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Simulation of Polymer Melt Flow During Welding

A simulation approach to predict material and thermal properties during

polymer welding as well as flash

BY M. MARCUS AND E. SANCAKTAR

Abstract

Polymer welding is used to join a wide variety
of critical assemblies. These applications
require careful melt control to prevent internal
contamination, avoid external flash, and maximize
the fill of polymer into the weld geometry
for optimal strength. Currently, there are no
commercially available modeling software packages
to enable the simulation of polymer melt flow during
welding. In this work, a commercially available
injection molding software is adapted to simulate
the welding process. The adaptation is helpful for
predicting melt flow and potentially other important
factors like intermolecular diffusion, chain
orientation, and crystallinity.
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Introduction

There is a variety of useful information about a polymer
weld that could be determined via simulation. Some of this
informationincludesintermolecular diffusion, polymer chain
orientation, crystallinity, and the geometry of the weld flash.
The flow of the melt in the weld area affects temperature,
viscosity, orientation of polymer chains, and crystallinity.
While all of these will impact the final strength of the weld,
the temperature and polymer melt viscosity history change
the efficiency of intermolecular diffusion, which may be the
core contributor to weld strength for plastics.

The strength of polymers is always greater parallel to the
polymer chain orientation rather than perpendicular, mean-
ing that chain orientation is critical. The crystallinity of the
material is also a fundamental component of overall strength.
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Lastly, the melt distribution affects the location and size of
stress concentration points in the assembly geometry, sig-
nificantly affecting fracture strength.

The viscosity of a polymer melt changes with shear stress
(i.e., shear rate) and temperature (Refs. 1, 2). While viscosity
generally decreases as temperature increases, the changein
viscosity with shear (i.e., flow) is less consistent. Forexample,
polymers can be shear thinning or thickening, meaning the
viscosity may increase or decrease with increased shear rate.

If a simple flat joint were employed in a welded part, the
flow could be modeled via equations of motion to find the
shear stressinthe melt,a method commonly used in research
(Refs. 3, 4). However, modeling the melt flow is complex and
challenging, even using a 1D model (Refs. 5, 6).

For a weld joint with no energy director, flow occurs at
the contact points between surface asperities, the small
irregularities caused by imperfect surface smoothness, as
shown in Fig. 1.

As these asperities melt, the total surface contactarea (i.e.,
the weld area) increases, which correlates to increased weld
strength. One method to model thisis the Lee and Springer
method:
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where D_is the degree of intimate contact, w* and a* are
related to interfacial roughness, P is the static load, and
n(T(x)) is viscosity as a function of temperature and distance
(Ref. 7).

However, when flat-to-flat surfaces are welded via ultra-
sonics, there are several negative effects: increased power is
required, control of flash locationis reduced, and the marking
of the parts is often increased. For this reason, most plastic
welding applications use features that create intended small
areas of contact between the two parts to be welded, which can
comeinthe form of energy directors or sometimes shear joints.
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Due to this complex geometry, modeling of the melt flow
is recommended using a computer-aided design (CAD)
approach. While no software is available to model welding,
several software packages have been designed to model melt
flow for injection molding processes. In this work, MoldEx
3D was selected to be adapted to model melt flow during
polymer welding.

This work demonstrates that melt flow simulation using
currently available software typically used for injection
molding can be applied to find reasonable predictions of
temperature and viscosity history in the weld, shear rate, and
extent of flow during the welding process. These outputs can
then be applied to arithmetic equations for polymer chain
orientation, diffusion, and stress concentration factors, which
are useful for predicting the final weld quality.

Theory

Intermolecular Diffusion

Intermolecular diffusion is the movement of polymer
chains across boundaries, from melt generated from one side
of the joint to melt generated by the other side, or into any
solid polymer surface with which melt comesinto contact. The
depth of these polymer chains moving into the boundary’s
other side can be termed interpenetration depth (Refs. 8, 9).

In 1949, Voyutski proposed the basic equation for inter-
penetration depth, X (Ref. 10):

X e—E/ZRTtl/Z (2)

where E is diffusion activation energy, R is molar gas constant,
Tis temperature, and tis time.

Acommon approach to thinking about intermolecular diffu-
sion of polymer chainsis in terms of reptation, which considers
the polymer chain to be completely enclosed in a tube. Over
time, the ends of the polymer chain will exit the tube, and then
gradually, more of the chain diffuses until the entire chain
has migrated from its original tube into a new tube. In this
case, healing is considered the time for a polymer chain to
diffuse entirely fromits original tube into a new one. Aweld is
considered to retain full strength if fully healed (Refs. 11-14).

