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Abstract—It is shown that the injection molding of thin-walled products with a thickness of less than ~1 mm
can be difficult in the case of particulate-filled polymer composite materials (PFPCMs) with MFS-1, MFS-2, and
HEFS types of structure. Products with a wall thickness of more than ~3 mm and L/A < 100 can be obtained
by injection molding using almost all PFPCM structure types (DS, LFS, MFS-1, MFS-2, and HFS) at the
processing temperatures. However, when the L/A ratio increases, the products may be difficult to process
using injection molding. For the first time, dependences are established for pressure losses at injection mold-
ing on generalized parameters and PFPCM dispersion structure type and product size. Such an approach
makes it possible to predict and choose the required process parameters and injection molding machines for
processing the majority of PFPCMs with different types of dispersed structures based on polymer matrixes
and solid dispersion fillers.
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Molded particulate-filled polymer composite
materials (PFPCMs) lead the technology of process-
ing and obtaining products with a controlled complex
of technological and operational properties [1—7].

Injection molding is a common method of
PFPCM processing. During injection molding, sev-
eral processes occur simultaneously connected with
deformation in wide temperature and velocity ranges
at high pressures with the development of plastic and
highly elastic deformations, as well as destruction and
cooling with the formation of a dispersed structure of
PFPCM.

Control of injection molding technological param-
eters and use of fillers with various natures, shapes,
particle sizes, and concentrations results in changing
viscosity of melts and thermophysical properties,
which could complicate processing and its mathemat-
ical description.

When solid fillers are embedded in polymer
matrixes, the viscosity of PFPCM grows, and its
dependence can be described by the known Mooney
equation up to a certain filler content [7—9]. However,
the correlation between viscous properties and dis-
persed structure of PFPCM, as well as its description
in generalized and reduced parameters, cannot be
found using the Mooney equation.

For the first time, the correlation of rheological
properties of PFPCMs with generalized and reduced

parameters and different types of disperse structures
was established in [10]; the following types of disperse
structures were considered according to the classifica-
tions based on structural principles: diluted (DS),
low-filled (LFS), medium-filled (MFS), and highly
filled (HFS).

This study presents novel data on the filling of
injection molds for products with different thicknesses
and length-to-thickness ratios with PFPCMs of vari-
ous dispersed structures. In addition, the optimization
of the choice of brand of injection molding machine
for the technological process is considered.

PFPCM composites based on low-density poly-
ethylene (LDPE) of 10803-020 grade and glass micro-
spheres of ShSO-30 grade were studied. The prepared
composites had different structures and filler contents
(¢, vol pts) of 0.05 (LFS), 0.12 (MFS-1), 0.2 (MFS-1),
0.27 (MFS-2), 0.32 (MFS-2), 0.34 (MFS-2),
0.39 (HFS), and 0.44 (HES).

The content of glass microspheres for each struc-
ture type was calculated by the following formula:

¢ =(1-0)9,; (1)
where @,, is the maximum filler fraction in PFPCM,
vol pts.

The maximum content of the particulate filler (¢,,,

vol pts) was determined using standard techniques
[11]. It was considered as 0.50 vol pts for ShSO-30.
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Fig. 1. Dependences of effective viscosity 1, of PFPCM based on LDPE + ShSO-30 on the processing temperature at various
values of generalized parameters © (vol pts) and structure type: (DS, 7) 0.98, (LFS, 2) 0.9, (MFS-1, 3) 0.75, (MFS-2, 4) 0.45,

(HSF, 5) 0.2, and (HSF, 6) 0.1.

Generalized parameter ©, which indicates the
fraction of polymer matrix for the formation of layers
between particles in PFPCM, was calculated as fol-
lows:

O = (O — O1)/Pr- ()

The composites of different compositions and
structures were obtained using a Brabender plasto-
graph with a chamber volume of 100 cm? at a tempera-
ture of 220°C; the rotor speed was 60 rpm, and the
processing time was 10 min. The composition of the
prepared PFPCMs based on LDPE + ShSO-30 was
verified by burnout in a muffle furnace with subse-
quent determination of the filler fraction.

