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Abstract: Fiber reinforced thermoplastics (FRTP), which is reinforced with glass or carbon fibers,
are used to improve the mechanical strength of injection-molded products. However, FRTP has
problems such as the formation of weld lines, the deterioration of the appearance due to the expo-
sure of fibers on the molded product surface, and the deterioration of the strength of molded prod-
ucts due to the fiber orientation in the molded products. We have designed and fabricated an injec-
tion mold capable of melt flow control and induction heating and cooling that has the functions of
both heating and cooling the injection mold as well as the function of controlling the melt flow di-
rection using a movable core pin. In this study, the above-mentioned mold was used for the molding
of carbon fiber reinforced semi-aromatic polyamide. As a result, we found that increasing the heat-
ing temperature of the mold and increasing melt flow control volume contribute to the prevention
of the generation of a weld line and the exposure of fibers on the molded product surface, as well
as to the formation of a flat surface and increased bending strength. The relationships of these results
with the carbon fiber orientation in the molded products and the crystallization of semi-aromatic
polyamide were also examined in this study.

Keywords: heating and cooling of injection mold; melt flow control; carbon fiber reinforced semi-
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1. Introduction

Polymers are light with excellent shapability. However, they have lower mechanical
strength than metals. To address this problem, fiber reinforced plastics (FRP), which is
reinforced with glass or carbon fibers, has been put to practical use and applied to struc-
tural members where high mechanical strength is required. Recently, the injection mold-
ing of fiber reinforced thermoplastics (FRTP) containing short fibers has been widely car-
ried out to mass-produce molded products with complex shapes. In injection molding, a
V-notch-shaped weld line [1] is generated in the melt front meeting area. This is where
melt fronts divided by an insert, such as a pin or a block, in a mold cavity rejoin each other
downstream of the insert. The weld line degrades the appearance of molded products.
Also, as shown in Figure 1 (1), fibers in an FRTP are locally oriented parallel to the melt
front meeting area, i.e., along the thickness direction of molded products, leading to the
occurrence of anisotropy. The local deterioration of strength in the melt front meeting face
results in the reduced strength of molded products [2,3]. In addition to the weld line, the
exposure of fibers on the molded product surface results in a rough surface, which de-
grades the appearance of the product. Various measures are taken at production sites to
address these problems. Rapid heat and cool injection molding is an example of a measure
to prevent the generation of weld lines. With this method, the melt is injected into the
mold while heating the mold cavity surface to a temperature close to, equal to, or higher
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than the melting point, Tm, or the glass transition point, Tg, of the polymer to slow the
solidification of the melt and prevent the formation of a V-notch. The transferability of the
cavity surface to the molded product surface is also improved. Variations of this method
include rapid heating cycle molding (RHCM) [4], which circulates hot water or water va-
por within the mold; the electric heater method, which heats the mold using a cartridge,
sheath, or ceramic heater embedded in the mold [5,6]; and the induction heating method,
which uses electromagnetic induction [7,8,9]. On the other hand, the local deterioration of
strength in the melt front meeting area is prevented by the method shown in Figure 1 (2).
With this method, one of the two flows is blocked immediately after the two melt fronts
meet and the melt is allowed to flow only from the other direction. This induces an inter-
nal melt flow that goes through the meeting face, causing the fibers near the meeting face
to orient parallel to the melt flow direction. As a result, the deterioration of strength is
reduced because the fibers increase resilience against tensile and bending forces. The sug-
gested methods to induce such an internal melt flow are as follows: (1) the push—pull
method [10], with which the melt is injected alternately from two injection cylinders, (2)
shear-controlled orientation in injection molding (SCOLIM) [11], which uses a passage-
switching device placed between the injection cylinder and the mold, (3) the press a
method [12], which drives a core block or a core pin in the mold, (4) the rotary core method
[13], (5) the in-mold core pin driving method [14], and (6) the rotary runner exchanger
method [15].
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Figure 1. Fiber orientation around melt front meeting area: (1-a) and (1-b) Schematic diagram
of the melt front meeting area; (2-a) and (2-b) Method of improving strength in the melt front
meeting area.

However, there have been few detailed reports on how to achieve all the above pur-
poses simultaneously, namely, the prevention of the generation of a weld line in the melt
front meeting area and the exposure of glass fibers on the molded product surface as well
as the prevention of the deterioration of strength due to the local orientation of fibers,
although an attempt has been made to improve both the appearance and strength of
molded products by combining the heating of the mold by RHCM with core driving [16].
The effects of the heating conditions of the mold and the conditions of core driving on the
strength and appearance of molded products and the orientation of glass fibers have not
been systematically evaluated.