An isothermal healing model considering intermolecular
diffusion by reptation has been proposed by Bastien and
Gillespie (Ref. 15)

Dy(t) = —
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where D, (t) is the degree of healing as a function of time, o/
o_ is the ratio of weld strength versus ideal weld strength
(complete healing), and t_ is the reptation time for an entire
polymer chain to diffuse out of its initial tube.

WELDING JOURNAL

Initial Points of Contact

Fig. 1 — Diagram of how surface roughness leads to
individual points of contact on a flat-to-flat joint
surface.

However, any welding process is decidedly non-isother-
mal. This limitation led Yang and Pitchumani to develop a
non-isothermal healing model of reptation (Ref. 16):

mm=m

where D, (t) is the degree of healing as a function of time (1,
when fully healed), and t, (T) is welding time, defined as the
time for an entire polymer chain to diffuse out of its initial tube.

The relationship of healing to the 4 power of time is refer-
enced in other approaches to model the diffusion of polymer
chains across aweld or knit line and has been experimentally
verified (Refs. 17-19).

Forexample, Grewell and Benatar proposed the following
equation for the degree of welding to jointly account for the
effects of squeeze flow and intermolecular diffusion (Ref. 20):

1/4

dt %)

1
tw(T)
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DW(T, ©)y, = Z Fe T ti/4 (5)

where T is temperature, t is time, T is the squeeze flow and
heating coefficient, A  is a material constant, and k_ is the
temperature parameter (1/k) that is the resultant of the
activation energy divided by the Boltzmann constant (k),
all parameters to be determined experimentally.

However, the Grewell-Benatar approach requires the mea-
surement of material properties specific to that modeling
approach, which limits the implementation of such a modeling
method in the industry.
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Fig. 2 — Sections of ultrasonically welded plastic parts showing differentiation between the HAZ and the bulk

polymer (yellow dotted lines).

A reptation model can determine the welding time (i.e.,
in the Yang and Pitchumani equation). The most often used
reptation models are the Doi-Edwards and the Rouse models.
While the Rouse model was established first, the Doi-Ed-
wards model is generally considered a better representative
of intermolecular diffusion (Refs. 21-23). Bousmina estab-
lished that the Rouse model is effective for interfaces where
thereis an excess of chain ends. Meanwhile, the Doi-Edwards
model guided the behavior of melt interfaces where there
are no excess chain ends. Most chain ends will not be at the
surface during welding of injection-molded parts, so the
Doi-Edwards model is more useful (Ref. 14).

Thus, the welding time, t_ (T), can be approximated by the
Doi-Edwards disentanglement time, or the time for a Gaussian
chain to diffuse out of its tube, t,: (Ref. 24):

ta= 2 ®)

T m2KgT

where 1, is diffusion time, {is the monomeric friction factor,
Lis the characteristic length of the polymer chain, K is the
Boltzmann constant, and T is the temperature.

The monomeric friction factor depends on viscosity per
(Refs. 25-27):

_ 36Myn
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where M is the monomer molecular weight, nis the viscos-
ity, p is the density, N, is Avogadro’s number, and R is the
characteristic length of the polymer chain.

Chain Orientation

It has been noted that there is a distinct separation
between the bulk material and material melted during welding
when a welded polymer joint is sectioned and heat treated
to allow the surface polymer chains to relax. Even in welds
without separation, indicating good intermolecular diffusion,
this distinction at the edge of the heat-affected zone (HAZ)
is noted, as shown in Fig. 2 (Ref. 28).

In both cases, there is no line of separation through the
middle of the weld where the two melt regions converged
(indicated by the dashed red line in Fig. 2), but thereisaline
that divides the bulk polymer from the HAZ. This line indicates
achange in the polymer structure from the bulk to the weld
joint. It is proposed that this structural difference is due to
differing factors for amorphous and semi-crystalline poly-
mers. For the amorphous polymer, the HAZ has a change in
orientation. For the semi-crystalline polymer, the HAZ has a
change in crystallinity. Therefore, even in aweld that achieves
complete fusion in terms of intermolecular diffusion across
the joint, the weld strength will be weaker than the bulk due
to this change in microstructure.

The orientation of polymer chains can significantly affect
weld strength. Thisis only a primary influence foramorphous
polymers. For semi-crystalline polymers, the chains will reor-
ganize into spherulites as the polymer cools. Foramorphous
polymers, the highly oriented polymer chains induced by a
high rate of shear flow will lead to anisotropy and a reduction
in tensile strength (Ref. 29).

