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The fiber orientation is playing an important performance indexed for glass fiber reinforced polypropylene for water-assisted
injection molding. Based on the viscoelastic constitutive equation (White-Metzner) and the fiber orientation model (iARD-
RPR), the effects of fiber mass content, water injection delay time, water injection pressure, and melt temperature, which are
on the fiber orientation along the flow direction and shear rate distribution of the melt, were investigated. Studies found that
the orientation degree of the fiber along the flow direction was reduced with the increase of the fiber mass content, the
extension of the water injection delay time, and the improvement of the melt temperature and that the orientation degree of
the fiber along the flow direction was raised with the increase of the water injection pressure flow in the laminar flow state, but
it was reduced with the increase in the turbulent state. It can be further learned from the shear rate distribution that
decreasing fiber mass content, reducing the water injection delay time, lower melt temperature, and increasing water injection
pressure in laminar flow conditions will increase the shear rate in the channel layer and the shear rate gradient along the

thickness direction of the melt, while the water injection pressure in the turbulent state is on the contrary.

1. Introduction

As a medium-assisted molding technology in injection
molding, water-assisted injection molding (WAIM) is
favored by insiders in the industry because of its advantages
of saving raw materials, reducing the weight of parts,
enhancing physical and mechanical properties, shortening
the molding cycle, and so on [1, 2]. Gas-assisted injection
molding (GAIM) has the same strength as WAIM. These
two molding methods are collectively referred to as fluid-
assisted injection molding, and the molding principles of
them are the same. However, as to fluid media, water has
higher thermal conductivity, specific heat capacity, and
incompressibility than gas, which makes WAIM have
shorter molding cycles, higher internal surface smoothness
of molded parts, and more abundant size of molded part

than GAIM [3, 4]. The WAIM can be classified into short-
shot water-assisted injection molding (SWAIM) and over-
flow water-assisted injection molding (OWAIM) in the light
of whether the polymer melt is filled in the main cavity
before water injection.

Based on the two molding methods above, the
researchers conducted macroscopic and microscopic prop-
erties research such as water penetration length, residual
wall thickness, and crystal morphology according to process
parameters, physical parameters, and mold structure param-
eters. In terms of macroscopic performance, Liu [5, 6] and
Zhang [7] have studied the effects of relevant process param-
eters on the water penetration of water-assisted injection
products. Huang et al. [8] studied the influence of process
parameters on water penetration length and residual wall
thickness of polypropylene (PP) elbow pipe products by
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the single factor method. Polynkin et al. [9] simulated the
effect of water injection pressure on the residual wall thick-
ness of water-assisted injection circular pipe products. Pud-
pong et al. [10] used Moldflow to simulate and analyze the
influence of process parameters on the residual wall thick-
ness of overflow water-assisted injection PP products. Liu
[11] studied the effect of crystal morphology on water-
assisted injection HDPE products based on different melt
temperatures and different molecular weights.