We newly designed and fabricated an injection mold capable of both melt flow con-
trol using a movable core pin and induction heating and cooling at the same time. Using
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this mold, we evaluated the effects of differences in the heating conditions of the mold
and the conditions of melt flow control on the appearance, fiber orientation, and mechan-
ical strength of molded products made of polypropylene reinforced with short or long
glass fibers [17].

In this study, the above-mentioned mold was applied to the molding of short carbon
fiber reinforced semi-aromatic polyamide, which has already been widely used for auto-
motive components because of its excellent mechanical strength, heat resistance, and di-
mensional stability. Then, the effects of the heating and cooling conditions of the mold
and the conditions of melt flow control on the appearance and mechanical strength of
molded products were evaluated.

2. Molding process and mold structure

Figure 2 shows the method of controlling the melt flow in the melt front meeting area
(hereinafter referred to as “melt flow control”). The rotary runner exchanger method [15]
is adopted in this mold. The long rectangular cavity used in this study has dimensions of
99 (L) x 23 (W) x 2 (T) mm and two-point gates facing each other. A movable core pin,
which is rotationally driven, is placed in the middle of a runner to switch the direction of
the flow channel from the cavity to the well cavity. First, the cavity surface is induction-
heated to a certain temperature and then the melt is injected into the cavity. Measures are
taken to prevent the generation of a weld line in the melt front meeting area and to im-
prove the surface property of molded products in the melt filling process shown in Figure
2 (1). After the melt fronts meet, the induction heating is stopped and cooling water at a
certain temperature is introduced into the mold in the holding pressure process shown in
Figure 2 (2). Then, the melt flow from Gate A is blocked and the flow channel is directed
to the well cavity by rotating the movable core pin by 90°. The melt flow is further directed
to the well cavity by the compensation flow from Gate B, which is generated by the hold-
ing pressure. As a result, an internal melt flow occurs in the melt front meeting area. The
aim of inducing such an internal melt flow is to improve the appearance and strength of
molded products through the control of the fiber orientation in the products. As a refer-
ence for the comparison of strength, molded products obtained by one-point gate molding
are fabricated by fixing the movable core pin in the position shown in Figure 2 (2) through-
out the injection molding process.
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Figure 2. Method of melt flow control [unit: mmy]: (1) Melt filling process; (2) Holding
pressure process.

Figure 3 shows the appearance of the injection mold capable of melt flow control and
induction heating and cooling. An electromagnetic induction coil is embedded in each of
the insert blocks placed on the stationary and movable mold sides. A cavity insert


https://doi.org/10.20944/preprints202101.0417.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 January 2021 d0i:10.20944/preprints202101.0417.v1

equipped with the movable core pin and an oil hydraulic cylinder are installed on the
movable mold side. The movable core pin is rotated using this oil hydraulic cylinder to
switch the direction of the flow channel. Figure 4 shows the appearance of the cavity insert
and movable core pin. The movable pin is inserted in the hole located midway along the
runner. The induction coils are installed in the rectangular grooves at the back of the in-
sert.

The temperature of the cavity insert is controlled on the basis of the temperature
measured using an alumel-chromel sheath thermocouple (2 1.6 mm), which is inserted at
point C in Figure 2. The volume of the well cavity used in this study is 5, 15, or 25 vol% of
the volume of the mold cavity as shown in Figure 2. The effects of these three melt flow
control volumes on the appearance, fiber orientation, and strength of molded products

are examined while changing the well cavity.
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Figure 3. Appearance of the injection mold capable of melt flow control and induction heating and

cooling.
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Figure 4. Appearance of the cavity insert and movable core pin: (1) Front view; (2) Back view.

3. Experimental method
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A stationary induction heater (SK-NF002SA; Ju-OH Inc.) is used for the induction
heating of the mold. A mold temperature controller (TYPE TA-32; Stolz Co., Ltd.) is used
for cooling the mold. An injection molding machine (ROBOSHOT S-2000 i50A; Fanuc
Ltd.) with a maximum clamping force of 500 kN is used in the experiments. The polymer
used in the experiments is short carbon fiber reinforced semi-aromatic polyamide MXD6
(Reny C36-B43; carbon fiber content, 30 wt%; Mitsubishi Engineering-Plastics Corpora-
tion).

Table 1 shows the molding conditions. Normal molding is carried out by maintaining
the insert temperature at 95 °C. Heat and cool molding is carried out by injecting the melt
into the cavity after increasing the insert temperature from 95 to 140, 160, and 180 °C,
stopping the heating after the injection, and decreasing the insert temperature to 95 °C.
Because the Tm of the semi-aromatic polyamide used in this study is 243 °C, the solidifi-
cation of melt in the cavity is not completely inhibited under the above heating conditions
during the molding process. The rotation of the movable core pin is started at the start of
the holding pressure process. The start time of melt flow control is set as the start time of
the rotation of the movable core pin. Melt flow control is started manually by an operator
who is checking the waveform of melt pressure obtained using an indirect quartz pressure
transducer (Type 9221; Kistler Japan Co., Ltd.) inserted immediately below ejector pin D
in Figure 2. The start time of melt flow control varies by +0.1 s because the melt flow con-
trol is started manually.