The rheological properties (viscosity) of LDPE +
ShSO-30 dispersed systems with different composi-
tions and structures were determined using an IIRT
installation and an LCR7000 capillary rheometer
(Dynisco, United States) at temperatures of 180, 200,
220, 240, and 280°C in wide ranges of velocities and
shear stresses.

Figure 1 presents the dependences of the effective
viscosity of PFPCMs with different structure types based
on LDPE + ShSO-30 on the processing temperature at
different values of generalized parameter ©.

POLYMER SCIENCE, SERIES D  Vol. 17

The viscosity of PFPCMs based on LDPE +
ShSO-30 increases ~25 times compared with the
LDPE viscosity at processing temperatures of 180 and
280°C when the filler is embedded and generalized
parameter @ is reduced from 1.0 to 0.10 vol pts. When
the processing temperature is increased by 100°C for
the same structure type (DS, LFS, MFS, or HFS), the
viscosity increment of about six times can be elimi-
nated, which is an effective parameter for regulating
technological modes for molding products with differ-
ent wall thicknesses. However, the time of thermal sta-
bility reduces as temperature increases and thermal
oxidative destruction of polymers is observed.

The pressure loss during injection molding is
observed with the growth of PFPCM viscosity, which
limits the processing of polymer materials into products.

Classification of molding PFPCMs with various
structure types (DS, LFS, MFS-1, MFS-2, and HFS)
by fluidity was suggested in [12]: high-fluid (low-vis-
cosity), fluid (viscous), and low-fluid (high-viscosity).

The classification of molding PFPCMs by process-
ing properties, taking into account the dispersion
structure, allows consideration of filling injection
molds with melts from a new point of view. Thus, pres-
sure loss AP, can be connected not only with the viscos-
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Table 1. Dimensions of plates for calculating pressure losses during injection molding

Plate parameters Units Value

Length (L) mm 100

Breadth (B) mm 50

Thickness (h) mm 0.5 1.0 3.0 5.0 8.0
L/h — 200 100 333 20 12.5
Volume (V;;154) cm3 2.5 5.0 15.0 25.0 40.0

Table 2. Specifications of injection molding machines produced by Bole Intelligent Machinery Co. (China)

Ultimate characteristic
Model
injection volume, cm? injection velocity, cm?/s molding pressure, MPa
BL70EKS (A) 55 60 320
BL230EKS (A) 315 140 280
BL470EKS (A) 1425 360 210
BL750EKS (A) 2510 545 230
BLI1200EKS (A) 4670 820 215
BLI1850EKS (A) 8195 1105 235
BL2800EKS (A) 23710 1700 210
BL4000EKS (A) 57750 2215 208

ity of dispersed systems, but also with types of structures
of molding composite polymer materials, the composi-
tions of which can be designed as shown in [13].

Pressure losses during filling injection molds at dif-
ferent temperatures with PFPCMs of various struc-
ture types (DS, LES, MFS-1, MFS-2, and HFS) were
calculated on the example of “plate”-type product
with a length of 100 mm, a breadth of 50 mm, and wall
thicknesses of 0.5 and 1.0 mm (thin-walled), 3.0 and
5.0 mm (average wall thickness), and 8.0 mm (thick-
walled). The parameters of the samples are given in
Table 1.

The viscosity of PFPCMs of various structure types
depends on the viscosity of the initial polymer. Limita-
tions connected with the processing of PFPCMs to
products are determined by viscous properties, power-
speed parameters of modern injection molding
machines, and the developed maximum injection
pressure (Py).

As an example, Table 2 lists the specifications of
modern molding machines manufactured by Bole
Intelligent Machinery Co. (China).

Molding machines with higher injection pressure
are used to mold small-sized thin-walled products,
while a high rate of melt injection is important for
large-sized products.
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Pressure losses in the injection molding machine
and gating system were not considered in the calcula-
tion of pressure loss in the injection mold; melt tem-
perature T, was counted as an average flowing tem-
perature of the melt 7}, = T,, = const. The filling rate
of the mold with PFPCM melt Q was 30 cm?/s, and
injection nominal volume V;,; was ~15% more than
product volume V4.

Modern injection molding machines of the afore-
mentioned series can provide the maximum injection
pressure to 320 MPa (Table 2). Therefore, the injec-
tion pressure limit was P,,; < 300 MPa.

