Assuming that the overall heat dissipation coefficient of the

plastic structural component is denoted as x, combine
Formulas (25) and (26) and there is:

dy 25

T

27

It can be seen from the above formula that x is positively
correlated with fs and inversely correlated with ¢. In order to
balance the temperature control accuracy of ultrasonic welding
and the welding time consumption, it is necessary to decide
whether to take surface heat dissipation into account in the



simulation of the heat source temperature field according to
the thickness of the plastic structural component.

3. ABAQUS THERMAL ANALYSIS AND HEAT
SOURCE PARAMETER CALIBRATION

The specific steps to simulate the heat source temperature
field in ultrasonic plastic welding are as follows:

For a thin and light plastic structural component, there is no
need to perform multi-layer and multi-pass welding, and thus,
there is no weld pass division problem. For a thick and large
plastic structural component, it is necessary to consider filling
plastics, and calculate the height and volume of each pass in
the multi-layer multi-pass welding. Let the ultrasonic welding
pressure be denoted as DLs, the welding time as DIs, and the
ultrasonic amplitude as EXs, the melting speed viy can be
expressed as:

V., =0.14DL, —0.25+3.1x10°° EXSZ
D

S

(28)

To mesh the calculation model constructed in this paper, it
is necessary to reduce the mesh density as much as possible on
the premise that the calculation accuracy, calculation amount
and calculation cost all remain desirable.

In this paper, the method of element birth and death was
introduced into the treatment and welding process of the whole
weld. Let the number of weld passes of a thick plastic
structural component be m, the number of analysis steps be
2m+1, the heat input per unit length of the weld be HIs, the
volume of solder in a certain period of time be BT, the thermal
efficiency coefficient characterizing the ratio between the total
heat energy received by the plastic structural component and
the total welding power be z, then the heat flow per unit
volume of the plastic structural component, that is, the heat
generation rate, can be calculated by Formula (29):

6J§g €

jjj e(a,b,c)dadbdc
iy 6v3g,6, u
- uvw;z\/_\/’
=%ggHIO

The heat input from the rear part can be expressed by
Formula (32):

o0 o0 o0 1
2.[0 J'O jo HI (a,b,c)dadbdc =Egge0 (32)
So the numerator part of Formula (29) is:
1 1 1
DLy EXy =HI = 0,6+ 08 =& (9, +0,)  (33)
After simplification, there is:
9, +9, =2 (34)

4. EXPERIMENTAL RESULTS AND ANALYSIS
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Figure 5. Curve of the heat generation rate with time

Assuming that the material properties of the plastic
structural component change quasi-statically, it can be
considered that the heat flow per unit volume is stable in a
relatively short period of time and changes in a stepwise
manner, as shown in Figure 5.

Regarding the calibration of welding heat source parameters,
u, v, wg and w, are shape parameters that characterize weld
width, depth of fusion and the length of the front and rear parts,
respectively, used to determine the specific spatial area where
the heat flow is distributed in the ultrasonic plastic welding
process. In the actual welding process, there will be some loss
of the heat generated during the cycle of the heat source due to
the influences of heat conduction and welding conditions. The
effective welding heat input can be expressed as:

HI =7HI, =7EX; - DL (30)

Assuming that the heat input parameters are represented by
ge and g, the heat input from the front part of the heat source
can be expressed as:

Pl 2]

@31
J§ 2

In this paper, an ultrasonic welding experiment was carried
out on two plastic structural components. The frictional heat
mainly came from the interface between the lower surface of
the upper structural part and the upper surface of the lower
structural part. The relative movements between the structural
parts and the anvil blocks and between the weld joint and the
upper surface of the upper structural part are ignored. Two
thermocouples were used to measure the temperature at the
same position on the interface between the lower surface of the
upper structural part and the upper surface of the lower
structural part and that between the weld joint and the upper
surface of the upper structural part at the same time, and based
on the measurement results, the interface temperature scatter
diagram was plotted, as shown in Figure 6. It can be seen that
the temperature of the measuring point on the interface



between the lower surface of the upper structural part and the
upper surface of the lower structural part changed faster,
which proves that the main heat source in ultrasonic welding
is the frictional heat between the lower surface of the upper

structural part and the upper surface of the lower structural part.

Table 1 shows the weld width and fusion depth when the
shape parameters u, v, wg and w, are of different values. It can
be seen that when the measured values were taken for the four
parameters, the simulation effect was the best, and that the
pattern of influence on the peak temperature differed less. The
main reason is that, in the space where the heat flow was
distributed, with the increase of the parameter values, the heat
energy tended to be more dispersed, and the pattern of
influence on the size of the weld pool differed more.