The effect on assembly strength of bond orientation has
been especially noted and studied in fused deposition mod-
eling (a type of 3D printing) using acrylonitrile butadiene
styrene polymer (Refs. 30-32). Various levels of analysis
have been applied to investigate the effect of raster angle,
orthe orientation of deposited layers to the tensile direction,
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onstrength. Transverse interfaces have been shown to pro-
vide 75-85% of the strength of parallel interfaces (Refs. 33,
34). Additionally, transverse interfaces result in more brittle
failure (Refs. 35, 36). While these observations are related to
the orientation of the bond interfaces, they may not directly
relate to polymer chain orientation due to many additional
factors present in 3D printing.

Observations similar to what is described above have been
made for welded assemblies. A comparison of the micro-
structure of hot plate versus vibration welds, performed by
Shieu, Wang, and Wu, demonstrated this. During hot plate
welding, the shear flow-induced orientation of the polymer
chains parallel to the weld joint results in a tensile strength
of just 30% of the bulk. Conversely, vibration welding pro-
duced a more randomly oriented, isotropic orientation of
the polymer chains, resulting in a tensile strength of 80%
of the bulk (Ref. 37).

One way to predict the polymer chain orientation is based
on the shape (Fig. 3) of the polymer chains and the shear
rate applied to the melt, per Equation 8, where Brownian
motion is negligible, and the Peclet number is much greater
than one (Ref. 38):

_ vt
tan¢d = rtan (r 1 /r) ®)

where @ is the change in the orientation trajectory, ris a
shape factor as defined in Fig. 3, v is the shear rate, and t is
the time underflow.

For most polymers, r is significantly greater than one. For
a rod-like polymer, r can be estimated at ten. This approach
considers the orientation vector along the “a” axis (Fig. 3). The
Peclet number is the ratio of advective to diffusive flow. Essen-
tially, the Peclet number is high if the motion of the molecules
is dominated by bulk flow significantly more than diffusional

flow, which would be true in the case of expelled polymer melt.

The most common method to measure chain orientation
is a qualitative analysis of optical birefringence. Materials
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Fig. 3 — Geometry of polymer spheroid.
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Fig. 4 — Diagram of approach to flow modeling.
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Fig. 5 — Diagram of approach to flow modeling, split along line of symmetry.
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Fig. 6 — Simulation result from 10% energy director collapse, showing melt temperature distribution.

—
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Fig. 7 — Model for simulation, representing the
negative space between the two parts to be welded
at the joint, for a collapse of 80% and a 60 deg
energy director.

that show this effect and are in appropriate geometries are
required to observe it (Ref. 39). In this work, the chain ori-
entation of the welded samples was not measured due to
the unsuitable part geometry.

Crystallinity

The crystallinity of the polymer weld will depend on the
cooling rate and the shear stresses in the melt that are pres-
ent when solidification begins (Refs. 40-47). Both factors
affect how well or not the polymer chains will organize as
they solidify. Several studies have investigated the effect

of welding on the crystallinity of the polymer, but few have
attempted to quantify or predict the change (Refs. 48, 49).

Astudy of microstructure in alaser weld by Abed et al. iden-
tified three distinct microstructure zones. The center zone
of the weld, where the greatest heat was concentrated, was
identified as Zone 1. Here, spherulites (regions of crystalline
growth) were quite large compared to the bulk material. This
is a result of the complete melting of the initial spherulites,
which meant that nucleation was required before forming
new spherulites during cooling. Since few of these formed,
the spherulites could grow rather large (Ref. 48).

Zone 2isjustoutside Zone1,and Zone 3 is between Zone 2
and the bulk material. Zone 2 was defined by slightly smaller
spherulites than Zone 1, which would be due to the incomplete
melting of initial spherulites, allowing more nucleation sites
to form. In Zone 3, minimal melting of the initial spherulite
structure occurs, resulting in spherulites nearly the same size
asthe bulk. The increased spherulite size in the joint decreases
elongation at break and yield stress in this area (Ref. 48).

Chung and Kamal found that increasing force during vibra-
tion welding results in the formation of smaller spherulites.
This is because higher temperatures are reached with lower
welding forces. The heat-affected zone is larger at lower tem-
peratures, allowing a slower cooling rate and slower cooling
ratestoresultin larger spherulites. Increased stress also results
in greater nucleation, which could explain the smaller spheru-
lite size (Ref. 50).

