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Abstract

In this study, we focus on the improvement of the filling efficiency in injection molding by application of
ultrasonic vibration. While studies about the filling efficiency of typical filling processes in the injection
molding have been widely performed, there have been only few studies about the filling efficiency of an
ultrasonic process. The effect of the ultrasonic vibration is an important process condition, which influences
the flow characteristics of polymer melt. This new condition even affects well-known injection conditions
such as cavity pressure, injection temperature and mold temperature. For this study, we carried out a numer-
ical analysis by appropriate modeling and analysis of the ultrasonic process in the filling process. To verify
this numerical analysis, we compared the numerical results with the experimental data. Also, we analyzed
the filling process in a thin cavity using this numerical analysis. To understand the flow characteristics of
polymer melt in the ultrasonic process, we substituted real and complex vibration conditions with simplified
and classified conditions according to the position of vibrating cavity surfaces and the phase difference
between two opposing cavity surfaces. We also introduced MFR (melt flow ratio) as a new index to estimate

the filling efficiency in the ultrasonic process.
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1. Introduction

In recent polymer consumption, the demand for thin and
light-weighted products has been increasing. On the other
hand, the short-shot problem during the manufacturing of
these products often occurs due to the high viscosity char-
acteristics of polymer melt. Short-shot means that not
enough polymer melt has flowed into a cavity to fill it ade-
quately. For solving this problem, an ultrasonic process is
applied to the filling process of injection molding.

Chen and Li (2006; 2007), Zhang et al. (2006) concluded
that low injection pressure and high flow rate are obtained
because of ultrasonic vibration, when polymer melt is
injected into a thin and wide cavity. Feng and Isayev
(2004), Swain and Isayev (2007) determined the relation-
ship between the intensity and the amplitude of uitrasonic
vibration by an experimental study. They studied not only
the variation of injection pressure according to the ampli-
tude but also stress-strain curve as the mechanical property.
Ho et al. (1993) performed researches about variations of
mechanical properties owing to the ultrasonic vibration on
polymer melt mixing. Mechanical properties of FRP (fiber
reinforced plastics) affected by an ultrasonic process were
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also studied by Morii ef al. (1999).

From the standpoint of flow physics, ultrasonic vibration
affects two primary factors of polymer melt. They are typ-
ically the viscosity and the molecular weight. Kim et al.
(2002) carried out an experimental study on the variations
of the viscosity of polymer melt according to the ultrasonic
frequency, the ultrasonic exposure time, mixing tempera-
ture and the rotor speed in the extrusion process. Madras et
al. (2000) studied the variation of the molecular weight of
polymer melt due to the effect of the ultrasonic vibration
by experiments. Kanwal ef al. (2000) concluded that the
ultrasonic exposure time caused the decrease of the molec-
ular weight as well as variations of mechanical properties.
Li et al. (2005) studied the decreases of both viscosity and
molecular weight of two polymer melts (polystyrene and
ethylene-propylene diene monomer) according to the ultra-
sonic exposure time and intensity.

- In addition, Price et al. (2002) studied not only the variation
of the molecular weight, but also the melting point of poly-
mer melt due to the effect of ultrasonic vibration. Sahnoune
and Piche (1998) carried out an experimental study on the
thermal property of polymer melt such as the thermal expan-
sivity. Shim et al. (2002) studied the number and diameter of
bubbles in polymer melt according to the ultrasonic vibration
intensity and applied pressure by experiments.

On the other hand, many numerical analyses were carried
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out to predict the behavior of polymer melt in injection
molding. Kim ef al. (2006a; 2006b), Ye et al. (2005) per-
formed a numerical analysis about the behavior of polymer
melt in the extrusion system using FVM (finite volume
method). To predict the growth of bubble in polymer melt
owing to the effect of the ultrasonic vibration, Park et al.
(1995), Youn (1999) and Koo ef al. (2001) carried out a
numerical study. Mousavi et al. (2007) also investigated a
numerical analysis to predict the extrusion force due to
ultrasonic vibration.

In order to verify the validity of our numerical analysis,
we compared the numerical results with the experimental
data of Chen and Li (2006). Next, we also modeled the
injection of polymer melt into a thin and wide cavity and
analyzed the variations of the filling efficiency according
to the injection conditions (cavity pressure, injection tem-
perature and mold temperature) and vibration conditions
(amplitude, frequency, position of vibrating cavity surfaces
and phase difference between two vibrations). Ultimately,
we aimed to find more efficient process conditions in the
ultrasonic process.

