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ABSTRACT: The self-interference flow (SIF) of a melt in a
cavity during injection molding is introduced. It comes from
two streams of the melt being split by a patented mold gate
called a twin gate. The effects of this flow on the static and
dynamic mechanical properties, thickness distribution, and
shrinkage in the transverse direction (TD) of injection-
molded isotactic polypropylene parts are discussed. SIF has
an influence on the static mechanical properties, especially
the impact strength. There are slight increases in the tensile
strength and Young’s modulus and an increase of approxi-
mately 70-90% in the impact strength in comparison with
the properties of samples obtained by a conventional flow
process with a common pin gate. Dynamic mechanical ther-

mal analysis studies show an increase in the storage modu-
lus for SIF samples. Results obtained from research into the
effect of the mold temperature and injection pressure on the
impact strength show that the impact strength of SIF speci-
mens has a weaker dependence on the mold temperature
and injection pressure. In addition, the flow brings a more
uniform thickness distribution and a smaller shrinkage in
the TD to SIF samples. © 2003 Wiley Periodicals, Inc. ] Appl
Polym Sci 88: 2784-2790, 2003
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INTRODUCTION

Injection molding can shape a part with an insert (or
many inserts) or a complex figure, and it is adapt-
able to almost all kinds of thermoplastics; therefore,
it is widely applied in the plastics manufacturing
industry. However, some defects, such as weld
lines, warpage, sink marks, and low accuracy and
strength, are still found in parts made in this way.
To overcome these defects, particularly the low ac-
curacy and strength, researchers have worked on
moldings in three ways. First, they have sought the
optimum molding parameters for a material. Al-
though this can result in the modification of the
properties of the molded part, the modification is
often slight and not quantified.! Recent studies have
been focused on the relationship between the pro-
cessing parameters and the properties so that the
part quality can be controlled by means of a com-
puter.”* Second, researchers have improved the
properties of the material. Simple and useful ways
for doing this include blending, compounding, and
copolymerization, and there are many reports about
these.”1° Third, researchers have made innovations
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in the molding process by means of additional de-
vices. This is a hot topic now. This study is focused
on vibration technology, by which researchers'*'¢
have made progress in the properties of molded
parts. For example, Guan et al."' reported that the
tensile strength of isotactic polypropylene (iPP) was
enhanced from the original value of 31.0 MPa to 57.8
MPa by oscillating packing injection molding under
low pressure, and Kalay and Bevis'? reported that
the impact strength was increased four times by
shear-controlled injection molding.

The aim of this two-part series is to present a way of
modifying injection-molded iPP parts through changes
in the mold structure. We used a patented mold
gate,'” called a twin gate, to make the melt in the
cavity produce self-interference actions to form a
specific morphology, which, to a large extent, con-
trolled the properties. In this article, we discuss the
mechanical properties and dimensional variations
of the moldings, which were injection-molded un-
der the condition of self-interference flow (SIF) gen-
erated by the twin gate with various parameters,
and we compare the results with those obtained by
a conventional flow process (CFP) with a common
pin gate. In the second article of this series, we
discuss the morphology of the moldings and reveal
the relationship of the microstructure of the SIF
samples to their properties.
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TABLE 1
Main Processing Parameters in This Experiment

Injection pressure Dwelling time

Injection rate

(MPa) (s) Mold-temperature (°C) (cm®/s)
45 1 30 10
55 4 40 10
65 7 50 10
75 10 60 10
85 13 70 10
EXPERIMENTAL culating water. The main parameters are summarized

Sample preparation

The iPP used in this study was J300 (melt index = 5.5
g/10 min) from Beijing Yanshan Petrochemical Co.
(China). The injection-molding experiments were per-
formed on an HTB80 machine with a 35-mm-diameter
screw; the maximum injection volume was 125 cm®,
and the maximum clamping force was 800 kN. The
injection-molding process was program-controlled.
Temperature controls on the barrel included three
heat-control zones; along the direction of the convey-
ing material, the temperatures of the three zones were
190, 210, and 230°C. A mold-temperature adjuster con-
trolled the temperature of the mold platens with cir-

e
777’/7 s ;

Figure 1 Illustration of the twin-gate structure: (1) the run-
ner, (2) the twin gate, and (3) the two orifices in the twin gate.
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in Table L

A two-cavity mold was employed, one equipped
with a conventional pin gate and the other equipped
with a twin gate, each being a rectangular slab (100
mm X 60 mm X 4 mm). For simplicity, the runner and
gates were designed on the part face, with their cross
section being semiround. The section areas of the two
gates were equal; that is, the area of the pin gate was
equal to the addition of the two orifices of the twin
gate. Figure 1 illustrates the structure of the twin gate
used in this study, which consisted of two orifices
sharing the same runner. After the slabs were ob-
tained, they were cut into the specimens required for
the test. The procedure is illustrated in Figure 2.