Nowadays, on the basis of the broad prospects of PP
and the excellent properties of glass fiber, such as good
hygroscopicity, heat insulation, and shock resistance [12],
the research on the injection molding of glass fiber rein-
forced polypropylene (GFPP) has attracted much atten-
tion. In terms of performance research, Tang Xiao et al.
[13] pointed out that GFPP has excellent comprehensive
properties such as stable size, good fatigue resistance,
and small shrinkage; Scheme revealed that GFPP has good
molding flowability and convenient processing [14]; Zhou
et al. find that the length of the glass fiber has an obvious
effect on the mechanical properties of the composite [15]
and fiber orientation is essential for enhancing the mechan-
ical properties of glass-fiber-reinforced polymer [16]. In
terms of the molding mechanism, Liu [5] revealed that the
fibers in the WAIM of short fiber reinforced PP are along
the flow direction at the interface between the polymer
and the mold wall as well as between the polymer and water;
Huang et al. [17] studied the fiber orientation pattern of
water-assisted injection fiber-reinforced polypropylene parts
and explained its formation mechanism by using the unique
shear rate and cooling rate fields of melt filling and high-
pressure water penetration into the cavity; Wang [18] stud-
ied the effect of the formation mechanism of PP or
acrylonitrile-styrene copolymer on the transverse crystal
formation based on relevant process parameters and physi-
cal parameters. In terms of fiber orientation, Loekett [19]
qualitatively predicts the law of fiber orientation due to the
flow that in the case of convergent flow and shear flow,
the fiber orientation tends to the flow direction, while in
the case of divergent flow, it is perpendicular to the flow
direction; Zhou [20] has made some progress in theoretical
calculation and computer simulation of fiber orientation in
short fiber filled plastics and obtained some schematic dia-
grams of fiber orientation distribution; Fisa et al. [21] used
scanning electron microscopy to study the fusion line of
glass fiber reinforced polypropylene injection mold and
observed that in the plate model, the orientation of the fiber
in the fusion line area was almost parallel to the flow direc-
tion. By improving the short-shot water-assisted injection
molding process, Yu et al. [22] found that the water injec-
tion parameters affected the fiber orientation in the front
half of the injection molding process of short-shot glass
fiber-reinforced polypropylene.

The above research shows that the influence of flow behav-
ior on fiber orientation is very complex, but at present, the pre-
diction of fiber orientation is mostly from the qualitative point
of view, and the research on fiber orientation control has not
yet been proposed. On the premise of determining the mate-
rial, the relationship between the injection molding process
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parameters and fiber orientation is comprehensively grasped,
which is beneficial to optimize the injection molding process
parameters and improve the fiber orientation in the fiber rein-
forced injection molded parts.

In this paper, the fiber orientation along the flow direction
has been studied by changing the physical properties and pro-
cess parameters, such as fiber content, melt temperature, water
injection pressure, and water injection delay time.

2. Numerical Research Method

OWAIM method of short fiber reinforced polypropylene
comprises the following steps: Firstly, fill the composite
materials into the entire main cavity. Secondly, inject high-
pressure water into the main cavity through the water injec-
tion nozzle to push the molten composite material to the
overflow cavity. Finally, maintain pressure and cool down.
Throughout the process, there are many factors affecting
the orientation of the fibers along the flow direction, such
as fiber content, melt temperature, mold temperature, water
injection delay time, water injection pressure, water injection
temperature, water pressure duration time and so on.

During the WAIM of short fiber-reinforced polymer
composites, Liu [5, 6] experimentally studied the influence
of process parameters on water penetration, but only
revealed the characteristics of WAIM in fiber orientation
(three-layer structure, including the mold wall layer, core
layer, and water channel layer). According to the previous
research results, this paper focuses on fiber mass content,
melt temperature, water injection delay time, and water
injection pressure to study the fiber orientation along the
flow direction and determine its influence law.

3. Mathematical Models and Assumptions

OWAIM involves not only short fiber reinforced polypro-
pylene composites with viscoelastic melts, but also high
pressure water with Newtonian fluids. To converge the cal-
culation and conform the actual molding conditions, the
mathematical model has been simplified as follows:

(1) The density, heat capacity, and thermal conductivity
of the fluid are kept unchanged

(2) There is no slip phenomenon between the melt and
the mold wall

(3) The surface tension, gravity, inertial force, and body
force were ignored

(4) The enthalpy of phase transition in the process of
melt crystallization is not considered

Therefore, the governing equations for obtaining three-
dimensional non-isothermal flow behavior are as follows:
Continuity equation:

%+V-pu:0, (1)
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TaBLE 1: Characteristics of polypropylene-based short fiber composites.