In general, greater crystallinity leads to greater tensile
strength and reduced ductility. The crystalline growth type
will depend on the material type and will not be a factor for
amorphous polymers (Refs. 51, 52).
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Table1 — Simulation Inputs

Weld Parameters

Simulation Inputs

Frequency Collapse Trigger Force Max Pressure Filling Time Melt Temp Fill (%)
(kH2) (mm) (N) (MPa) O] (%)

ABS 20 0.38 315 44.8 0.379 230 3.57%
ABS 20 0.25 315 40.5 0.294 230 1.61%
ABS 20 0.38 463 67.3 0143 230 3.57%
ABS 20 0.38 391 58.4 0.213 230 3.57%
ABS 30 0.38 233 15.8 0.791 280 3.57%
PC 20 0.38 374 76.9 0.925 350 2.00%
PC 20 0.25 374 69.3 0.674 350 0.87%
PC 20 0.38 496 94.3 0.645 350 2.00%
PC 20 0.38 636 111.3 0.475 350 2.00%
PC 30 0.38 435 35.4 0.653 350 2.00%
PBT 20 0.38 1232 167.0 0.345 305 2.00%
PBT 20 0.25 1232 165.4 0.317 305 0.87%
PBT 20 0.38 909 125.3 0.662 305 2.00%
PBT 20 0.38 632 96.5 1164 305 2.00%
PBT 30 0.38 634 83.2 1132 305 2.00%

The Avrami equation can predict the crystallization rate
for spherulite growth (Ref. 53):

c= 1 —_ e_K(t)m

©)

where ¢ isthe crystallized fraction, K(t) is the rate constant,
and mis the Avrami exponent. For three-dimensional crystal
growth, m=3 and

K = 2 oNi
—3T[I‘

(10)

where N is the number of nuclei per unit volume at t=0, and
r'is the radial growth rate of the crystalline spheres [Ref. 53]:

The Avrami equation is valid only for fast cooling rates (>
60°C/min), as in the case of ultrasonic welding, due to localized
melting. Another consideration is that the Avrami equation is
mostaccurate, up to 50% crystallinity (Ref. 54). However, most
crystallinity is less than 50% for polymers, so this should not
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be abarrier to practical use (Ref. 55). However, the Avrami vari-
ables need to be determined experimentally for each material.

Simulation Approach

Itis proposed that the flow from the energy director can
be modeled as flow from a set of gates forcing out melt in
opposite directions using acommon injection molding sim-
ulation package (such as MoldEx3D), similar to the diagram
shown in Fig. 4.

Although the energy director is collapsing, the geometry of
the weld joint remains the same throughout, as diagrammed
in Fig. 5.

Figure 6 shows the initial segment weld collapse simulation
when about 10% of the energy director melted; the part
model for this simulation is shown in Fig. 7.

While the energy director is expected to melt in discrete
segments, only the last step of the weld will be simulated.
Even if the simulation were broken into distinct segments,
the temperature and viscosity history of the melt and the



volume of melt already extruded could not be submitted to
the simulation for the next step. The final expulsion of poly-
mer melt before the end of the weld will dictate the velocity
and viscosity of the plastic immediately before cooling. As
such, these final estimates will be the most applicable to
determining intermolecular diffusion, crystallinity, and ori-
entation. The part will be modeled so that each side of the
energy director is treated as a gate through which half of
the melt will flow.

Fig. 8 — Assembly model, cross section of the joint
(90 deg energy director).

The melt flow simulation was used to model all the flow
expected in a single step at the target collapse distance.
For example, if a collapse distance of roughly 80% of the
energy director is programmed, the correlating volume of
melt it would generate can be input to the model. For this
purpose,a CAD model of the part geometry has been made.
This geometry is the negative space between the two halves
of the assembly and can be adjusted for energy director angle
and collapse distance, as shown in Fig. 7.

This geometry can be compared to the model of the assem-
bly when adjusted to the same gap, as shown in Fig. 8. This
shows a cross-section of the assembly that will be welded,
where atriangular energy director is on one part. The negative
space between the two weld halves is then turned into the
part model for the simulation (shown in Fig. 7).

The model to be used for the flow analysis continues
beyond the flat to flat and into the flash trap on both sides.
For this work, a short section of the weld joint was modeled
as a straight section. It is assumed that the length of the
energy director exceeds its width sufficiently to be considered
infinite length, as would be the case for this circular energy
director. Further, it is assumed that the circle’s radius is so
large compared to the energy director size that it can be
safely considered straight for this model. In this simulation,
only the flow at the center of the modeled straight section
is of interest and estimated to be the same as what a typical
cross-section would look on the larger part.