390
@ Interface between the upper surface and the lower surface

380 ® Interface between the weld joint and the upper surface
370
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Figure 6. Changes in the temperatures of the interfaces

Table 1. Melting of structural parts with different shape parameters

u 0.0024  0.0035 0.00326  0.0036  0.0042  0.0046
Weld width ~ 0.0065  0.0067 0.00692 0.0065  0.0063  0.0067
Fusion depth  0.00254  0.00253  0.00251  0.00253  0.00275 0.00217

v 0.0013 0.003 0.0024  0.00257  0.005 0.0036
Weld width ~ 0.0075  0.0072  0.0063  0.00679  0.0063  0.0057
Fusion depth  0.00235 0.00246  0.00241  0.00263  0.00234  0.00228

Wg 0.0013 0.003 0.0024  0.00257  0.005 0.0036
Weld width ~ 0.0075  0.0072  0.0063  0.00679  0.0063  0.0057
Fusion depth  0.00235  0.00246  0.00241  0.00263  0.00234  0.00228

Wr 0.003 0.0024 0.004 0.0036 0.005 0.006
Weld width ~ 0.0063  0.0065  0.0068 0.00672  0.0067  0.0063
Fusion depth  0.00235  0.00243  0.00267  0.00234  0.00221 0.00239

Table 2. Melting of the structural parts with different coefficients of thermal efficiency

p t T
arameter 0.6 0.7 0.75 0.8 0.9 0.95
Peak temperature 1659 1872 2061 2315 2376 2492
Fusion depth 0.00132  0.00175 0.00239 0.00245 0.00262  0.00291
Weld width 0.00340 0.00537 0.00631 0.00678 0.0076  0.0085
Heat affected zone width ~ 0.0125  0.0136  0.0148  0.0131  0.0164  0.0137

Table 2 shows the weld width and fusion depth under
different thermal efficiency coefficients. It can be seen that the
numerical simulation result of the heat source temperature
field is linearly correlated with the thermal efficiency
coefficient. The fusion depth and the weld width increase with
the increase of the thermal efficiency coefficient, and decrease
with the decrease of the thermal efficiency coefficient. And
unlike the heat-affected zone, the weld zone is more affected
by the change in the value of the thermal efficiency coefficient.

The total heat input to a plastic structural component is
determined by the ultrasonic amplitude, the welding pressure
and the welding time. Figure 7 shows the temperature change
curves of the welding interface under four welding durations -
0.2, 0.4, 0.6 and 0.8. It can be seen that the welding duration
is approximately linearly correlated to the highest value of the
temperature change curve. If the welding interface needs to
reach a higher temperature, a longer welding duration will be
required.

In order to avoid vibration of the weld joint before welding,
it is necessary to make sure the weld joint is in close contact
with the plastic structural component and apply a certain
welding pressure before the ultrasonic welding is formally
started. Figure 8 shows the temperature rise curve of the
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welding interface under different welding pressures. It can be
seen that the temperature rise curves of the welding interface
under five different pre-pressures - 100N, 150N, 200N, 250N
and 300N highly overlap with each other. Increasing the
welding pressure makes the welding temperature slightly
lower, which further proves that the size of the welding
pressure has little effect on the temperature of the welding
interface.

The ultrasonic amplitude will directly affect the vibration of
the entire plastic structural component and the heating process
of the welding interface. Figure 9 shows the temperature rise
curves of the welding interface under different ultrasonic
amplitudes. It can be seen that under the five different
ultrasonic amplitudes - 25, 30, 35, 40 and 45um, the
temperature rise rate of the welding interface increases
significantly with the increase of the ultrasonic amplitude.
Figure 10 compares the results of the ultrasonic welding test
and those of the numerical simulation. It can be seen that these
results have good consistency at 11 time nodes in the whole
welding process, with an error if less than 0.16. This proves
the accuracy of the numerical simulation model for ultrasonic
welding.
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5. CONCLUSIONS

This paper analyzed the heat source in the ultrasonic
welding of plastic structural components based on numerical
simulation. First, it elaborated in detail the basic heat transfer
forms in the welding process, gave out the corresponding
governing equations and boundary conditions, solved the
governing equation of nonlinear transient heat conduction by
the finite element method, and completed the numerical
simulation on the temperature field of the heat source in the
ultrasonic welding of plastic structural components. Then, it
carried out ABAQUS thermal analysis and heat source
parameter calibration on the welding heat source. The
experiment section showed the melting status of the structural
parts with different shape parameters and different thermal
efficiency coefficients, and verified the linear correlation
between the numerical simulation result of the heat source
temperature field and the thermal efficiency coefficient.
Heating curves of the welding interfaces under different
durations, welding pressures and ultrasonic amplitudes were
also drawn, which proved the accuracy of the proposed
numerical simulation model for ultrasonic welding.
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