2. Theory

2.1. Ultrasonic vibration

A piezoelectric transducer generates ultrasonic vibration
from applied AC (alternating current). An ultrasonic hormn
is a device used to amplify this vibration. As a result, poly-
mer melt in the cavity is filled with the effect of this ultra-
sonic vibration as shown in Fig. 1.

When the ultrasonic vibration is propagated, the vibra-
tional energy in a unit area vertical to the direction of prop-
agation is as follows:

= 27r2p.cf2x2 =Af%, (1)

where p 1s the density of the material, ¢ is the propagation
velocity of the ultrasonic vibration, fis the frequency of the
ultrasonic vibration and x is the amplitude. The frequency
of the ultrasonic vibration is 20 kHz or more. Therefore,
the intensity of ultrasonic vibration is very high.

2.2. Governing equation
Polymer melt is generally a non-Newtonian fluid. Its
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Fig. 1. Application of ultrasonic vibration in injection molding.
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flow characteristics are incompressible and laminar. To
express these flow characteristics in the Cartesian coor-
dinate system, the continuity and the momentum equations
are given as follows:
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In this study, these equations are calculated using the
PISO (pressure implicit with splitting of operators) algo-
rithm in FVM. The flux term is solved by the upwind
scheme. The shear stress is expressed by the following
constitutive law.
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where s,j=%(a—z+£i).

2.3. Carreau-Yasuda model

The Carreau-Yasuda model is considered as a viscosity
model. This model, which has functions of deformation
rate and temperature, is expressed by equation (6). It is
transformed to a user subroutine in the FVM calculation.

u=pal1+Aap)]” ", - (6)
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where « is the temperature shift and y is the deformation
rate. In general, the reference temperature 7., 1s 473.15 K.
These constants are shown in Table 1. The viscosity
decreases with the increase of the deformation rate in equa-
tion (6).

To investigate the flow rate according to the viscosity

Table 1. Viscosity model of polymer melt

Viscosity model

LDPE PP PS

Power-law index, n [Pa—seé“] 0.61 0.43 0.66

Temperature sensitivity, S[K] 6330 6731 5200

Time constant, A [sec] 0.28 0.13 0.64

Zero shear strain viscosity,

U [Pa-sec] 5645 3523 2410
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Table 2. Properties of polymer melt

Physical properties

LDPE PP PS

Density [kg/m’] 920 905 1060
Heat capacity [j/kg-K] 2780 1930 1200
Conductivity [W/m-K] 0.21 0.24 0.12

characteristics, LDPE (low density polyethylene), PP

(polypropylene) and PS (polystyrene) are considered in
this study.

2.4. Deformation rate and viscosity

The deformation rate, which has functions of elongation
rate and shear rate, is expressed by equation (7). The elon-
gation rate 1s expressed by the first three terms in equation

(7), while the shear rate is represented by the last three
terms.
- 11
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3. Verification of the numerical analysis

3.1. Geometry and material properties

Chen and Li (2006) carried out an experimental study
about the application of ultrasonic vibration in the filling
process. In their study, they concluded that the flow rate of
PS increases with the increase of ultrasonic vibration inten-
sity. To verify the validity of our numerical analysis, we
compared the numerical results with the experimental data
of Chen and Li (2006).

In this study, we numerically analyzed the flow char-
acteristics of polymer melt in the filling process using a
commercial code, STAR-CD, based on FVM. As a phys-
ical phenomenon, vibrations on the cavity surfaces, pro-
duced by the ultrasonic vibration, were applied to the
velocity and wall boundary conditions using the moving
grid method. Also, we found that there was no further
improvement of the filling efficiency with longer than the
time period of the ultrasonic vibration, 0.01 second, while
the efficiency significantly improved with less than the
time period of the ultrasonic vibration, 0.01 second. There-
fore, we decided that the time period of the ultrasonic
vibration i1s good enough with 0.01 seconds.