Characteristic parameter

Fiber mass content

10% 20% 30%
Melt flow rate, (230 °C/2.16 kg) 7.0 g/10 min 6.0 g/10 min 5.0g/10 min
Density, (23 °C) 0.96 g/cm’ 1.03 g/em’ 112 g/cm’
Flexural modulus 2000 MPa 3300 MPa 4700 MPa
Tensile stress at yield 38.0 MPa 50.0 MPa 61.0 MPa
et Gy 1k’ 14k’ 18K)/m?
Thermal conductivity k=0.1776W/(m.K) k=0.2W/(m.K) k=0.2W/(m.K)

Cp = 2700J/(kg.K)

n=10.20426, 7* = 33086.7Pa,
D, =4.58E +20Pa-s,
D, =263.15K, D; = 0K/Pa,

Specific heat capacity

White-Metzner
constitutive equation

Cp = 3100)/(kg.K)

n=0.212208, T* =55735.9Pa,
D, =1.35E +17Pa-s,
D, =273.15K, D; = 0K/Pa,

Cp = 3100/(kg.K)

n=0.254166, T* = 40081.3Pa,
D, =6.46E + 27Pa-s,
D, =273.15K, D; = 0K/Pa,

parameters A, =40.388, A, =51.6K, A, =33.2285, A, = 51.6K, A, =55.7621, A, = 51.6K,
G=2.1E+05Pa G =1.0E + 05Pa G=1.2E+05Pa
Fiber orientation model _ A
iARD-PRP parameters €1=0005Cy =0.a=07
Momentum equation: cosity curve; n = the power law index; and D,, D,, D;, A},
and A, are the material constants.
9 (pu)+V - (puut +T) = -Vp + pg, (2) To reflect the ﬁber. oriclent.at.ion.of short .ﬁber—reinf.orced
ot polypropylene composites in injection molding, the orienta-
) tion model iARD-RPR was selected [23], and the equations
Energy equation: are as follows:
C a—T+u-VT =V (kVT) +ny* (3) A = AP | AIARD ARPR
Pr( 3¢ ny A=A " +A" (C,Cy)+A (a), )
A" = (W-A-A-W)+E{D-A+A-D-24,:D),

Where u = velocity vector, T = temperature, t = time, p =
pressure, T = stress tensor, g = acceleration vector of gravity,
p = density, n = viscosity, k = thermal conductivity, C, =
specific heat and y = shear rate.

To describe the rheological properties of the polymer
melt in the mold flow channel, one of the classical constitu-
tive equations reflecting the short fiber-reinforced polymer
composites, the White-Metzner constitutive equation, is
selected:

1+/\(% +u-V1-—VuT~r—r~Vu> =11(Vu+VuT),

A= 1)

>

G
_ Mo
n= 71 o in’ (4)
+ (Mo¥/T*)
D. e _AI(T_ Tc)
= X _—,
WP Ay (7T
T.=D, +Dsp,
A, =A, +D;p,

where T =melt temperature, G=shear modulus; #, = zero
shear viscosity; 7* = the parameter of the transition region
between zero shear rate and the power law region of the vis-

{ IARD .
where A’ has two available parameters: the fiber-fiber
interaction parameter C; and the fiber-matrix interaction

parameter C,;; and A™ has one parameter «, which is
meant to slow down the response rate of the fiber orientation.

In this paper, the material selected three kinds of poly-
propylene composites with a mass content of 10%, 20%,
and 30% short fibers, which were produced by LyondellBa-
sell Industries. According to the equations mentioned above,
the physical parameters involved are shown in Table 1.

3.1. Melt Front Tracking. A volume percent function is intro-
duced to describe the melt front position and the evolution
of fluid penetration with respect to time. f =0 is defined as
the fluid phase, f =1 is defined as the plastic melt phase,
whereas the melt front is located in the 0 < f <1 cell. The
increase in volume percent fraction of the kinematics pro-
cess is governed by the following advection equation:

of

§+V “(uf)=0, (6)

where f is the volume percent fraction and u is the velocity
vector.

