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ABSTRACT

Rheological and thermal properties of LD-PE and LD-PE + 65 vol% Ni composite were examined by viscosity, pvt and
thermal conductivity measurements at a wide range of shear rate, temperature and pressure. The typical shear-thinning
viscosity of LD-PE polymer melt was enhanced up to four times by adding 65 vol% Ni braze metal particles. LD-PE
show increasing specific volume versus temperature, decreasing with pressure and braze particle filler content. Varia-
tion of specific volume of LD-PE was reduced to 5% by admixing 65 vol% rigid Ni braze metal particles. Thermal con-
ductivity of LD-PE was increased up to 15 times in the composite, reduced by decreasing pressure at temperature ex-
ceeding 80°C. Furthermore, thermal analysis was performed in modulated DSC to determine the specific heat capacity
in wide temperature range. Viscosity and pvt-data were fitted using Cross-WLF equation and 2-domain Tait-pvt model,
respectively. Simulation of LD-PE and LD-PE + 65 vol% Ni composite was performed based on rheological and ther-
mal properties to define processing parameters. Simulation and injection molding of ring-shaped LD-PE + 65 vol% Ni
composite braze metal preforms were performed successfully.
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1. Introduction

Polymer-particle composites attract great attention in sci-
entific research and industrial applications, e.g. in electri-
cal, magnetic or thermal devices and processes [1-6]. The
functional properties of composites are custom-made adju-
stable by combining polymers and particles having opti-
mized property profile and volume fraction in the com-
posite [6]. The main advantage of polymer-particle com-
posites is their easy and cost efficient process ability in
injection molding even in case of complex structures.
Hence, conventional materials and processes are substitu-
table, e.g. by injection molding of polymer bonded nickel
based braze metal performs for high temperature brazing
processes [6].

The flow behavior of polymer-particle composite melts
is significantly affected by their particle content, which
affects the process ability in melt processing [7]. The si-
mulation of flow behavior of particle reinforced compos-
ites is a current research topic in polymer processing and
complex fluid dynamics. However, the particle-particle
and polymer-particle interactions in composites cannot be
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adequate reproduced in process simulation up to now.
For industrial applications in automotive and electronic
sector the macroscopic flow behavior of composites is
the main driving force to produce complex functional
high-end products by injection molding. Simulation soft-
ware Autodesk”™ Moldflow” is designed to determine the
processing behavior of polymers and polymer bonded
composites in flow processes. Therefore, multi-phase ma-
terials have to be reduced to a continuous single-phase ma-
terial. Nevertheless, homogeneous distribution of parti-
cles (or fibers) in injection molded composite parts is
mandatory for uniform material behavior.

Material properties (e.g. viscosity, pvt-behavior, ther-
mal conductivity, specific heat capacity) of standard ther-
moplastic polymers are usually available from material
database provided by the simulation software. In case of
custom-made polymer-particle composites these proper-
ties are not included in standard databases. Thus, rheo-
logical and thermal properties of polymer bonded braze
metal composites have to be analyzed and fitted to pro-
vide a material-specific database for simulation and in-
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jection molding of composite preforms, which has not
been published in literature up to now.

In the last decades a large number of phenomenologi-
cal and empirical models were established to describe the
flow behavior of polymer melts. Based on the well-known
Carreau model [8,9] the Cross-WLF equation was found
by Williams et al. [10] to describe the temperature and
shear rate dependent viscosity 7(7,7) of polymer melts

[11]:
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The zero shear viscosity 7, describes the Newtonian
plateau in which the viscosity approaches a constant at
very low shear rates. Furthermore, y is the shear rate,
7" is the critical stress level at the transition to shear thin-
ning, n is the power law index in the high shear rate re-
gime, Dy, A, and A, are data-fitted coefficients and D, is
the glass transition temperature.

The pressure-volume-temperature (pvt) behavior of
amorphous polymers was modeled and experimental in-
vestigated by Chang et al. [12]. The 2-domain Tait-pvt
model is used to account the material compressibility dur-
ing a flow simulation. The specific volume v(p,T) isa
function of temperature 7 and pressure p described for se-
mi-crystalline polymers as follows:

v(p,T)
=vy(p.T)-(1-0.0894-In[ 1+ p/B(T)])+v,(p.,T)

At temperatures above transition temperature
(T >T (p)) Equation (3) can be written as:
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At temperatures below transition temperature
(T <T (p)) Equation (3) is given as:
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v,(p.T)=b,-exp((by (T -bs))~ (b, ) (6)

The physical meaning of the parameters used in Equa-
tions (4)-(6) is described in Table 1.