Fig. 2(a) shows the geometry of the extrusion system,
which was used in the experimental study by Chen and Li
(2006). Based on this geometry, Fig. 2(b) shows the anal-

ysis domain, which was modeled in our numerical study
using FVM.,
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Fig. 2. Geometry of the extrusion system; (a) geometry in the
experimental study by Chen and Li (2006): 1, extruder; 2,
ultrasonic generator; 3, piezoelectric transducer; 4, diam-
eter of the ultrasonic horn is 10 mm; 5, mold; 6, gap
between the horn and the entrance to the cavity 1s 10 mm;
7, gap between the horn and the mold 1s 1 mm, (b) geom-
etry of the analysis domain.

As shown in Table 2, the material properties of LDPE,
PP and PS were assigned as constant values in this study.

3.2. Results and discussions

The numerical results were compared with the experi-
mental data of Chen and L1 (2006) to verify our numerical
analysis in Fig. 3. The flow rate increased with the increase
of the ultrasonic intensity and cavity pressure.

In the case of 0 W, there was little difference between the
numerical results and the experimental data. On the other
hand, as both cavity pressure and the ultrasonic intensity
increased, the numerical results showed differences with
the experimental data. These reasons are that the variations
of the density and the heat capacity of polymer melt
according to applied pressure, the generation of the cav-
itation due to the phase change of polymer melt and the
effect of the modeling error were not considered.

But on the whole, the pattern of the numerical results
was similar to that of the experimental data. In conclusion,
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Fig. 3. Comparison of numerical result with experimental data of
Chen and Li (2006).
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Fig. 4. Variation of flow rate according to cavity pressure for var-
ious intensities; (a) LDPE, (b) PP.
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this numerical analysis was a valid method for analyzing
the effect of the ultrasonic vibration in the filling process.

In Fig. 4, we analyzed the flow rates of LDPE and PP
obtained using this numerical analysis according to the
intensity of the ultrasonic vibration and cavity pressure.
Although the numerical analysis and the boundary con-
ditions were the same, there were significant differences of
the flow rate between two polymer melts. This reason is
that the viscosity characteristics of the polymer materials
are different each other.

In conclusion, the flow rate of polymer melt increased
with the ultrasonic intensity or cavity pressure increased.
Also, there were differences of the flow rate between each
polymer melt.

4, Filling efficiency according to injection condi-
tions

4.1. MFR (melt flow ratio)

In this study, we used a new index for the estimation of
the filling efficiency affected by the application of the
ultrasonic vibration in the filling process. This new index
is as follows:

MFR (melt flow ratio) = =2, (8)

Mo

where m,, and m, are the flow rate with and without the
ultrasonic vibration, respectively. For example, when flow
rate increases due to the effect of the ultrasonic vibration,
MFR (melt flow ratio) also increases. On the contrary, with
no effect of the ultrasonic vibration, MFR value is one. In
other words, the filling efficiency is zero. In general, the
flow rate with the ultrasonic vibration is higher than that
without the vibration. Therefore, the value of MFR is
higher than one.

4.2. Geometry of the cavity

Fig. 5 shows the thin and wide cavity (200 x 20 x2 mm’)
model used to analyze the filling efficiency with the ultra-
sonic vibration. Polymer melt at the inlet is injected into
the cavity. After it passes though the vibration region
which is generated by the ultrasonic vibration, it goes out
of the cavity through the outlet. The vibration region, com-
posed of a total of four cavity surfaces, is assumed so that
the only a specific region of the cavity surfaces is oscillated
by the vibration of the ultrasonic horn, as shown in Fig. 1.

To analyze the filling efficiency according to injection
conditions, we considered that two opposing cavity sur-
faces in the y-direction are vibrated with the phase dif-
ference 180°. In other words, the upper and down cavity
surfaces in the y-direction are vibrated with the phase dif-
ference 180° among the vibration region. The phase dif-
ference 180° means that the upper surface moves in the
positive y-direction when the down surface moves in the

Korea-Australia Rheology Journal



Numerical analysis of injection molding for filling efficiency on ultrasonic process

Melt flow

Wall (Vibration Region)
100 mm

Fig. 5. Geometry and analysis domain of the cavity (200 x
20 x2 mm’).

A’

negative y-direction.