In this paper, based on the White-Metzner constitutive
equation describing the short fiber reinforced polymer
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Water injection nozzle

Main cavity

Melt injection nozzle
Overflow cavity

FIGURE 1: overflow water-assisted injection model.

TaBLE 2: The process parameters.

Water injection
delay time (s)

Water injection

pressure (MPa) Melt temperature ("C)

0 4 210
1 6 230
3 8 250
5 10 270

Note: The bold fonts in the table are the basic parameters to investigate melt
temperature, water injection delay time, and water injection pressure.

composite and the short fiber orientation model iARD-PRP,
a mathematical model was constructed based on the three
major equations of fluid dynamics.

3.2. Model Structure and Process Parameters. The overflow
water-assisted injection model structure mainly consists of
a main cavity, an overflow cavity, a melt injection nozzle,
and a water injection nozzle. Its main structural parameters
are as follows: the main cavity size is ©16%245, and the over-
flow cavity diameter is @10, as is shown in Figure 1.

In this paper, we have investigated the effects of fiber
mass content, melt temperature, water injection delay time,
and water injection pressure on the fiber orientation of over-
flow water-assisted injection molding of short fiber rein-
forced polypropylene composite. Here are the results of the
process parameters in Table 2.

4. Results and Analysis

To understand the fiber orientation of short fiber reinforced
PP in the process of OWAIM, the system has chosen the
polypropylene matrix composite with 10% fiber mass con-
tent at 230°C, water injection pressure 8 MPa, and water
injection delay time 1s. The fiber orientation along the flow
direction as a function of injection time is shown in Figure 2.

It can also be seen from the figure that the melt is
injected into the cavity from the injection nozzle to the
entire main cavity (Figures 2(a)-2(c)) and the fiber orienta-
tion near the mold wall is higher than the middle of the flow
channel, which is mainly due to the rapid cooling and solid-
ification of the high-temperature melt when it meets the
low-temperature mold wall, and the other end is subjected
to shear action of the melt flow. The high-pressure water is
injected from the water injection nozzle of main cavity,
pushing the melt to the overflow cavity (Figures 2(d)-2(f)).
The fiber of high orientation degree at the water channel
along the flow direction further promotes the fiber orienta-
tion at the mold wall; the main reason is that the injection
of high-pressure water promotes the solidification of the
melt at the water channel and drives one end of the fiber
to be oriented along the flow direction, simultaneously driv-
ing the shearing action along the thickness direction, thereby
promoting the overall orientation of the fiber along the
thickness direction. In order to gain a deeper understanding
of the effect of the physical properties and process parame-
ters on the orientation of the fibers along the flow direction,
the shear rate distribution caused by high pressure water
injection into the melt was introduced, and the fiber mass
content, water injection delay time, water injection pressure,
and melt temperature were discussed.

5. Effect of Fiber Mass Content

Figures 3 and 4 show how the polypropylene -based com-
posites with different fiber mass contents behave in terms
of the distribution of fiber orientation along the flow direc-
tion, and the shear rate distribution (melt temperature
230°C, the water injection pressure is 8 MPa, and the water
injection delay time is 1s).

It can be seen from Figure 3 that the fiber orientation is
the highest when the fiber mass content is 10%, followed by
the fiber mass content of 20%, and finally the fiber mass con-
tent is 30%. The main reason is that when the fiber content is
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(f) Injection time 7.5 s

F1GUre 2: Distribution of fiber orientation along the flow direction in water-assisted injection molding of PP-based composites with 10%

fiber mass content.