The effect of the difference in melt flow control volume on the strength of molded
products is examined using three well cavities of different volumes as described above.
To examine the effects of differences in the cooling conditions of the mold on the strength
of molded products, the cooling water temperature circulated within the mold is changed
to 20, 50, and 80 °C. The cooling of the mold is started at the start of the holding pressure

process.
Table 1. Molding conditions.
Cylinder temperature (°C) 280-280-275-270-80"
(1)95
1 [e}
Mold temperature (°C) (2)95—140/160/180—95
Injection rate (cm?3/s) 23.9
Holding pressure (MPa) 80
Holding pressure period (s) 15
Melt flow control volume (vol%) 5/15/25

) Nozzle-Metering-Compression-Feed zone-Under hopper

The appearance and cross sections of the molded products are observed and the sur-
face shape is measured using a shape analysis laser microscope (VK-9700; Keyence Cor-
poration). The fiber orientation is observed on cross section E along the thickness direction
of the molded products as shown in Figure 5 (1). The distribution of the fiber orientation
in the molded products at arbitrary positions is quantitatively determined using a fiber
orientation identification and evaluation system (Bethel Co., Ltd.), which is based on the
periodic heating and infrared radiation thermometer method [18]. With this method, the
distribution of the fiber orientation is determined on the basis of the diffusion of heat ap-
plied periodically to a molded product. To exclude the effect of the fiber orientation in the
skin layer formed near the molded product surface, the distribution of the fiber orienta-
tion is determined in samples of 1 mm thickness obtained by polishing and removing the
top and bottom layers, each of 0.5 mm thickness, from the molded products as shown in
Figure 5 (2). The distribution of the fiber orientation is observed at the points of intersec-
tion of lines (D—(5) and lines a—c. The obtained results show the average distribution of
the fiber orientation along the thickness direction observed at the above points of inter-
section of the 1-mm-thick samples.
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Figure 5. Observation positions of fiber orientation: (1) Observation area along the thickness direc-
tion; (2) Observation position on the shaved sample [unit: mm)].

A universal tester (Tensilon RTC-1225A; Orientec Co., Ltd.; maximum load cell force,
2.5 kN) is used to measure the bending strength of the molded products. A three-point
bending test is performed by applying load through indenters pressed onto line (3) in the
melt front meeting area as well as lines (2) and (4) in Figure 5 (2) to determine the bending
strength at each point. The distance between the supporting points is 32 mm and the bend-
ing speed is 2 mm/min.

4. Results
4.1. Results of observing molded product surface

Figure 6 shows the results of observing the surface in and around the melt front meet-
ing area of the molded products. Figures 6 (1) and (2) show the surfaces of the molded
products obtained by normal molding at a constant temperature of 95 °C. Fibers are ex-
posed and a weld line is generated on both surfaces of the molded products obtained by
two-point gate molding without [Figure 6 (1)] and with [Figure 6 (2)] melt flow control. A
V-notch is not formed in these molded products, but the meeting face in the melt front
meeting area where the fiber orientation changes appears as a weld line. These results
indicate that melt flow control does not affect the molded product surface when the mold
is not heated. Figures 6 (3) and (4) show the surfaces of the molded products obtained by
heat and cool molding (95 °C—180 °C—95 °C). The weld line disappears and the exposure
of fibers is reduced. The molded product surface is smooth regardless of whether or not
melt flow control is performed. The surface of the molded product obtained with melt
flow control [Figure 6 (4)] is slightly smoother than that without melt flow control [Figure
6 (3)]. The surface shape in the melt front meeting area of the molded products obtained
by heat and cool molding (95 °C—180 °C—95 °C) is observed using a shape analysis laser
microscope. The results are shown in Figure 7. An undulating shape with the melt front
meeting area as its apex is observed on the surface of the mold product obtained by two-
point gate molding without melt flow control [Figure 7 (1)]. On the other hand, the surface
of the mold product obtained by two-point gate molding with melt flow control [Figure 7
(2)] is flat and does not have an undulating shape. Similar results are also obtained when
the injection molding is carried out without heating the mold, which reveals that heating
the mold has no effect on the formation of the undulating shape.
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As discussed above, the exposure of fibers and the generation of a weld line can be
prevented by heating the mold. Also, a flat surface without an undulating shape can be
achieved by melt flow control regardless of whether or not the mold is heated.