Injection conditions, which are considered in this paper,
consist of cavity pressure, mold temperature, injection tem-
perature and the thickness of the cavity. Cavity pressure
and injection temperature mean the relative pressure from
the inlet to the outlet and the absolute temperature of the
injected polymer melt into the cavity, respectively. Mold
temperature represents the absolute temperature of the cav-
ity surfaces. |

If the boundary conditions are not separately mentioned
in this study, injection conditions are constant values as fol-
lows: cavity pressure is 60 MPa, mold temperature, 323.15
K, and injection temperature, 473.15 K.

The filling efficiency of polymer melt is related to its vis-
cosity characteristics, caused by the ultrasonic vibration. So,
we considered PP as a low viscosity material, whereas LDPE
was considered as a high viscosity material in this study.

4.3. Results and discussions

Fig. 6 shows the variation of MFR according to cavity
pressure at 100 W. MFR decreases with the increase of
cavity pressure. This result shows that the filling efficiency
decreases with the increase of cavity pressure under the
same vibration condition. As cavity pressure is 30 MPa or
above, the filling efficiencies of both LDPE and PP remain
almost the same with the increase of cavity pressure. In
particular, MFR of LDPE is almost one when cavity pres-
sure i1s 60 MPa. It can also explain that the filling effi-
ciency of LDPE at 60 MPa is hardly affected by the
ultrasonic vibration.

On the other hand, the filling efficiency of PP is higher
than that of LDPE because the flow rate of PP is lower
than that of LDPE under the same injection conditions, as
shown in Fig. 4. Therefore, the ultrasonic vibration had a
relatively stronger effect on the increase of the flow rate of
PP rather than on that of LDPE.

The variation of the filling efficiency according to injec-
tion temperature was investigated by the MFR of both
LDPE and PP at 100 W, as shown in Fig. 7. The MFR of
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Fig. 7. Variation of MFR according to injection temperature.

LDPE decreases with the increase of injection temperature,
whereas that of PP increases despite the same increase of
injection temperature. In conclusion, if the flow rate is low
such as PP, the filling efficiency increased with the increase
of injection temperature. On the contrary, if the flow rate is
high such as LDPE, the filling efficiency decreased with
the same increase of injection temperature.

In the case of LDPE, the typical applied injection tem-
perature ranged from 433.15 to 493.15 K and that of PP
ranged from 453.15 to 493.15 K. The minimum injection
temperature of 433.15 K yielded the most efficient con-
dition in the case of LDPE, whereas the maximum tem-
perature of 493.15 K yielded the most efficient condition in
the case of PP.

Fig. 8 shows the variations of MFR according to mold
temperature at 100 W. MFR decreases with the increase of
mold temperature. As compared with the MFR of PP, the
MFR of LDPE hardly changed according to mold tem-
perature. The filling efficiency of polymer melt, which was
obtained at relatively low flow rate like that of PP, drops
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Fig. 8. Comparison of MFR according to mold temperature.
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Fig. 9. Variation of MFR according to the thickness of the cavity.

rapidly with the increase of mold temperature owing to the
effect of the ultrasonic vibration.

In the cases of both LDPE and PP, the typical range of
the applied mold temperature is about from 303.15 to
323.15 K. Therefore, the difference between the filling
efficiencies of LDPE and PP is expected to be large.

MEFR according to a thickness of the cavity is shown in
Fig. 9. This result, which is similar to the above result,
shows that the filling efficiency of PP is higher than that of
LDPE as a whole. MFR also decreases with the increase of
the thickness at 100 W.

In the case of PP, when the thickness increased from 1.0
to 1.5 and 2.0 mm, the MFR decrease rate ranged from
66.64 to 32.85%, respectively. The MFR decrease rate
means the rate of decrease of filling efficiency due to the
difference between two thicknesses. On the other hand, the
MFR decrease rate of LDPE ranged 74.03 to 92.52%,
respectively. In other words, while the highest value of the
MFR decrease rate of the case of PP was obtained when
the cavity thickness was between 1.0 and 1.5 mm, that of
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the case of LDPE was obtained when the thickness was
between 1.5 and 2.0 mm.

In conclusion, the filling efficiency decreased with the
increase of the cavity thickness. Also, the rate of decrease
changed with material according to the cavity thickness
under the same injection and vibration conditions.