For plastic welders that apply a constant force, it is pro-
posed that the final weld segment can be simulated under
aconstant force rather than a constant velocity. A constant
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Fig. 10 — Comparison of melt inlet from the first simulation, left, and the final simulation, right
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Fig. 11 — Shear rate of melt for an ABS joint.

force approach will yield the same key melt properties for
integration into the final prediction of weld strength. The
goal of the simulation portion of the model is to provide a
plot of the velocity, viscosity, and temperature of the melt as

afunction of distance from the middle of the energy director
to the edge of the melt flow zone.

Inputs

The key inputs needed to perform the simulation are
melt temperature, mold temperature, maximum injection
pressure, filling time, and percent of volume to inject. These
parameters can be calculated or estimated based on the part
geometry, material properties, and process parameters. The
simulation will be limited by the time or injection volume, at
which point the calculations cease.
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In the simulation, the temperature of the hot runner is
set to be the polymer’s critical flow temperature, and the
surrounding mold’s temperature is set to room tempera-
ture. The maximum injection pressure is set according to
the expected applied force divided by the cross-sectional
area of the energy director at the set collapse distance. The
time is set to the weld time setting during welding. The fill
percent is the volume of energy director displaced at the
set collapse distance divided by the model’s total volume.

Table 1 shows the simulation inputs for the acrylonitrile
butadiene styrene (ABS), polycarbonate (PC), and poly-
butylene terephthalate (PBT) models and the critical part
dimensions needed to calculate them. For all runs, the mold
and air temperature were set to 25°C, the packing time was
setto 0.1s,and the cooling time was setto 0.5 s. The packing
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Fig. 12 — Melt front temperature for an ABS joint.

Table 2 — Material Data for Mold Properties

Property Units
Density g/cm?
Elastic Modulus dyne/cm?
Poisson Ratio
Coefficient of Linear Thermal Expansion 1/K

time is similar to the dynamic hold time, and the cooling
time is similar to the static hold time during welding.

The critical flow temperature is generally considered
100°C above the glass transition temperature foramorphous
plastics and about 15°C above the melting temperature for
semi-crystalline plastics. Without this information, the tem-
perature at which the melt flow index is measured can be
used. The key is that the critical flow temperature is when
the material acts more like a liquid than a solid.

The force being applied can be calculated as the maximum
load before excessive deformation occurs or is established
from known process parameters. Excessive deformation
can be 1-5% of the energy director’s height. The ambient
temperature (room temperature) is set as the initial tem-
perature of the mold, where the mold is simply the flash
trap of the assembly being welded.

ABS PBT PC
1.026 1.288 116
2.57E+10 2.34E+10 2.34E+10
0.4 0.38 0.4
8.63E-05 810E-05 6.84E-05

The mold properties were changed from the standard
metal, as would be the case for aninjection molded part, to
polymer properties that match the material being welded
to account for heat conduction into the bulk of the part.
However, the simulation does not model the effect of this
heating on the mold. The properties used are listed in Table
2and were obtained from MoldEx 3D’s material database.
The heat capacity and thermal conductivity were input as
tables to allow for temperature-dependent properties.

Outputs

For the simulation, the top and bottom of the energy direc-
torare set as hot runners with melt flow inlets on each side.
Atavery small collapse with a very thin energy director width,
reasonable results could be achieved with a hot runner on
only one side, as shown in Fig. 8. However, as the energy
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Fig. 13 — Viscosity of melt for an ABS joint.
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Fig. 14 — Viscosity model, ABS, 20 kHz, 0.38-mm collapse, 315 N trigder force, 0.03-mm amplitudle.

director widens, the heat sink requirements for maintaining
the opposite surface at the initial temperature become more
pronounced, not reflecting reality as can be seen in Fig. 9.
During welding, the heat required for melting will quickly
heat the surrounding material in intimate contact. Further,
this heat will not dissipate because the polymer is highly
insulated thermally. Therefore, it can be assumed that the
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temperature at the joint is the same on both sides of the
collapsing energy director.

The elimination makes further improvements to the simu-
lation process of the large gate. Using a large well of polymer
melt as the inlet (Fig. 10, left) decreases the accuracy of the
simulation by changing the boundary conditions as the poly-
mer flows into the joint. In the new approach, the flat surface
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Fig. 17 — Viscosity history for polycarbonate (data
was collected at different locations, shown as
different colors).

of the collapsed energy director itself is selected as the melt
inlet. Figure 10 shows the difference in the melt inlet from
the first to the final simulation approach.

A reasonable model of the flow during welding can be
achieved using the simulation inputs and the CAD geometry.
Figures11-13 show the shear rate, temperature, and viscosity
results for a simulation of an ABS weld. This simulation was
run inaccordance with the parameters established in Table 1.