Melt front meeting area
v

[@)

@) | (@)

Figure 6. Appearance of surface of molded products: (1) Without flow control (95 °C); (2) With
flow control: Os (95 °C, melt flow control volume: 15 vol%); (3) Without flow control (95—180—95
°C); (4) With flow control: 0s (95—180—95 °C, melt flow control volume: 15 vol%).
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Figure 7. Surface shape around melt front meeting area of molded products (95—180—95 °C):
(1) Without flow control; (2) With flow control (melt flow control volume: 15 vol%) .
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4.2. Bending strength

A three-point bending test is performed by applying load through the indenter
pressed onto line (3) in the melt front meeting area in Figure 5 (2). Figure 8 shows the
bending strength properties of the molded products obtained under different molding
conditions. The bending strength of the molded products obtained by two-point gate
molding without melt flow control slightly decreases as the heating temperature of the
mold increases. This result indicates that, although the heating of the mold contributes to
the disappearance of the weld line, it does not improve the bending strength in the melt
front meeting area when melt flow control is not performed. The bending strength of the
molded products obtained by two-point gate molding with melt flow control is nearly
threefold that of the molded products obtained by two-point gate molding without melt
flow control and is comparable to that of the molded products obtained by one-point gate
molding. Also, the bending strength increases as the heating temperature of the mold in-
creases when melt flow control is performed. Moreover, the bending strength increases as
the melt flow control volume increases for all heating temperatures of the mold.
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B 95°C—160°C—95°C
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Figure 8. Bending stress of the molded products (indenter position (3)).

A three-point bending test is performed by applying load through the indenters
pressed onto lines @, @, and @ of the molded products obtained by heat and cool mold-
ing (95 °C—180 °C— 95 °C). Figure 9 shows the bending strength measured by the three-
point bending test. On line (3) in the melt front meeting area, the bending strength in-
creases sharply as the melt flow control volume increases. The bending strength on line
(3) is close to that on lines (2) and (4) when the melt flow control volume is more than 15
vol%. On line (2), the bending strength does not change and remains high even when the
melt flow control volume increases. The bending strength is high on line (4). The bending
strength on line (4) of the molded products obtained by two-point gate molding and that
of the molded products obtained with melt flow control volumes of 5 and 15 vol% are
almost the same. The bending strength on line (4) slightly increases when the melt flow
control volume is 25 vol%.

d0i:10.20944/preprints202101.0417.v1
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Figure 9. Bending stress of molded products obtained by changing indenter position
(95—180—95 °C).

4.3. Cooling conditions of mold and bending strength

The effect of the cooling speed of the mold on the bending strength in the melt front
meeting area is examined. The temperature of the cooling water circulating within the
mold is changed to 20, 50, and 80 °C. Figure 10 shows the changes over time at the tem-
peratures measured at C in Figure 2 during heat and cool molding (95 °C—180 °C—95
°C). The figure shows only the results of measurement during the cooling process. The
temperature drops per unit time, namely, the cooling speed of the mold, decreases as the
cooling water temperature increases. Figure 11 shows the bending strength on line (3) in
the melt front meeting area when the cooling speed of the mold is changed by changing
the cooling water temperature under different heating conditions of the mold. The bend-
ing strength increases as the cooling water temperature increases, namely, as the cooling
speed of the mold decreases. Also, the bending strength increases as the heating temper-
ature of the mold increases.

The above results indicate that the cooling speed of the mold affects the bending

strength.
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Figure 10. Cavity insert temperature curves for various cooling water temperatures
(95—180—95 °C).
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Figure 11. Bending stress for various cooling water temperatures (indenter position (3),
melt flow control volume: 15 vol%).