5. Filling efficiency according to vibration condi-
tions

When the ultrasonic vibration was applied, the primary
physical phenomenon was the generation of vibrations on
the cavity surfaces due to the mode shape of the cavity or

mold. The mode shape means the spatial deformation of

the structure owing to the effect of the vibration. The mold
vibrates due to the effect of the ultrasonic horn, as shown
in Fig. 1, according to the shape of mold vibration (or the
mode shape). This effect of the mode shape vibrates the
cavity surfaces. As a result, this vibration on the surfaces
generates a vibration region, which has influence on poly-
mer melt in the cavity, as shown in Fig. 5. In general, the
mode shape is very complex and thus, vibration conditions
are also complex. Such complexities make it hard to ana-
lyze the effect of each vibration condition. For this reason,
the amplitude of the ultrasonic vibration on the cavity sur-
faces is characterized as a sine curve from end to end of the
vibration region. The factors of vibration conditions are
also classified so that the relationship between the fre-
quency and the amplitude of vibration, the positions of
vibrating cavity surfaces and the phase difference between
two opposing cavity surfaces can be considered.

Table 3 shows the classification of vibration conditions.
This classification can facilitate the understanding of the
effect of each vibration condition. In CASE I, we analyzed
of the MFR and the flow characteristics according to the
positions of the vibrating cavity surfaces. Also, the phase
difference of vibration between two opposing cavity sur-
faces in the vibration region 1s considered in CASE IL

5.1. Relationship between the frequency and the
amplitude of vibration

The mode shape of the ultrasonic horn, which vibrates a

cavity directly, 1s very dependent on the applied frequency.

This is because the ultrasonic horn is designed to operate

at a specified frequency (typically 20 kHz or more) to

obtain maximum displacement and force. For this reason,

Table 3. Classification of vibration conditions

CASE 1 CASE II

Position of vibrating X or y-direction y-direction
surfaces

Phase difference 180° 0 or 180°
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Fig. 10. Comparison of MFR according to various frequencies
and amplitudes of vibration.

only the amplitude can be controlled whereas the applied
frequency is fixed to adjust the intensity. As shown in
equation (1), the vibrational energy, caused by the ultra-
sonic vibration, is related with the amplitude and the fre-
quency of vibration. Therefore, the relationship between
the frequency and the amplitude of vibration must be ana-
lyzed in equation (1).

Fig. 10 shows MFR according to the variations of the
frequency and the amplitude of vibration. We considered
the vibration conditions in which two opposing cavity sur-
faces in the y-direction, including the vibration region, as
shown in Fig. 5, vibrate with the phase difference 180°. In
the cases of both LDPE and PP, the filling efficiencies
increased with the increase of the vibration intensity. At the
same vibration intensity, there was little or no difference of
MFR between variations of frequency and amplitude.
Therefore, in theory, both the frequency and the amplitude
of vibration have the same effect on the flow character-
istics of polymer melt.

This conclusion about the frequency was not valid in an
actual ultrasonic process because the control of only the
frequency also caused the variation of the amplitude due to
the changed mode shapes of the ultrasonic horn as well as
the mold. On the other hand, the variation of only the
amplitude had no effect on the applied frequency.

3.2. CASE I:Flow characteristics according to the

- positions of vibrating cavity surfaces

The variation of MFR according to the positions of
vibrating cavity surfaces is shown in Fig. 11. It was com-
pared with the filling efficiency in the cases of cavity sur-
faces in the x-direction and y-direction. The phase
difference of vibration between two opposing cavity sur-
faces was 180°. The filling efficiency increased with the
increase of the vibration intensity. When the cavity sur-
faces were applied in the y-direction, the filling efficiency
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Fig. 11. Comparison of MFR according to the positions of vibrat-
ing cavity surfaces.

was higher than when cavity surfaces were applied n the
x-direction. In other words, the filling efficiency insignif-
icantly increased with the increase of the vibration inten-
sity as the cavity surfaces in the x-direction vibrated.
Considering the decrease of the filling efficiency due to the
increase of the thickness as shown in Fig. 9, this reason is
due to the fact that the two opposing cavity surfaces in the
y-direction have larger areas and a shorter gap than in the
x-direction. Depending on the polymer melt material, the
filling efficiency of PP was higher than that of LDPE.