2. Materials and Methods

Low density Polyethylene (LD-PE, Lupolen 1806 H, Ly-
ondellbasell, Ludwigshafen, Germany) with a specific den-
sity of 0.919 g/cm® was chosen as semi-crystalline ther-
moplastic polymer matrix.

Spherical nickel (Ni) braze metal powder (B-Ni82-
CrSiBFe970/1000, Womet GmbH, Willich, Germany)
with typical particle size distribution from 10 um to 106
um (see Figure 1) and specific density of 7.7 g/cm® was
selected as filler particles. Figure 1 shows sum allocation
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Figure 1. Particle size distribution of braze metal particles.

Table 1. Physical meaning of the parameters used in the 2-
domain Tait-pvt model [12].

Parameter Physical meaning
bim Intercept of melt-state v-T line at p =0
ba Slope of melt-state v-T line at p =0
bsn Pressure sensitivity above 7; (line drop)
bam Pressure sensitivity above 7; (slope change)
bis Intercept of solid-state vg,-T line at p = 0
by Slope of solid-state v-T line at p = 0
b, Pressure sensitivity below 7, (line drop)
bus Pressure sensitivity below 7; (slope change)
bs Glass transition temperature at p = 0
be Rate of change of T, with pressure
bs Radius of curvature below 7,
bg Radius of curvature below T,
by Change of curvature radius with pressure below T;
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and mono-modal density allocation of Ni braze metal
powder.

LD-PE and pre-heated (100°C) braze metal micropar-
ticles were compounded for 10 min at 200°C and 50 rpm
in a co-rotating lab kneader (PolyLab Rheomix 600 p,
ThermoHaake, Thermo Fisher Scientific, Karlsruhe, Ger-
many) to LD-PE + 65 vol% Ni composite. LD-PE and Ni
particles were dosed gravimetrically using a laboratory
balance (Aculab Arilon, Sartorius GmbH, Géttingen, Ger-
many).

Viscosity, pvt-behavior (p = pressure, v = specific vol-
ume, T = temperature) and thermal conductivity of LD-
PE and LD-PE + 65 vol% Ni were characterized using
high shear capillary rheometer (Rheograph 75, Goettfert
Werkstoff-Pruefmaschinen GmbH, Germany). Viscosity
was determined from apparent viscosity using Bagley-
and Rabinowitsch-Weissenberg corrections. Pvt-behavior
and thermal conductivity were analyzed in script-control-
led methods. Specific heat capacity was analyzed by mo-
dulated differential scanning calorimeter (MDSC Q2000,
TA Instruments, Alzenau, Germany) in temperature range
between 20°C and 200°C with heating rate of 3°C/min
and temperature modulation of 0.48°C/min under nitro-
gen atmosphere. For temperature calibration the melt tem-
perature of indium, lead, tin and zinc standards have been
measured to achieve a minimum temperature deviation of
0.2°C. Autodesk™ Moldflow” (Insight) and OriginLab"
(OriginPro8G) software were used to perform simulation
and data fitting. The composite was granulated and fur-
ther injection molded in multi-cavity tool to ring-shaped
braze metal preforms (44 mm inner diameter with 3 mm
diameter in cross section, 10 mm inner diameter with 2
mm diameter in cross section) using a hydraulic injection
molding machine (Arburg Allrounder 220S, Arburg, Los-
sburg, Germany).

3. Results and Discussion

Figure 2 shows the shear viscosity of LD-PE and LD-PE
+ 65 vol% Ni composite at shear rate ranging from 11 to
5 x 10* (1/s) and three different temperatures (180°C,
200°C, 220°C). The typical shear-thinning viscosity be-
havior of LD-PE increases significantly by adding 65
vol% braze metal particles. Viscosity of the composite is
up to four times higher than that of LD-PE, which conse-
quently reduces flow ability in melt processing. Further-
more, viscosity of LD-PE and LD-PE + 65 vol% Ni com-
posite was shifted to lower values with increasing tem-
perature. Similar behavior was measured on complex vis-
cosity of PP/FeSi composites at filler content up to 70
vol% [7]. In general, processing temperature is limited
by thermal degradation of the polymer matrix.

The viscosity behavior of LD-PE and LD-PE + 65
vol% Ni composite in Figure 2 was fitted using Cross-
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WLF equation, mentioned in Equations (1) and (2).