4.4. Observation of cross sections of molded products

Figure 12 shows the results of observing melt front meeting area (3) on cross section
E along the thickness direction of the molded products [Figure 5 (1)]. The fibers in and
around the melt front meeting area are oriented almost parallel to the meeting area as
shown in Figure 12 (1) when the molded product is obtained by two-point gate molding
at a constant temperature of 95 °C without melt flow control. On the other hand, three
fiber orientation layers (Layers I-III) are formed along the thickness direction of the
molded products, as shown in Figs. 12 (2)-(4), when the molded products are obtained
with melt flow control. In Layer I, many fibers in and around the melt front meeting area
are oriented almost parallel to the meeting area. Namely, these fibers are oriented perpen-
dicular to the melt flow direction and appear as dots. In Layer II, many fibers are oriented
almost parallel to the melt flow direction. In Layer III, some fibers are oriented parallel to
the melt flow direction while others are oriented perpendicular to the melt flow direction
and appear as dots. These three fiber orientation layers are also formed in the molded
products shown in Figs. 12 (4)—(6), which are obtained by heat and cool molding (95
°C—180 °C—95 °C) with different melt flow control volumes. Figure 13 shows the thick-
ness of each layer as a percentage of the total thickness of the mold products, which is
calculated on the basis of Figure 12. The thickness of Layer I decreases and the thickness
of Layers II and III increases as the heating temperature of the mold increases as shown
in Figure 13 (1). The thickness of Layer I remains virtually unchanged even when the melt
flow control volume increases, but the thickness of Layer Il increases and that of Layer III
decreases as the melt flow control volume increases as shown in Figure 13 (2).
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Figure 12. Observation results of fiber orientation along the thickness direction of molded
products: (1) Without flow control (95 °C); (2) With flow control (95 °C, melt flow control
volume: 15 vol%); (3) With flow control (95—140—95 °C, melt flow control volume: 15 vol%);
(4) With flow control (95—180—95 °C, melt flow control volume: 15 vol%); (5) With flow con-
trol (95—180—95 °C, melt flow control volume: 5 vol%); (6) With flow control (95—180—95
°C, melt flow control volume: 25 vol%).
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Figure 13. Fiber orientation layer thicknesses as percentages under various molding conditions: (1)
Effect of heating temperature; (2) Effect of melt flow control volume (95—180—95 °C).

Figure 14 shows the distribution of the fiber orientation at each point on lines OO
of the molded products, which is measured by the periodic heating and infrared radiation
thermometer method. The molded products shown in this figure are obtained by heat and
cool molding (95 °C —180 °C—95 °C). The molded product shown in Figure 14 (1) is ob-
tained by two-point gate molding, whereas the molded products shown in Figs. 14 (2)-(4)
are obtained with different melt flow control volumes. The ratio of the length of the long
axis to that of the short axis of each ellipse indicates the strength of the fiber orientation.
To be more specific, the fiber orientation becomes more random when the ellipse ap-
proaches a circle. The angle between the X-axis and the long axis indicates the average
direction of the fiber orientation. For example, the fiber orientation at point (3)-a in Figs.
14 (2)—(4) represents the quantified fiber orientation in the central portion (1.0 mm thick-
ness) of the cross sections along the thickness direction shown in Figs. 12 (4)—(6), which
contain part of Layers II and III. Figure 14 shows that the fiber orientation changes to the
melt flow direction in the entire molded product as the melt flow control volume in-
creases. On lines (1) and (5), which are close to Gates B and A, respectively, fibers are
oriented in the direction of the gates in all cross sections. This tendency is stronger at
points closer to the gates, such as (1)-a and (5)-a. On line (2), fibers are oriented in the
upper left direction at point (2)-a. However, the direction of the long axis of the ellipses
slightly changes at points (2)-b and (2)-c regardless of whether or not melt flow control is
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performed; the fiber orientation is almost parallel to the melt flow direction. On line (3) in
the melt front meeting area, the fiber orientation is perpendicular to the melt flow direc-
tion in the molded product shown in Figure 14 (1), which is obtained by two-point gate
molding without melt flow control. The fiber orientation gradually changes to the melt
flow direction as the melt flow control volume increases. On line @, the fibers are oriented
almost in the upper right or upward direction at point (4)-a in the molded product ob-
tained by two-point gate molding without melt flow control and the molded product ob-
tained with 5 vol% of melt flow control. In the molded product obtained with 15 vol% of
melt flow control, fibers rotate anticlockwise and are oriented in the upper left direction
because of the melt flow from Gate B to the cavity. The rotation of fibers further proceeds
and the fiber orientation changes to the melt flow direction in the molded product ob-
tained with 25 vol% of melt flow control.

The above results indicate that the thickness of the fiber orientation layers and the
direction of the fiber orientation are significantly changed by the heating of the mold and
melt flow control.
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Figure 14. Fiber orientation distribution measured by periodic heating and infrared radiation
thermometer method (95—180—95 °C): (1) Without flow control; (2) With flow control (melt
flow control volume: 5 vol%); (3) With flow control (melt flow control volume: 15vol%); (4)
With flow control (melt flow control volume: 25 vol%).