With respect to the positions of vibrating cavity surfaces,
the cavity surfaces in the y-direction was a more efficient
condition than the cavity surfaces in the x-direction
because of the larger areas and shorter gap between two
opposing cavity surfaces.

Fig. 12 shows the variations of the viscosity according to
various vibration intensities when the cavity surfaces in the
y-direction are applied with vibrations having the phase

25000
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Fig. 12. Comparison of the viscosity according to various inten-
sities.
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difference 180°. These results are shown on the A-A’ line
of Fig. 5.

When the same vibration intensity was applied, the over-
all viscosity value of LDPE was lower than that of PP. In
addition, the viscosity around the cavity surfaces increased
due to the effect of the relatively cool temperature at the
surfaces and flow resistance. In other words, high viscosity
values around the cavity surfaces were obtained because of
high shear forces.

Depending on the polymer melt material, the filling effi-
ciency i1s related to the viscosity characteristics of polymer
melt. As shown in Fig. 12, the viscosity decrease of PP,
caused by the ultrasonic vibration, is higher than that of
LDPE. In other words, the filling efficiency of the low vis-
cosity material such as PP is higher than that of the high
viscosity material such as LDPE due to the difference of
the viscosity decrease between materials.

On the other hand, the viscosity value decreased with the
increase of the vibration intensity, a phenomenon more
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Fig. 13. Comparison of (a) the deformation rate and (b) the shear
rate according to the intensity of vibrations.
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obvious around the cavity surfaces than in the middie of
the cross section in the flow direction owing to the effect
of vibrating surfaces.

The comparison between the deformation rate and the
shear rate is shown in Fig. 13. Both values of the defor-
mation rate and the shear rate increase with the increase of
the vibration intensity. There is little difference between two
values, as shown in Fig. 13 (a) and (b). Considering equa-
tion (7), the deformation rate is expressed as a function of
elongation rate and shear rate. The primary factor increas-
ing the deformation rate is not the elongation rate but the
shear rate. In other words, polymer melt is affected by high
shear force owing to the generation of vibrations on the cav-
ity surfaces, caused by the ultrasonic vibration. As a result
of this shear force, the high shear rate increased the defor-
mation rate. As shown in equation (6), this high deforma-
tion rate reduced the viscosity. Consequently, this low
viscosity resulted in the increase of the filling efficiency.

5.3. CASE II1:Flow characteristics according to the
phase difference of vibration between two op-
posing cavity surfaces |

MFR according to the phase difference of vibration

between two opposing cavity surfaces is shown in Fig. 14.

We considered that the two opposing cavity surfaces in the

y-direction were vibrated with the phase difference 180°.

The MFR with vibration of the phase difference 180°

‘was higher than that of the phase difference 0°. In par-

ticular, while the MFR with vibration of the phase dif-
ference 180° remarkably increased with the increase of
intensity, the increase of MFR with vibration of the phase
difference 0° was small.

To analyze the flow characteristics of polymer melt in
CASE 11, the variation of the viscosity around the cavity
surfaces according to the vibration intensity was investi-
gated, as shown in Fig. 15. When vibration of the phase

1200 _
- ~ & PR with phase difference 180
4% 1100 -4 PP with phase difference 0 = Jeermesesssi
. - L DPE with phase difference 180
1000 —y—{ DPE with phase difference 0

Melt Flow Ratio m,,

intensity (W)

Fig. 14. Variation of MFR according to the phase difference
between two opposing cavity surfaces.
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Fig. 15. Comparison of the viscosity according to the phase dif-
.ference between two opposing cavity surfaces.

difference 180° was applied, the viscosity values of both
LDPE and PP significantly decreased. On the other hand,
there were little or no decrease of the viscosity values
when vibration of the phase difference 0° was applied.