low, the interference between fibers is less under the action
of strong shear, and it is easier to shear orientation; with
the increase of fiber content, the fiber density is also increas-
ing, the degree of mutual interference between fibers is
increasing, and the resistance of shear orientation is greater,
so the fibers are more likely to break under the action of
strong shear, and the degree of fiber orientation is lower.
The shear rate gradient distribution is shown in Figure 4:
The highest shear rate gradient as the fiber mass content is
10%, followed by the fiber mass content of 20%, and finally
the fiber mass content of 30%. Driven by the injection of

high-pressure water, the shear rate gradient of the melt is
distributed along the thickness direction (from the water
channel layer to the mold wall layer). The shear rate gra-
dient is affected by shear stress and viscosity. Because of
the same water injection pressure and the fact that water
is a Newtonian fluid, the melts of different fiber mass con-
tents are subjected to the same shear stress in the water
channel. The viscosity is affected by the thermal conduc-
tivity and the rheological property constant. With the
decrease of fiber content, the viscosity of the melt began
to decrease, and the viscosity of the polypropylene
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F1GURE 3: Fiber orientation distribution of different fiber mass content along the flow direction.
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x10" [1/sec] x10" [1/sec] x10" [1/sec]
450.000 356.000 330.000
420.000 332.267 308.000
390.000 308.533 286.000
360.000 284.800 264.000
330.000 261.067 242.000
300.000 237.333 220.000
270.000 213.600 198.000
240.000 'i 189.867 y 176.000
210.000 166.133 154.000
180.000 142.400 132.000
150.000 1 118.667 110.000
120.000 94.933 88.000
90.000 71.200 66.000
60.000 47.467 44.000
30.000 23.733 22.000
0.000 0.000 0.000
Z Z Z
L X L X L X
(a) GF10% (b) GF20% (c) GF30%

FIGURE 4: Shear rate distribution of different fiber mass content.
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(d) Water injection delay time is 5

FIGURE 5: Fiber orientation distribution along the flow direction at different water injection delay time.

composite with 10% fiber content was the lowest, and its
shear rate and gradient were the highest under the same
high pressure water. When the fiber content is less, the
internal friction between fibers in the melt is relatively
small, the interference between fibers is not strong, and
the higher the shear rate is, the higher the degree of fiber
orientation is. Therefore, the fiber orientation is the high-
est when the fiber content is 10%.

6. Effect of Water Injection Delay Time

Figures 5 and 6, respectively, show the fiber orientation
distribution along the flow direction and the shear rate
distribution of polypropylene-based composites with 10%
fiber mass content when the water injection delay time is
0s, 1s, 3s, and 5s; the melt temperature is 230°C; and
the water injection pressure is 8 MPa.

It can be seen from Figure 5 that when the water injec-
tion delay time is Os, the fiber orientation is the highest,
followed by 1 s water injection delay time and 3 s water injec-
tion delay time, and finally 5s water injection delay time.
The reason is mainly due to the extension of water injection
delay time, which leads to better effect on the low tempera-

ture mold wall on the solidification of the melt, and the
thickness of the solidification becomes thicker so that the
viscosity increases in the whole thickness direction and the
shear rate size distribution and the shear rate gradient field
are smaller under the same shear stress.

As shown in Figure 6, the highest shear rate gradient at
the water injection delay time is Os, followed by 1s water
injection delay time and 3 s water injection delay time, and
finally 5s water injection delay time.

7. Effect of Water Injection Pressure

Figures 7 and 8, respectively, show the fiber orientation dis-
tribution along the flow direction and the shear rate distri-
bution of polypropylene-based composites with the 10%
fiber mass content when the water injection pressure is
4MPa, 6 MPa, 8 MPa, and 10 MPa, the delay time is 1s,
and the melt temperature is 230°C. It can be seen from
Figure 7 that the highest fiber orientation is at 8 MPa water
injection pressure, followed by 10 MPa water injection pres-
sure and 6 MPa water injection pressure, and finally 4 MPa
water injection pressure, which only causes the melt near
the water end that is extruded to form a certain fiber
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FIGURE 6: Shear rate distribution at different water injection delay time.
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FIGURE 7: Fiber orientation distribution along the flow direction at different water injection pressure.

inal laminar flow to the turbulent flow, causing the fiber to
change from ordered shear to disordered shear in the thick-
ness direction, for example, when the water injection pressure
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FIGURE 8: Shear rate distribution at different water injection pressure.
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FIGURE 9: Distribution of fiber orientation and melt shear rate at a water injection pressure of 9 MPa.

increases from 6 MPa to 8 MPa, the water flow state is lami-
nar; but when the water injection pressure increases from
8 MPa to 10 MPa, the water flow state becomes turbulent.
Therefore, the increase of water injection pressure causes
the shearing action on the melt from increasing to decrease.