Tensile testing

An Instron universal testing machine (model 5500,
USA) was used for tensile testing at room temperature
(23°C); the crosshead speed was 50 mm/min.

Impact strength

Notched charpy impact strength values were mea-
sured by means of a charpy impact machine (model

90

o

To measure thickness
To be machined to the dumbbell bars

and U-tvpe notched bars
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To be machined to dumbbell bars

and U-type notched bars

Figure 2 Procedure for making (a) specimens cut in the MD and (b) specimens cut in the TD.
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XJ-5, Chengde Precision Tester Co., China) according
to GB/T1043-93.

Dynamic mechanical thermal analysis (DMTA)

Dynamic mechanical tests were carried out with a
Netzsh DMA242 instrument (Germany) at a frequency
of 1 Hz and a heating rate of 3°C/min from —50 to
150°C. Samples were cut from the middle-sample
(MS) specimens in the machine direction (MD).

Dimensional stability

The sample thickness was measured with a microme-
ter with an accuracy of 0.001 mm, and the sample
width was measured with a micrometer dial with an
accuracy of 0.001 mm. The shrinkage was tested in line
with ASTM D 955. Each data point represents the
mean of values obtained for least five specimens.

RESULTS AND DISCUSSION
SIF

The importance of the flow pattern during mold filling
in determining the details of the microstructure and,
therefore, the properties, is considerable. The flow
pattern in an advancing front between two parallel
plates was reported by Tadmor,'® and the pattern
during conventional injection molding was described
in detail by Han." Katti and Schultz* gave a sche-
matic of the pattern for a rectangular cross-sectioned
cavity and separated the progression of the flow front
into three stages. In stage I, the flow front was semi-
circular; in stage II, the flow front was shaped as an arc
of circle, and the angle of the arc decreased as time
increased; and in stage III, the flow front was complex
as the corners of the cavity were filled. We have dis-
cussed the flow pattern of the melt that passes through
the twin gate into the cavity through an investigation
of samples with volumes one-fifth, one-fourth, and
two-thirds of the cavity prepared by short shot.*' In
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Figure 3 Illustration of the SIF mechanism: (a,b) a flow
sketch of the melt passing through orifices 1 and 2, respec-
tively, and (c’,c) a flow sketch of the melt passing through
orifices 1 and 2 at the same time (a twin gate).

light of the experimental phenomena, a flow pattern in
the cavity, called SIF, is proposed. Figure 3 shows how
to form SIF of the melt in the cavity by means of the
twin gate during injection molding. When a melt
flows through orifices 1 and 2 successively, their flow
patterns [Fig. 3(a,b)] in the cavity are similar to those
when a melt flows through a pin gate (i.e.,, a CFP).*°
However, when a melt passes through orifices 1 and 2
at the same time (i.e., a twin gate), interactions be-
tween the two streams of the melt split by the gate
take place: they overlap each other in the MD [Fig.
3(c")], with this resulting in a melt front [Fig. 3(c)], but
they collide with each other in the transverse direction
[TD; Fig. 3(c’)], with this leading to a trend of melt
flowing, that is, a transverse flow. The interference
actions are caused only under an injection pressure,
without any other forces, and so we call this kind of
melt flow in a cavity SIF.

Mechanical properties

With a dwelling time of 4 s and an injection rate of 10
cm’/s and for various injection pressures and mold
temperatures, the testing results are listed in Tables II
and III for the MS specimens and in Tables IV and V
for the edge-sample (ES) specimens. In general, for the
SIF and CFP specimens, in either the MD or TD, when

TABLE 11
Mechanical Properties of the MS Specimens with Variations in the Injection Pressure
(4-s Dwelling Time, 40°C Mold Temperature)