The parameter of the Cross-WLF equation were deter-
mined by OriginLab" software and are mentioned in Ta-
ble 2 for LD-PE and LD-PE + 65 vol% Ni composite.
The accuracy of the viscosity fitting was 99.99%.

Figure 3 shows pvt (p = pressure, v = specific volume,
t = temperature) behavior of LD-PE and LD-PE + 65
vol% Ni composite. Specific volume of LD-PE decreases
with increasing pressure and decreasing temperature. In
melt temperature range of LD-PE (approx. 110°C) the
pvt-behavior of LD-PE is characterized by declining spe-
cific volume compared to LD-PE + 65 vol% Ni compos-
ite (cf. Figure 3), caused by the shrinkage of LD-PE
while cooling from molten to solid state. Increasing filler
content of rigid braze particles in composite reduces spe-
cific volume up to 6.5 times. The maximum variation in
specific volume of LD-PE is 263 mm’/g, whereas LD-PE
+ 65 vol% Ni composite shows a maximum specific vo-
lume range of 14 mm®/g. Consequently, shrinkage of LD-
PE + 65 vol% Ni composite is approximately 5% of LD-
PE, whereby replication quality of injection molded com-
posite structures is improved by adding rigid braze metal
particles. Since, specific density is defined as the inverse

—a——0—180 °C
—e——0—200°C
—A——5—220°C

Viscosity (Pa s)

10° . : . . . .
10’ 10° 10° 10* 10°
Shear rate (1/s)

Figure 2. Effect of Ni braze particle content, shear rate and
temperature on viscosity of LD-PE and LD-PE + 65 vol%
Ni composite.

Table 2. Cross-WLF parameter of LD-PE and LD-PE + 65
vol% Ni composite.

Cross-WLF parameter LD-PE LD-PE + 65 vol% Ni
D, 123 x 10° 1.46 x 10°
D, 305.43 311.51
A, 21.67 20.42
A> 83.94 88.87
n 0.38 0.35
T 7450.17 39277.89
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specific volume, specific density of LD-PE and LD-PE +
65 vol% Ni composite can be directly calculated from
Figure 3.

The pvt-behavior of LD-PE and LD-PE + 65 vol% Ni
composite in Figure 3 was fitted using 2-domain Tait-
pvt model described in Equations (3)-(6). The parameters
of the Tait-pvt model were determined by global fitting
in OriginLab®™ software and listed in Table 3 for LD-PE
and LD-PE + 65 vol% Ni composite. The global fitting
of the pvt-behavior was performed with an accuracy of
99.6%.

Thermal conductivity of LD-PE was significantly in-
creased by adding high conductive braze metal particles
to the polymer matrix (cf. Figure 4). Thermal conductiv-
ity of LD-PE shows almost constant and relatively low
values between 0.2 and 0.5 W/(m-K) having minor pres-
sure-dependent variations particularly in melt tempera-
ture range around 110°C. Adding braze metal particles to
LD-PE increases thermal conductivity up to 3 W/(m'K)
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Figure 3. Effect of Ni braze metal particle content on pvt-
behavior of LD-PE and LD-PE + 65 vol% Ni composite.
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Figure 4. Effect of Ni braze metal particle content, tempe-

rature and pressure on thermal conductivity of LD-PE and
LD-PE + 65 vol% Ni composite.
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caused by the high thermal conductivity of nickel braze
metal (91 W/(m-K)). Thermal conductivity of LD-PE +
65 vol% Ni composite is not significantly affected by
pressure and slightly affected by temperature up to tem-
perature of 80°C. Exceeding this temperature results in
pressure-dependent thermal conductivity of LD-PE + 65
vol% Ni composite caused by softening of the polymer
matrix. Hence, high thermal conductivity fastens cooling
and reduces mold filling time in injection molding proc-
ess. This can be compensated by increased temperature
of the injection mold to reduce the temperature gradient
between melt and mold.

Figure 5 shows specific heat capacity (c,) of LD-PE,
which is characterized by a broad peak caused by the melting
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Temperature (°C)

Figure 5. Effect of Ni braze metal particle content and tem-
perature on specific heat capacity of LD-PE and LD-PE +
65 vol% Ni composite.

Table 3. Tait-pvt parameter of LD-PE and LD-PE + 65
vol% Ni composite.