The data from the simulation can be incorporated into the
equations proposed to account for the effects of various weld
aspects on the weld strength. Per Equation 4, the viscosity
in the middle of the flow region will be used to calculate the
predicted diffusion, as marked in Fig. 14, which shows the
viscosity in the melt region. It will be assumed that the energy
director and bottom part material melt at a similar rate at the
joint, and this weld material is pushed out of the weld zone
together. As diffusion occurs fastest where the viscosity is
lowest, the low-viscosity region in the middle of the flow zone
will be selected and used to predict weld diffusion.

Fig. 16 — Temperature history for polycarbonate
(data was collected at different locations, shown as
different colors).

The shear rate history, shown in Fig. 15, can be used with
Equation 8 to predict polymer chain orientation.

If the steady shear rate for each location is averaged, the
rate is 63,795 s-1. Incorporating this and the flow time of 0.38
s (the weld time), the change in orientation trajectory is about
18.76 deg. This estimation is reasonable for the short time the
polymer meltis underload before cooling. Any change in poly-
mer orientation in the weld joint weakens the tensile strength
asthe direction of flow in the joint is parallel to the joint surface
and, thus, perpendicular to the direction of tensile pull force.

Alimitation of the simulation is that the temperature rise in
the base material of the parts cannot be modeled. The energy
director and surrounding joint geometry are considered an
injection mold. The polymer material properties can be applied
to the “injection mold” to ensure accurate modeling of the
conduction loss to the surrounding part. However, the heat
accumulated in the parts cannot be modeled using the existing
software. When welding a joint with an energy director, how-
ever, most of the deformation occurs in the energy director,
so the approximation of no change in the shape of the bulk
material is considered acceptable for this case.

Simulation vs. Experimental Results

Intermolecular Diffusion

The viscosity and temperature data for the region were
exported, as shown in Figs. 16 and 17 for the polycarbonate
runs and used in conjunction with Equation 4 to find the
expected degree of healing. The data was taken at multiple
locations in the melt zone, indicated by different colors on
the graphs, and then averaged.

The calculation for the degree of healing for a sample ABS
run based on these same temperature and viscosity history
datais shown in Table 3.

The equation results in a degree of healing greater than
one, meaning there has been more than enough time for the
polymer chain to diffuse entirely out of its initial tube. How-
ever, any “degree of healing” greater than one provides the
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As Polished

PC-7#19-L

Heat-Affected
Zone Boundaries

PC-T#19-L-HT

Fig. 18 — Cross section of PC weld showing good intermolecular diffusion.

Table 3 — Calculation of Degree of Healing with ABS

Equation Parameter
Average Integral of Temperature / Viscosity
Boltzman's Constant
Avogadro Number
ABS Density
ABS Monomer Molecular Weight

Degree of Healing

same strength benefit as a degree of healing of one. There-
fore, this value essentially maxes out at one. For all simulated
welds, the degree of healing was greater than one, which
correlates well with observed cross-sectional results indi-
cating that diffusion occurred in all the welds. However, the
PBT welds appeared to experience separation after welding
due to shrinkage during cooling.

When a polished cross-section of the joint is heat treated
by applying hot air or infrared radiation to the surface, the
polymer chains on the top surface — which have been
mechanically smeared during polishing — experience ther-
mal recovery, and a distinct line appears where there has
been a change in the microstructure of the part (Ref. 28).
When aweld has good intermolecular diffusion, asin Fig. 18,
the heat-affected zone’s boundaries appear, but there is no
boundary line through the middle of the weld. When there
is no diffusion, as in Fig. 19, a distinct line of separation can
be seen at the interface.
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Units Value
K*m*s2/kg 0.01330
(M2*kg)/(s2*K) 1.38065E-23
1/mol 6.02214E+23
kg/mA3 1026.0
kg/mol 0.2113
3.48302
Crystallinity

Dynamic scanning calorimetry (DSC) was used to measure
the crystallinity of the semi-crystalline polymer (PBT) welds.
A small amount of polymer was cut from the weld area and
tested using the same DSC settings used to test the base
material. The DSC data can be plotted versus time to calculate
the melting and cold crystallization peak volume. Figure 20
shows the DSC plot, at a rate of10°C/min, for one of the PBT
welds with labeled cold crystallization and melting peaks.

The crystallinity of the sample, or volume transformed
(V,), can be calculated using Equation 11:

an

where H_ is the heat of fusion of melting, H_is the heat of
fusion of cold crystallization, and H is the heat of melting of
a100% crystalline sample, which is 53 J/g for PBT (Ref. 56).