Tensile strength

Young’s modulus Impact strength

2
Injection pressure (MPa) (GPa) (K] /m’)
Sample (MPa) MD TD MD TD MD TD
CFP 55 31.02 30.07 1.36 1.29 2.17 2.12
65 33.51 31.69 1.38 1.31 2.11 2.01
85 36.33 34.83 1.53 1.47 1.87 1.72
Mean standard deviations 1.05 1.02 0.11 0.12 0.14 0.14
SIF 55 31.47 30.85 1.34 1.30 3.75 3.73
65 33.82 33.94 1.48 1.46 3.78 3.76
85 36.35 35.13 1.61 1.55 3.54 3.54
Mean standard deviations 1.01 1.03 0.11 0.11 0.12 0.12
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TABLE III
Mechanical Properties of the MS Specimens with Variations in the Mold Temperature
(55-MPa Injection Pressure, 4-s Dwelling Time)

Tensile strength Young’s modulus Impact strength

Mold temperature (MPa) (GPa) (K /m?)
Sample (°C) MD TD MD TD MD TD
CFP 40 31.02 30.07 1.36 1.29 217 2.12
50 33.83 32.74 1.51 1.46 2.05 1.94
70 37.51 36.17 1.71 1.69 1.82 1.81
Mean standard deviations 1.10 1.07 0.12 0.12 0.13 0.13
SIF 40 31.47 30.85 1.34 1.30 3.75 3.73
50 34.11 33.18 1.53 1.52 3.76 3.72
70 37.49 36.43 1.74 1.69 3.31 3.17
Mean standard deviations 1.08 1.06 0.09 0.12 0.10 0.13

the injection pressure or mold temperature is raised,
the tensile strength and Young’s modulus show an
increasing trend, and the values of the SIF specimens
are a little higher than those of CFP specimens under
the same conditions. The tensile strength and Young's

increases with pressure, so does the degree of super-
cooling, Tm(p) — T,, and this favors the increase in the
crystallinity. From Tables II-V, we can also observe
other distinguishing features brought about by melt
self-interference actions:

modulus increase with the mold temperature because
the degree of crystallinity increases with the mold
temperature.'®* The effect of the injection pressure on
the tensile strength and Young’s modulus can be ex-
plained simply by the Clapeyron equation, which pre-
dicts a linear increase of T,, with pressure. As T,,

1. For SIF specimens, the impact strength is im-
proved. There is about a 70-90% increase in the
impact strength both in the MD and in the TD,
and this undoubtedly results from the interfer-
ence flow of the melt.

TABLE 1V
Mechanical Properties of the ES Specimens with Variations in the Injection Pressure
(4-s Dwelling Time, 40°C Mold Temperature)

Tensile strength Young’s modulus Impact strength

2
Injection pressure (MPa) (GPa) (kJ/m?)
Sample (MPa) MD TD MD TD MD TD
CFP 55 29.31 28.12 1.32 1.27 2.34 247
65 31.84 29.91 1.35 1.31 2.12 2.30
85 36.03 34.34 1.51 1.42 2.08 2.16
Mean standard deviations 1.03 1.03 0.09 0.08 0.10 0.11
SIF 55 31.06 29.34 1.32 1.30 3.78 3.85
65 33.17 32.16 1.42 1.33 3.78 3.87
85 36.79 35.28 1.59 1.37 3.61 3.70
Mean standard deviations 1.06 1.01 0.10 0.09 0.10 0.07
TABLE V

Mechanical Properties of the ES Specimens with Variations in the Mold Temperature
(55-MPa Injection Pressure, 4-s Dwelling Time)

Tensile strength Young’s modulus Impact strength

2

Mold temperature (MPa) (GPa) (KJ/m’)
Sample (°C) MD TD MD TD MD TD
CFP 40 29.31 28.12 1.32 1.27 2.34 247
50 33.07 31.75 1.47 1.36 2.10 2.13
70 36.81 35.93 1.68 1.50 1.92 1.97
Mean standard deviations 1.08 1.02 0.13 0.09 0.09 0.11
SIF 40 31.06 29.34 1.32 1.30 3.78 3.85
50 34.07 32.64 1.42 1.33 3.79 3.91
70 37.20 36.28 1.69 1.59 3.53 3.55
Mean standard deviations 1.10 1.03 0.13 0.10 0.09 0.09
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Figure 4 L’ versus temperature.

2. For CFP specimens, either in the MD or in the
TD, the impact strength decreases with an in-
crease in the mold temperature or injection pres-
sure, but for SIF specimens, the impact strength
changes a little, showing a weaker dependence
on the mold temperature and injection pressure.