5. Discussion
5.1. Appearance of molded products

A flat and smooth molded product surface with no exposed fibers and no weld line
is generated by heating the mold. Possible reasons for this result are as follows. It has been
observed in short-shot molded products that fibers at the melt front are projected from
the base material, namely, they are exposed on the surface of the melt, during the fountain
flow process. In the normal molding carried out at a constant temperature of 95 °C, the
melt cools and solidifies to form a skin layer at the moment the melt forms a fountain flow
and comes in contact with the cavity wall. This is because the melt at the melt front is
deprived of heat by the mold. As a result, the molded product surface with exposed fibers
is formed. Once the surface with exposed fibers is formed, the surface conditions cannot
be changed and the weld line cannot be eliminated even by melt flow control. On the other
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hand, in the heat and cool molding, the solidification of the melt near the cavity wall is
slowed because of the high temperature of the cavity wall. The melt does not liquefy at
the heating temperature in the experiments because the Tm of the semi-aromatic polyam-
ide used in this study is 243 °C. However, the skin layer softened by the heat of the mold
is pressed onto the cavity wall by the internal melt pressure generated by melt flow con-
trol. At this moment, the melt surrounds the exposed fibers before it cools and solidifies.
As aresult, a flat and smooth molded product surface with no exposed fibers and no weld
line is generated.

The formation of an undulating shape with the melt front meeting area as its apex is
prevented by melt flow control regardless of whether or not the mold is heated. Possible
reasons for this result are as follows. In and around the melt flow meeting area shown in
Figure 12 (1), fibers oriented along the thickness direction of the molded product have
reinforcing effects, which prevent the shrinkage of the molded product in the thickness
direction. On the other hand, fibers are oriented parallel to the molded product surface in
areas other than the melt flow meeting area, resulting in large shrinkage in the thickness
direction. An undulating shape with the melt front meeting area as its apex is formed
because the molded product has both the meeting area with small shrinkage and the sur-
rounding area with large shrinkage. An internal melt flow is generated by melt flow con-
trol and changes the fiber orientation in the meeting area from the thickness direction of
the molded product to the direction parallel to the molded product surface, as shown in
Figs. 12 (2)—(6), regardless of whether or not the mold is heated. As a result, a flat surface
is formed because the entire molded product shrinks uniformly in the thickness direction.

5.2. Cooling speed of mold and bending strength

The bending strength in melt front meeting area (3) increases as the cooling speed of
the mold decreases or the heating temperature of the mold increases. The semi-crystalli-
zation time of semi-aromatic polyamide used as the base material is shortest in the tem-
perature range from 150 to 180 °C and, therefore, the crystallization is enhanced. The tem-
perature of the melt decreases slowly in this temperature range when the cooling speed
of the mold is low or the heating temperature of the mold is high. As a result, the crystal-
lization of semi-aromatic polyamide is enhanced. It is considered that such enhancement
of the crystallization increases the bending strength.

5.3. Bending strength and fiber orientation

Figure 15 shows a diagram of the fiber orientation in and around the melt front meet-
ing area formed by melt flow control, which is created by the observation of the cross
sections of the molded products shown in Figure 12. Layer I is formed when fibers and
the surrounding melt move toward the cavity wall and solidify during the fountain flow
process. Layer I contains many fibers that are oriented parallel to the meeting area. When
the bending load is applied from the vertical direction to the molded product surface, as
in this study, the bending strength is considered to be low in Layer I, in which fibers are
oriented parallel to the direction in which the load acts or the longitudinal direction of the
indenter. Layers II and III are formed by the internal melt flow generated by melt flow
control. Layer II is mainly formed by the shear flow and contains many fibers that are
subjected to shear and oriented parallel to the melt flow direction, namely, the direction
perpendicular to the longitudinal direction of the indenter. Therefore, the bending
strength is considered to be highest in Layer II. Layer III is subjected to less shear than
Layer II and contains fibers oriented both parallel and perpendicular to the melt flow di-
rection. The bending strength in Layer III is considered to be lower than that in Layer II
and higher than that in Layer L

When melt flow control is performed, the bending strength in melt front meeting area
(3) increases as the heating temperature of the mold increases. On the basis of the above
discussion, the reasons for this result are considered to be as follows. As the heating tem-
perature of the mold increases, the area of the internal melt flow associated with the shear
flow near the cavity wall increases because the solidification of the melt near the cavity
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wall is slowed. As a result, the thickness of Layer I having low bending strength decreases,
whereas those of Layers II and III having the highest and second highest bending
strengths, respectively, increase. The increased thicknesses of Layers II and III as well as
the causes of the enhanced crystallization described in Section 5.2 seem to be the reasons
for the increase in bending strength with increasing heating temperature of the mold.
When melt flow control is performed, the bending strength in melt front meeting area (3)
increases as the melt flow control volume increases. Possible reasons for this result are as
follows. The internal melt flow occurs for a long duration and the region of shear flow
extends to the center of the cavity as the melt flow control volume increases. The extension
of the region of shear flow results in the decreased thickness of Layer III and the increased
thickness of Layer II, where the latter contains many fibers oriented parallel to the melt
flow direction and has the highest bending strength. This seems to be the reason for the
increase in bending strength with increasing melt flow control volume.