The primary physical difference between vibrations of
the phase difference 0° and 180° was the variation of the
flow cross section. While there was no variation of the
flow cross section in vibration region with vibration of the
phase difference 0°, the flow cross section was changed
with vibration of the phase difference 180° because of the
phase difference of vibration between two opposing cavity
surfaces. As a result of this variation of the flow cross sec-
tion, the decrease of the viscosity with vibration of the
phase difference 0° was only affected by the vibration itself
on the cavity surfaces, caused by the ultrasonic vibration.
On the other hand, the two opposing cavity surfaces with
vibration of the phase difference 180° caused not only this
vibration itself on the cavity surfaces, but also the variation
of the flow cross section. As a result, these two primary
factors influenced the decrease of the viscosity when the
two opposing cavity surfaces vibrated with the phase dif-
ference 180°. As shown in Fig. 15, this effect of the flow
cross section reduced the viscosity rather than the gener-
ation of the vibration itself on the cavity surfaces. This rea-
son 1S that this periodic variation of the flow cross section
pushed polymer melt out of the cavity like a pump.

In conclusion, two opposing cavity surfaces vibrating
with the phase difference 180° presented a more efficient
condition than those vibrating with the phase difference 0°
because of the periodic variation of the flow cross section,
which influenced the flow characteristics.

Based on all the conclusions about vibration conditions,
the most efficient condition was realized when the vibra-
tion region existed on two opposing cavity surfaces vibrat-
ing in the y-direction at the phase difference 180°. This is
because low viscosity can be obtained by the effects of the
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short gap between two opposing cavity surfaces and the
generation of the vibration itself on the cavity surfaces as
well as the periodic variation of the flow cross section.

6. Conclusions

We studied the application of ultrasonic vibration in the
filling process of injection molding. To verify the validity
of our numerical analysis in this study, we modeled the
same extrusion system as the experiment by Chen and Li
(2006) and compared the numerical results with the exper-
imental data. We also presented MFR to estimate the filling
efficiency and modeled a thin and wide cavity under the
ultrasonic process. To find a more efficient injection con-
dition, we considered cavity pressure, injection tempera-
ture and mold temperature. To find a more efficient
vibration condition, we also considered the classification of
vibration conditions (the relationship between the fre-
quency and the amplitude of vibration, the position of
vibrating cavity surfaces and the phase difference between
vibrating surfaces) and analyzed the flow characteristics
for various vibration intensities (25, 100, 225 and 400 W).

From the results, we obtained the following conclusions.

1) In the cases of LDPE and PP, while the flow rate
increased with the increase of cavity pressure, MFR as
indication of the filling efficiency decreased with the
increase of the vibration intensity.

2) While the filling efficiency of PP increased with the
increase of injection temperature, that of LDPE
decreased.

3) The filling efficiencies of both PP and LDPE
decreased with the increase of mold temperature.
Especially, there was little increase of the filling effi-
ciency of LDPE when the mold temperature increased
above 320 K.

4) The filling efficiency decreased with the increase of the
cavity thickness. The decrease rate of the filling effi-
ciency varied according to the polymer melt material.

5) Depending on the material of the polymer melt, the fill-
ing efficiency of the low viscosity material is higher
than that of the high viscosity material due to the dif-
ference of the viscosity decrease between materials.

6) With respect to vibration conditions, the most efficient
condition was realized when two opposing cavity sur-
faces at a short gap were vibrated with the phase dif-
ference 180°.

7) The primary factor that gave a high deformation rate
value was a high shear rate value, which, in turn,
caused the low viscosity value. In other words,
depending on the polymer melt material.

8) The two primary factors of the flow characteristics
were the generation of the vibration itself on the cav-
ity surfaces and the variation of the flow cross section
due to the phase difference between two opposing
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cavity surfaces. In particular, this variation of the flow
cross section, which acted like a pump, improved the
filling efficiency. |
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Nomenclatures
I : Vibration intensity
c : Propagating velocity of the ultrasonic vibration
f : Frequency of the ultrasonic vibration
X . Amplitude of the ultrasonic vibration
A : Constant |
t : Time
X; : Cartesian coordinate (j=1, 2, 3)
U; : Velocity component in the x-direction
u, v, w : Velocity components in the x-, y-, z- directions,
respectively
p : Pressure
T : Temperature
Ty : Reterence temperature
n : Power-law index
S, : Mass source term
S; : Momentum source term
S, : Energy source term
h : Enthalpy
Fy; : Diffusional energy flux in the x-direction
S; : Strain rate tenser
Greek symbols
Yo, : Density
T : Stress tensor components
Y7 : Viscosity
L : Zero shear viscosity
o : Temperature shift factor
y : Deformation rate
A : Time constant
Jij : Temperature sensitivity
O; : Kronecker delta
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