The heat of fusion of the melting and cold crystallization
is found by the volume of each peak. The difference between
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Fig. 19 — Cross section of PBT weld showing no intermolecular diffusion.
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Fig. 20 — DSC data and analysis for PBT.
Table 4 — Crystallinity of the PBT Base Material
Sample Hc (J/g) Hm (J/g) Crystallinity (Total %)
Cup1 1.053 45.9 85%
Cup 2 1.484 46.86 86%
Lid 1 0.4095 47.64 89%
Lid 2 1.384 51,76 95%
these can be divided by the volume of the melting peak fora Using Equation 11, the base material’s percent crystallinity

fully crystalline sample to see the crystallinity of the measured ~ was calculated and tabulated in Table 4. The average crys-
sample. The heat of fusion of melting for a fully crystalline  tallinity of the base material is 89%.

material can be found in a reference table. The measured weld crystallinity as a percentage of the
base crystallinity is listed in Table 5.
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Table 5 — Crystallinity of the Weld for PBT Samples

gy Gl Force(N) Amp(mm) HcJ/g) ) Cr ﬂ:lllcilnit Weld
(kHz2) (mm) P g W/g) y o y Crystallinity
(Total %)

20 0.38 1232 0.03 0 46.73 88% 99.5%

20 0.25 1232 0.03 0.719 47.34 88% 99.3%

Cg“Sta”t 20 0.38 909 0.025 0.649  48.68 91% 102.3%
peed

20 0.38 632 0.02 0.441 36.79 69% 77.6%

30 0.38 634 0.02 0.677 47.4 88% 99.5%

20 0.38 1232 0.03 0690  48.29 90% 101.4%

20 0.25 1232 0.03 0.649  44.63 83% 93.7%

Profiled 20 0.38 909 0.025 0.920 45413 83% 941%
Speed

20 0.38 632 0.02 0.613  44.09 82% 92.6%

30 0.38 634 0.02 0.864  46.01 85% 964%
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Fig. 21 — Melt front temperature model, ABS, 20 kHz, 0.38-mm collapse, 315 N trigger force, 0.03-mm

amplitude.

The expected crystallinity was also an output from the
simulation. Zhao et al. found that the crystallinity prediction
from MoldEx 3D closely matched measured results (Ref. 57).
However, the crystallinity predictions from the simulated welds
in this work were much lower than the measured results. The
simulations predicted nearly zero crystallinity at the end of
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the cooling phase for all cases, an unreasonable result. This
unreasonable result may be due to the inability to account for
the heat accumulated in the base material. Thus, the cooling
rate in the model is expected to be significantly faster than
the cooling rate in reality, making the predicted crystallinity
much lower.



ABS-1#2-R-HT

1.5 mm

Fig. 22 — Cross section of welded ABS part with
model flow overlaid.

Before Welding After Welding

Fig. 24 — Joint geometry before and after welding.

Extent of Flow

The extent to which the melt flows is useful to determine the
likelihood of polymer melt extruding from the weld joint (weld
flash). Depending on the product being welded, this can be a
cosmetic or functional issue. Functionally, weld flash may cause
problems with fit-up, contamination, or stress concentration
that can weaken the weld. Therefore, predicting the extent of
melt flow during welding is quite useful.

The simulated extent of flow from the model is shown in
Fig. 21. This is overlaid with a cross-section of a part welded
at the simulated settings in Fig. 22.

The model’s accuracy in predicting the extent of melt
flow versus the experimental results was evaluated. Table
6 shows the measured welded width of parts welded at the
same settings that were simulated.

The extent of flow was measured in MoldEx 3D to compare
these results, as shown in Fig. 23.

Asimple mathematical approach to finding the weld width
was also evaluated by calculating the nominal volume of dis-
placed material (V) and setting that equal to the volume
available in the weld joint after the weld collapse, as illus-
trated in Fig. 24.

Extent of Flow

Fig. 23 — Simulation image showing notch length
lfa'll

The relationship of the displaced energy director volume
to the volume available for that melted material to fill after
welding is defined in Equation 12:

Vp = [0.5bh — 0.5w(h — ¢)]L = geL (12)

where b is the width of the energy director, h is the energy
director height, w is the width of the triangle at the collapse
distance, cis the collapse distance, L is the energy director
length, gisthe remaining joint gap, and e is the extent of flow.

The width of the energy director at the collapse distance,
w, can be calculated by:

w = 2csin(8/2) (13)

where 6 is the angle of the energy director.