The bending strength in each area of the molded products is examined. The bending
strength on line (2) does not change and remains high as the melt flow control volume
increases. This seems to be because the fiber orientation on line (2) changes negligibly
even if melt flow control volume changes. The bending strength in melt front meeting area
(3) increases sharply as the melt flow control volume increases, approaching the bending
strength on lines (2) and () when the melt flow control volume is more than 15 vol%. A
possible reason is that the fiber orientation in melt front meeting area (3) is significantly
shifted to the direction parallel to the melt flow direction as the melt flow control volume
increases. The bending strength is high on line (4). The same bending strength is observed
on line (4) in the molded product obtained by two-point gate molding and in the molded
products obtained with melt flow control volumes of 5 and 15 vol%. The bending strength
on line (4) is slightly higher in the molded product obtained with the melt flow control
volume of 25 vol%. The fiber orientation on line (4) rotates anticlockwise from the upper
right direction to the upper left direction as the melt flow control volume increases. Fi-
nally, fibers are oriented along the melt flow direction when melt flow control volume is
25 vol%. There is negligible difference between the bending strength when the fibers are
oriented in the upper right direction and that when the fibers are oriented in the upper
left direction because the absolute values of the orientation angle are the same. The bend-
ing strength increases when the melt flow control volume is 25 vol% because fibers are
oriented parallel to the melt flow direction. As discussed above, the bending strength on
line (4) seems to vary according to the changes in fiber orientation.
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Figure 15. Diagram of fiber orientation layer structure along thickness direction of
molded product.
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6. Conclusion

An injection mold capable of melt flow control and induction heating and cooling
was used in the injection molding of short carbon fiber reinforced semi-aromatic polyam-
ide. The effects of heating and cooling the mold as well as melt flow control on the ap-
pearance, fiber orientation, and bending strength of molded products of the above poly-
amide were examined. We obtained the following results.

1. A flat and smooth molded product surface with no exposed fibers and no weld line is
generated by heating the mold. This seems to be because the solidification of the melt
in the surface area of the molded product is slowed down by heating the mold and the
softened skin layer is pressed onto the cavity wall by the internal melt pressure gener-
ated by melt flow control. Also, a flat surface without an undulating shape is formed
by melt flow control regardless of whether or not the mold is heated. This seems to be
because the fibers in and around the melt front meeting area are oriented parallel to the
molded product surface by melt flow control.

2. The bending strength in the melt front meeting area increases as the cooling speed of
the mold decreases or as the heating temperature of the mold increases. A possible rea-
son is that the crystallization of semi-aromatic polyamide used as the base material is
enhanced when the melt cools slowly.

3. The bending strength in the melt front meeting area increases as the heating tempera-
ture of the mold increases when melt flow control is performed. Possible reasons for
this are as follows. The crystallization is enhanced as described in (2) by increasing the
heating temperature of the mold. In addition, the increase in the heating temperature
of the mold leads to the decreased thickness of Layer I, which has low bending strength
because of fibers oriented parallel to the melt front meeting area, as well as the in-
creased thicknesses of Layers II and III, which have the highest and second highest
bending strengths, respectively, because of fibers oriented parallel to the melt flow di-
rection.

4. The bending strength in the melt front meeting area increases as the melt flow control
volume increases for all heating temperatures of the mold. This seems to be because of
the increased thickness of Layer II, which contains many fibers oriented parallel to the
melt flow direction and has the highest bending strength.

5. The bending strength is high in areas other than the melt flow meeting area regardless
of whether or not melt flow control is performed. The bending strength varies in the
entire area of molded products in accordance with the changes in fiber orientation.

As discussed above, the effects of both heating the mold and melt flow control on the
appearance and bending strength of the molded products were systematically evaluated
using the injection mold capable of melt flow control and induction heating and cooling.
This injection mold can be applied not only to glass and carbon fibers but also to filler-
filled materials such as cellulose nanofibers. Further studies will be carried out using this
injection mold.

Author Contributions: Conceptualization: Y.M.; data curation: R.K.; investigation: Y.M., and R.K.;
methodology: Y.M.; writing of original draft and editing: Y.M., and R.K. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by Japan Society for the Promotion of Science Grant-in-Aid for
Scientific Research (C) Grant Number 26420056.