Tait parameter LD-PE LD-PE + 65 vol% Ni
b 1173.07 193.82
Bim 1255.02 199.67
bas 1.01 0.012
o 0.87 0.062
b, 1.22 x 10 9.29 x 10°
b 7.8 x 10’ 2.9 x 108
bas 0.0085 62x10"
ban 9.15x 107" 3x107°
bs 385 385
by 80.82 7.02
by 0.069 0.05
by 1.0x10°® 1.4x107°
0JCM
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of the semi-crystalline polymer structure. Melting is an
endothermic process, whereas heat capacity increases ra-
pidly. Above melt temperature heat capacity shows slight-
ly linear increase with temperature. In case of LD-PE +
65 vol% Ni composite the melting peak in heat capacity
is significantly reduced caused by lower LD-PE content
(35 vol%).

Based on the experimental data, illustrated in Figures
2-5, as well as Cross-WLF viscosity fitting and Tait-pvt
data fitting the flow behavior of LD-PE and LD-PE + 65
vol% Ni composite were obtained in simulation. Simula-
tion results were created by Autodesk” Moldflow® soft-
ware. The drawing of ring-shaped multi-cavity was me-
shed by triangular elements of about 5 mm edge length
using solid 3-D meshing. Furthermore, melt temperature
of 200°C, flow rate of 22 cm’/s and demolding tempera-
ture (40°C) were kept constant regarding to the process-
ing requirements. The simulation was conducted at vary-
ing injection pressure (up to 2500 bar) and mold tempe-
rature until the ring-shaped multi-cavity was completely
filled by LD-PE and LD-PE + 65 vol% Ni composite.
The final processing parameters are listed in Table 4. In-
jection pressure of LD-PE + 65 vol% Ni composite is
four times higher than that of LD-PE, whereas mold tem-
perature increased from 30°C to 80°C.

Variation in processing parameters of LD-PE and LD-
PE + 65 vol% Ni composite are affected by viscosity and
thermal conductivity results, illustrated in Figures 2 and
4. Increasing injection pressure induce higher shear rate,
whereby viscosity of LD-PE + 65 vol% Ni composite
will be reduced. Furthermore, increasing mold tempera-
ture from 30°C to 80°C reduces temperature gradient be-
tween melt (200°C) and mold, which extends filling time
while injecting LD-PE + 65 vol% Ni composite with re-
latively high thermal conductivity.

Injection molding experiments were conducted using
processing parameter sets in Table 4. Figure 6 shows si-
mulation (top) and injection molded (bottom) ring-shap-
ed LD-PE + 65 vol% Ni composite braze preforms in
comparison. The composite melt flows through the sprue
and the central inlets into the ring-shaped molds, where it
will be divided into two flow fronts, which meets on the
opposite side of each ring. Both, simulation and injection

Table 4. Processing parameters.

LD-PE LD-PE + 65 vol% Ni
Melt temperature in °C 200 200
Flow rate in cm’/s 22 22
Injection pressure in bar 500 2000
Mold temperature in °C 30 80
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Figure 6. Flow simulation (top) and injection molded (bot-
tom) ring-shaped LD-PE + 65 vol% Ni composite preforms.

molding on ring-shaped LD-PE (not shown) and LD-PE
+ 65 vol% Ni composite preforms were successfully per-
formed based on (fitted) material data and selected proc-
essing parameters.

4. Conclusion

Viscosity, pvt-behavior, thermal conductivity and speci-
fic heat capacity of LD-PE and LD-PE + 65 vol% Ni
composite were investigated in process-specific parame-
ter range. Viscosity of LD-PE was increased up to four
times by adding 65 vol% Ni braze metal particles. Pvt
measurements of LD-PE + 65 vol% Ni composite show
up to 6.5 times lower values and up to 20 times lower va-
riation of specific volume compared to LD-PE. Conse-
quently, material shrinkage is significantly reduced by
adding rigid Ni braze metal particles. Thermal conduc-
tivity of LD-PE increases up to 15 times in the composite,
affecting cooling behavior and filling time in injection
molding process. Specific heat capacity of LD-PE show
polymer-specific melting peak and slightly increase with
temperature. Viscosity and pvt-behavior of LD-PE and
LD-PE + 65 vol% Ni composite were fitted by Cross-
WLF equation and 2-domain Tait-pvt model, respective-
ly. Fitted material data and thermal properties were fur-
ther used in simulation to define processing parameters
for injection molding of ring-shaped polymer bonded nic-
kel braze metal preforms. Simulation and injection mold-
ing of ring-shaped LD-PE + 65 vol% Ni composite pre-
forms were performed successfully in multi-cavity tool.
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