For steady flow conditions of PFPCM melts, pres-
sure loss at injection mold filling AP,,, was calculated by
formula (3), taking into account the product thickness:

4L
APm =nQinjﬁ: (3)
where 1 is the efficient viscosity of PFPCM melt at
processing temperature, Pa s; Q,,; is the injection vol-
ume velocity, cm?3/s; L is the product length, cm; B is

the product breadth, cm; and # is the product thick-
ness, cm.

Figures 2—4 present the dependences of pressure
loss at filling of the injection mold (AP,) with
PFPCM melts having different structure types (DS,
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Fig. 2. Dependence of pressure loss during filling the injection mold with PFPCM on generalized structure parameter © for prod-
ucts with a thickness of (a) 0.5 and (b) 1.0 mm at different processing temperatures of () 180, (2) 220, and (3) 260°C.

LFS, MFS, and HFS) on generalized structure
parameter ®. The dependences were obtained for
products of different thicknesses at various tempera-
tures (processing temperature ranges).

The highest values of pressure losses (AP, to
~4000—1730 MPa) were observed during filling the
mold with PFPCM having highly-filled structure
(HFS) with 0.2 > ©® — 0.0 vol pts, product thickness of
0.5 mm, and injection molding temperature of 180—
260°C (Fig. 2a). Such thin-walled products cannot be
obtained by injection molding using MFS-2 and HFS
PFPCMs.

According to the obtained results, thin-walled
products (~0.5 mm) can be produced only using
PFPCMs with DS, LFS, and MFS-1 types at a maxi-
mum melt temperature of 260°C, and pressure loss
reaches ~300 MPa (ultimate parameters of injection
molding machines are given in Table 2).

When the product thickness is increased to 1.0 mm,
PFPCM of all structure types except HFS can be pro-
cessed at 260°C.

When producing items with a thickness above
3 mm, manufacturing engineers have almost no com-
plications using PFPCMs of all structure types (from
DS to HFS) in a temperature range from 180 to 260°C.
In this case, pressure loss does not exceed ~90 MPa,
which is three times lower than the maximum pres-
sure of injection molding machines (~320 MPa).

POLYMER SCIENCE, SERIES D  Vol. 17

However, pressure losses should be calculated, and
the injection pressure capabilities of the injection
molding machine should be taken into account when
casting long products.

In the area of diluted systems (DSs) with 1.0 >0 >
0.90 vol pts, pressure losses during injection mold fill-
ing with the PFPCM melt (® = 0.98 vol pts and ¢y =
0.01 vol pts) are similar (the difference does not exceed
10%) to the LDPE injection molding in the whole
temperature and thickness ranges.

Concerning low-filled systems (LFSs) with 0.9 >
® = 0.75 vol pts, pressure losses during injection mold
filling with the PFPCM melt are increased 1.1—
1.5 times at 180 and 260°C compared with those of
LDPE at similar conditions for the products of differ-
ent thicknesses.

As for medium-filled systems (MFS-1 and MFS-2)
with 0.75 = © > 0.20 vol pts, a pronounced growth of
pressure losses (1.5—15 times) is observed in the whole
temperature range of processing PFPCM products. In
the case of MFS-1 (below the yield point) with 0.75 >
® > 0.45 vol pts, pressure loss at filling the injection
mold with PFPCM melt is increased ~1.5—5 times.
When the yield point is reached and the PFPCM
structure is MFS-2 (0.45 > ® > 0.20 vol pts), pressure
losses increase ~5—15 times.
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Fig. 3. Dependence of pressure losses during injection mold filling with PFPCM on generalized parameter O for a product with
a thickness of (a) 3.0, (b) 5.0, and (c) 8.0 mm at different processing temperatures of (/) 180, (2) 220, and (3) 260°C.
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Fig. 4. Dependence of pressure losses in the injection mold on L /A parameter at processing temperatures of (a) 180 and (b) 260°C
at different values of generalized parameter ©: (DS, 7) 0.98, (LFS, 2) 0.90, (MFS-1, 3) 0.75, (MFS-2, 4) 0.50, and (HFS, 5) 0.20.