The shear rate distribution is shown in Figure 8: The
highest shear rate gradient at water injection pressure is
8 MPa, followed by the water injection pressure of 10 MPa
and the water injection pressure of 6 MPa, and finally the
water injection pressure is 4 MPa.

To further verify that the fiber orientation distribution
along the flow direction and the shear rate size distribution
will decrease when the water injection pressure increases
from 8 MPa to 10 MPa, the calculation result at 9 MPa is

shown in Figure 9. As can be seen from Figures 8(b), 8(c),
and 9, the previous analysis is reasonable.

8. Effect of Melt Temperature

Figures 10 and 11, respectively, show the fiber orientation
distribution along the flow direction and the shear rate dis-
tribution of polypropylene-based composites with the 10%
fiber mass content when the melt temperature is 210°C,
230°C, 250°C, and 270°C; the water injection pressure is
8MPa; and the delay time is 1s. It can be seen from
Figure 10 that the highest fiber orientation is at the melt
temperature of 210 °C, followed by the melt temperature of
230°C and the melt temperature of 250 °C, and finally the
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FIGURE 10: Fiber orientation distribution along the flow direction at different melt temperature.

melt temperature of 270 °C. The main reason is that as the
melt temperature climbs higher, the melt viscosity decreases
faster under the cooling effect of the low temperature mold
wall and high pressure water, resulting in lower final viscos-
ity of the high temperature melt.

Under the same shear stress, the melt of lower tempera-
ture has a larger shear rate size distribution and wider shear
rate gradientl the shear rate distribution is shown in
Figure 11: The highest shear rate gradient is at the melt tem-
perature of 230°C, followed by the melt temperature of
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FIGURE 11: Shear rate distribution at different melt temperature.

270°C and 250°C, and finally the melt temperature of
210°C.

9. Conclusion

This essay does the analysis based on the combination of the
viscoelastic ~ constitutive equation White-Metzner of
polypropylene-based short fiber composites and the fiber
orientation model iARD-RPR. The effects of fiber mass con-
tent, water injection delay time, water injection pressure, and
melt temperature on the orientation distribution of fibers
along the flow direction of the main cavity section were ana-
lyzed. The results show that during the water-assisted injec-
tion molding process, the orientation of the fibers in the
main cavity along the flow direction is higher at the mold
wall layer and simultaneously lower at the center of the flow
channel before the high-pressure water is injected; the orien-
tation of the fibers in the main cavity along the flow direc-
tion at the water channel layer and the mold wall layer are
higher after the high-pressure water injection, and the one
at the core layer (between the water channel layer and the
mold wall layer) is lower. In the main cavity, the orientation
of the fibers along the flow direction will decrease with the
increase of the fiber mass content, of water injection delay
time increase, and of the melt temperature; as the water
injection pressure increases to a certain extent (6 MPa to
8 MPa), the orientation of the fiber along the flow direction
increases; however, as the water injection pressure continues
to increase (8 MPa to 10 MPa), the orientation of the fibers
along the flow direction decreases, which is mainly related
to the flow state of the high-pressure water during the pen-
etration process. In order to further realize the influence of
these physical properties and process parameters on the ori-
entation of the fibers along the flow direction, this paper
analyzes the shear rate distribution of the melt after the
injection of high-pressure water, which further confirming
the influence of these parameters on the fiber orientation
along the flow direction.
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