Combining and simplifying Equations 12 and 13, the extent
of flow can be found:

_ 0.5[bh — 2c(h — ¢)sin (6/2)]
g

(14)
_sin(6/2) [h? — c(h — )]

8

The gap height is the final distance between the joint
surfaces in the weld area. The gap height is the total energy
director height (which sets the initial gap) minus the collapse
distance. However, the final gap is generally a bit more than
this nominal, likely due to some inconsistency in the linear
encoder feedback of the welder. For these calculations, the
final gap will be estimated by:

g=(h—c)+0.5mm (15)

The extent of flow values found via measurement of the
weld cross-section, simulation, and calculation are graphed
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Table 6 — Measured Weld Width for All Materials and Settings

Material Fre(qk:il;cy Collapse (mm)

20 0.38

20 0.25

ABS 20 0.38
20 0.38

30 0.38

20 0.38

PC 0.25

PC 20 0.38
20 0.38

30 0.38

20 0.38

20 0.25

PBTSC;)(;r;fjtant 20 0.38
20 0.38

30 0.38

20 0.38

20 0.25

PB;gézzled 20 0.38
20 0.38

30 0.38

in Figs. 25,26, and 27 for the five parameters set welded with
each material: ABS, PC, and PBT.

The simulated and calculated values for the flow extent are
close to those determined from the measured extent of flow.
The simulated values are a closer fit to the measured values
than the calculated values, especially for the parameter sets
with areduced collapse distance (the second point on each of
the graphs), and they provide useful predictions for all three
model materials.

The average difference between the measured and simu-
lated valuesis 0.037 mm, while the average difference between
the measured and calculated valuesis 0.465 mm. The average

WELDING JOURNAL

Trigg(e'rl)Force Amplitude (mm) Wel(dmlei)dth
315 0.03 2.64
315 0.03 1.20
463 0.05 1.69
391 0.04 2.04
233 0.02 2.55
374 0.035 2.31
374 0.035 2.02
496 0.04 2.53
636 0.045 2.56
435 0.035 2.51
1232 0.03 1.58
1232 0.03 0.83
909 0.025 1.47
632 0.02 0.82
634 0.02 1.00
1232 0.03 1.00
1232 0.03 1.39
909 0.025 0.99
632 0.02 0.79
634 0.02 0.92

weld width of 1.93 mm means the simulation is accurate to
about 2%, while the calculation method is only accurate to
about 24%. In other words, the simulation offers atwelve times
improvement in accuracy over the geometrical calculation.

Conclusions

As applications for plastics continue to become more
complex and demanding, the weld requirements in these
assemblies will also become stricter. Further, the total assem-
bly cost will grow as specialized engineering polymers enclose
expensive electronics or other costly internal components.
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Fig. 25 — Comparison of extent of flow for ABS.

PC
== Measured (mm) ==A=Simulated (mm) +-B--Calculated (mm)
3
2.5
E
£ 2 A
% i ~ A =~ -7
A v PO, PN -y PR/ PPN
z 15 El'. SO x! =~ .%, g
- . I’
<]
= 1
2 DR
g 05 o
0
Frequency (kHz) 20 20 20 20 30
Collapse (mm) 0.38 0.25 0.38 0.38 0.38
Trigger Force (N) 374 374 496 636 435

Fig. 26 — Comparison of extent of flow for PC.

PBT
—6—Measured (mm) =A== Simulated (mm) «+B8--Calculated (mm)
3

E
E
H
o
w
.
o
t
2
o
0.5 o)
0
Frequency (kHz) 20 20 20 20 30
Collapse (mm) 0.38 0.25 0.38 0.38 0.38
Trigger Force (N) 1232 1232 909 632 634

Fig. 27 — Comparison of extent of flow for PBT.

The cost of process development via the traditional method
of applying prior knowledge to find initial settings and then
destructively testing hundreds or thousands of initial parts
is growing. As this trend continues, the ability to model the
welding process will become more important.

Modeling the welding process using commercial injection
molding software provides a simple and relatively fast way
to predict the extent of melt flow. Importantly, the extent of

flow in the weld can be applied to determine whether flash
should be expected. The joint design can then be optimized to
contain aflash before the mold is machined. Additionally, the
modeling approach provides reasonable data for calculating
the expected degree of healing in the weld zone. However,
this approach has not produced reasonable predictions of
crystallinity in the weld material.

To improve the accuracy of the results, the modeling
program would need to be able to apply motion during the
simulation. The compression of the two welded surfaces is a
key component of the process, the effects of which cannot
currently be described by the model.
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