In the case of highly filled (HFS) PFPCM with It is necessary to calculate the pressure loss at the
0.20 = ® — 0.00 vol pts, pressure losses at mold filling use of PFPCM with various dispersion structures
reach the maximum: the increase is 15—25 times. (DS, LFS, MFS-1, MFS-2, and HFS) and deliber-
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ately choose the brand of injection molding machine
according to its passport data when adjusting the
injection molding process for a product with a given
thickness and length.

The reduced parameter—the ratio of length to
thickness (L/h)—is used to estimate the effect of the
product geometry on pressure losses at PFPCM injec-
tion molding. Figure 4 presents calculated depen-
dences of pressure loss for PFPCMs with different
structure types on the reduced parameter L/h at vari-
ous temperatures.

An increase in temperature to 260°C makes it pos-
sible to obtain products with L/A = 200 using PFP-
CMs with structure types from DS to MFS-1.

According to the analysis of the dependences,
obtaining products with L/A > 50 is complicated at low
injection molding temperatures (180°C) for almost all
types of PFPCM structures. When the injection
molding temperature is increased to 260°C, items with
L/h = 100 can be obtained using PFPCMs with DS,
LFS, and MFS-1 structure types. However, when
casting long products, pressure losses should be calcu-
lated and the injection pressure capabilities of the
injection molding machine should be taken into
account.

The dependences of pressure loss during filling the
injection molds obtained for the first time are given in
Figs. 2—4; these dependences are closely connected with
the PFPCM structure (DS, LFS, MFS, and HES).

Such an approach makes it possible to construct
PFPCM compositions with various processability at
the stage of the design of injection molding technology
and intentionally choose the construction of an injec-
tion molding machine taking the product form factor
into account.

For each product, similar calculations are carried
out, pressure losses are determined and an injection
molding machine is chosen for a PFPCM with a given
structure type: DS, LFS, MFS-1, MFS-2, or HFS.
According to the models of injection molding
machines (IMMs) given in Table 2 and taking into
account calculated values of pressure losses, sizes, and
volumes of products, a BL70EKS (A) injection mold-
ing machine can be recommended.

Using a BL70EKS (A) injection molding machine, a
molded item of the “plate” type with a thickness of 0.5
mm (L/h = 200) can be produced at a melt temperature
of 240°C using PFPCMs based on LDPE + ShSO-30
having generalized parameter © > 0.90 vol pts and DS
structure type. When the melt temperature is 280°C, a
product with ® > 0.60 vol pts can be obtained using
composites with DS, LFS, and MFS-1 structures.

When the melt temperature is below 200°C, it is
hardly possible to produce items with a thickness of
0.5 mm by injection molding because pressure losses
are significantly higher than the maximum molding
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pressure (P, max ~ 300 MPa) provided by a BL70EKS
(A) machine.

An item of the “plate” type with a thickness of
1.0 mm can be obtained at a melt temperature of
180°C using PFPCMs based on LDPE + ShSO-30
having the generalized parameter © > 0.6 vol pts (DS,
LFS, and MFS-1). When the melt temperature is
increased to 280°C, items with ® > 0.2 vol pts can be
prepared (DS, LFS, MFS-1, and MFS-2).

Products with a thickness of 3.0, 5.0, and 8.0 mm
can be molded using PFPCMs based on LDPE +
ShSO-30 having the generalized parameter 1.0 > © >
0.1 vol pts and almost all structure types from DS to
MFS-2 (0.99 > ®/B = 0.20) in the whole processing
temperature range (from 180 to 280°C).

CONCLUSIONS

The choice of technological parameters and injec-
tion molding machine model depends on the item size
(thickness, length, reduced parameter L/h), type of
PFPCM structure, viscosity, and pressure losses
during injection.

For the first time, the dependences of pressure
losses during injection molding were established on
generalized parameters, the type of dispersed PFPCM
structure, and the dimensions of the products.

For thin-walled products with a thickness of less than
~1 mm, injection molding is complicated if PFPCMs
with MFS-1, MFS-2, and HFS structure types are
used.

It was shown that products with a wall thickness of
more than ~3 mm and L/A < 100 can be obtained by
injection molding using almost all PFPCM structure
types (DS, LFS, MFS-1, MFS-2, and HFS) at pro-
cessing temperatures. However, as L/h increases, dif-
ficulties may arise in injection molding processing.
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