Acknowledgments: We would like to express our gratitude to Ikegami Mold Engineering Co., Ltd.,
for their support in designing and fabricating the injection mold, to JU-OH Inc. for their support in
fabricating electromagnetic coils, and to Bethel Co., Ltd., and Ryokosha Corporation for their sup-
port in measuring the fiber orientation by the periodic heating and infrared radiation thermometer
method. We would also like to express our gratitude to Kistler Japan Co., Ltd., for lending us the
pressure sensor for polymers and to Mitsubishi Engineering-Plastics Corporation for providing us
with the polymer.


https://doi.org/10.20944/preprints202101.0417.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 January 2021 d0i:10.20944/preprints202101.0417.v1

Institutional Review Board Statement: In this section, you should add the Institutional Review
Board Statement and approval number, if relevant to your study. You might choose to exclude this
statement if the study did not require ethical approval. Please note that the Editorial Office might
ask you for further information. Please add “The study was conducted according to the guidelines
of the Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Commit-
tee) of NAME OF INSTITUTE (protocol code XXX and date of approval).” OR “Ethical review and
approval were waived for this study, due to REASON (please provide a detailed justification).” OR
“Not applicable” for studies not involving humans or animals.

Informed Consent Statement: Please add “Informed consent was obtained from all subjects in-
volved in the study.” OR “Patient consent was waived due to REASON (please provide a detailed
justification).” OR “Not applicable” for studies not involving humans.

Data Availability Statement: please refer to suggested Data Availability Statements in section
“MDPI Research Data Policies” at https://www.mdpi.com/ethics.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hagerman,E.M. Weld-Line fracture in molded parts. Plast. Eng. 1973, 29, 10, 67-69.

2. Fisa,B.; Dufour,]; Khanh,T.V. Weld line integrity of reinforced plastics: Effect of filler shape. Polym. Compos. 1987,
8, 6, 408-418.

3. TomariK.; Hamada,H; Maekawa,Z. Study on the weld strength of fiber reinforced polyamide injection moldings.
J. of the Japan Society of Polymer Processing. 1989, 1, 1,71-78.

4.  Ebisawa,A. Heat and cool system to get the excellent surface finishing. J. of the Japan Society of Polymer Processing. 1999, 11, 5,
397-400.

5. NADA Innovation. E-Mold. http://www.e-mold.co.kr/jp/index.html [accessed on January 15,2021]

6.  Yoshino,R. Cavity surface quick high temperaturize technology with slender tube heater. J. of the Japan Society of Polymer Pro-
cessing. 2008, 20, 3, 192.

7.  Wada,A.et al. UK. Patent GB2081 171A, 1982.

8. Nicolas,R.; Jose.F. How inductive heating can improve plastic injection. J. of the Japan Society of Polymer Processing. 2011, 23, 12,
705-710.

9. Murata,Y.; Koike,M.; Pan,S. Improvement on the properties of injection molded products with induction heating and cooling
molds. Int. |. of Automation Technology. 2015, 9, 1, 3-9.

10. Ludwig H-C.; Fischer,G. A quantitative comparison of morphology and fiber orientation in push-pull processed and conven-
tional injection moulded parts. Compos. Sci. Technology. 1995, 53, 2, 235-239.

11.  Allan,P.; Bevis, M.]. Development and application of multiple live-feed molding for the management of fibers in molded
parts. Compos. Manufact. 1990, 1, 2, 79-84.

12. Utaka,Y.; Ogura,N.; Yoshida,H. Cavity local-pressurizing/ vibrating system Press a. J. of the Japan Society of Polymer Processing.
1993, 5, 11, 712-718.

13.  Mori,N.; Gondou,K,; Shimada K.; Kitamura, T; Tsubouchi,M.; Koresawa,H.; Narahara,H.; Suzuki,S. The influence capitalizes of
properties improvement for reinforced plastics by resin flow control molding method. Int. |. of Automation Technology. 2012, 6,
4, 522-528.

14. Motegi, A.; Fukushima,Y.; Hishida,T.; Suda,T.; Takahashi,Y.; Kano,M.; Murata,Y. A study on the strengthening of weld part by
core pin drive method. J. of the Japan Society of Polymer Processing. 2015, 27, 12, 540-545.

15. Kanetoh,Y.; Yokoi H. Visualization analysis of side-edge flow phenomena in different thickness/width rectangular cavities us-
ing a rotary runner exchanger system. Polym. Eng. Sci. 2011, 51, 4, 721-729.

16.  Fuji Seiko Co.Ltd. http://www fuji-gr.co.jp/products1025.html [accessed on January 15,2021]

17.  Murata,Y.; Suzuki,H.; Kashiwagi,S. Development of injection mold capable of melt flow control and induction heating and
cooling. Int. |. of Automation Technology. 2017, 11, 6, 985-992.

18. Hatori,].; Sekine,M.; Kurino,T.; Miyake,S. Defects inspection and thermal-diffusivity measurement of thermal wave by periodic
heating and infrared radiation thermometer method. Proceedings of JSEM, annual Conference on Experimental Mechanics. 2015, 15,
155-157.


http://www.e-mold.co.kr/jp/index.html
http://www.fuji-gr.co.jp/products1025.html
https://doi.org/10.20944/preprints202101.0417.v1