Figure 4 shows the temperature dependence of the
dynamic storage modulus (E’) for the SIF and CFP
samples. It is obvious that the SIF sample exhibits a
higher value of E' than the CFP sample until about
60°C. The maximum increment is about 40%. There-
fore, SIF is also conducive for increasing E’.

Shrinkage

Figures 5-7 show the effects of the dwelling time,
injection pressure, and mold temperature, respec-
tively, on shrinkage in the TD. Looking at these fig-
ures, we can observe that the shrinkage of the SIF
samples is smaller than that of the CFP specimens
under the same conditions, regardless of the change in
the dwelling time, injection pressure, and mold tem-
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Figure 5 Effect of the dwelling time on the shrinkage of the
twin-gate and pin-gate samples at a mold temperature of
40°C and an injection pressure of 55 MPa.
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Figure 6 Effect of the injection pressure on the shrinkage of
the twin-gate and pin-gate samples at a mold temperature of
40°C and a dwelling time of 4 s.

perature. This results from SIF of the melt in the
cavity, particularly the transverse flow. Figure 5 also
demonstrates that when a constant shrinkage occurs,
for the pin gate, the dwelling time is up to 11 s, but for
the twin gate, the dwelling time is about 7 s. This
means that the freezing time of the twin gate is
shorter. Besides, the shrinkage for either SIF speci-
mens or CFP specimens increases with the mold tem-
perature but decreases with an increase in the injection
pressure and dwelling time. This conclusion corre-
sponds with the conclusions of other works.*>*

Thickness distribution

We measured the thickness distribution along the MD
and compared the distribution of the SIF samples with
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Figure 7 Effect of the mold temperature on the shrinkage
of the twin-gate and pin-gate samples at a dwelling time of
4 s and an injection pressure of 55 MPa.
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Figure 8 Thickness distribution of SIF and CFP specimens
under an injection pressure of 55 MPa and at a mold tem-
perature of 40°C and a dwelling time of 4 s.

that of the CFP samples; this is a reasonable assess-
ment of the transverse packing efficiency produced by
the transverse flow in the cavity.

Figures 8-10 show the thickness distribution along
the parts under 55, 65, and 85 MPa of injection pres-
sure, respectively. These figures clearly indicate that
the differences of the thicknesses of SIF MS and SIF ES
specimens are smaller than those of CFP MS and CFP
ES specimens at the same positions. This signifies that
the thickness distribution of the SIF samples is more
uniform in the TD; in other ways, the packing effi-
ciency of the SIF samples is higher than that of the CFP
samples in the TD because of the transverse flow of
the melt in the cavity with the twin gate. Figures 8—10
also demonstrate that this difference, both for SIF
specimens and for CFP specimens, is becoming
smaller with the increase in the pressure, as the pack-
ing efficiency is enhanced with the pressure. However,
the differences of the SIF specimens are reduced to a
larger extent because of the transverse flow. In the
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Figure 9 Thickness distribution of SIF and CFP specimens
under an injection pressure of 65 MPa and at a mold tem-
perature of 40°C and a dwelling time of 4 s.
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Figure 10 Thickness distribution of SIF and CFP specimens
under an injection pressure of 85 MPa and at a mold tem-
perature of 40°C and a dwelling time of 4 s.

MD, near the twin gate, the SIF samples, including MS
and ES specimens, have better accuracy due to less
melt backflow from the cavity when the hold pressure
is released because the diameters of the orifices in the
twin gate are smaller than that in the pin gate. For this
reason, the twin gate will produce a bigger pressure
drop when a melt passes through it, and this results in
a slight bigger negative error at the ends of SIF spec-
imens under low pressure (Fig. 8) and a smaller pos-
itive error at the MS specimens under a higher pres-
sure (Figs. 9 and 10). Moreover, the average thickness
increases with the injection pressure, and this has been
observed before.*®

CONCLUSIONS

SIF, which is generated with a twin gate, enhances the
impact strength of injection-molded iPP parts. In the
scope of this study, the impact strength of specimens
molded under the condition of interference flow in-
creases by 70-90% and changes a little with various
injection pressures or mold temperatures, both in the
MD and in the TD. DMTA research shows that SIF
samples exhibit a higher value of E’ than CFP samples.
The results obtained by static and dynamic testing
indicate that SIF can bring about mechanical property
enhancements.

The thickness distribution of SIF samples is more
uniform, and their shrinkage in the TD is smaller.
These are the results brought about by SIF, and they
also are indicative of the existence of a transverse flow
in the cavity at the same time.
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