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ABSTRACT:

Atriple pressure-stage capillary rheometer was individually developed for providing an insight of pressure effect on polymeric
melts viscosity during steady and continuous flow. Three capillary dies with identical/varied diameters and aspect ratio were
assembled in series along the flow direction, relying on which the flow was divided into three zones with varied pressures
under the same flow rate. Several polymeric melts, such as low density polyethylene (LDPE), polystyrene (PS), polypropylene
(PP)as well as its nanocomposites of PP/CaCO,, PP/Mg(OH),, and PP/ halloysite nanotubes (PP/HNTs) were taken as the exper-
imental samples. The principles for calculating the pressure sensitivity of shear viscosity in capillary flow were discussed,
including methods based on constant shear rate (CSR), constant shear stress (CSS), and curve superposition (CSP). For the
several polymer melts adopted in this work, a sequence of pressure dependence of viscosity was revealed as PS > PP > LDPE,
which is typically acknowledged.
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1 INTRODUCTION with an entry pressure. The corrected shear stress 7, is
then given as

Principles of capillary viscosity measurement generally

include two modes: constant flow rate (CFR) and con-
stant flow pressure (CFP), which are only dependent on
the squeezing piston movement. The former is the
most adopted and controlled by stage-by-stage piston
velocity, under which the liquids, generally polymer
melts, are flowing with a constant apparent shear rate.
Astothe CFP mode, the shearrateis varied with the un-
stable flow rate and the shear stress is kept constant
during each stress-stage. A general principle based on
the CFR mode for a capillary rheometer is described as
below. With the hypothesis of no wall slip, the shear
stress can be given as
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2L ()

The Bagley correction should be considered in the cor-
rection of entrance effect, correcting the pressure drop
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where ng is the correction coefficient for entry effect.
And the apparent shear rate under ideal flow state is
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As the non-Newtonian effect, the shear rate should be
corrected as
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Pantani and Sorrentino [22], and Car-
reras et al. [23] claimed that the 8 should

Figure 1: Prototypes of capillary rheometer with pressurizing effect: a) Baker
and Thomas [28], b) Couch and Binding [14, 15], ¢) Sedlacek et al. [1], d) West-

over et al. [29], and e) Foltz et al. [31].

where the non-Newtonian coefficient nis calculated by

dint;,
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diny"

Therefore, the shear viscosity is
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where Risthediediameters[m], Lthelength of capillary
die[m], APthe pressure drop [Pa] between the entrance
and the exit, and Q the volume flow rate [m3/s].

Many constitutive equation, were developed in the
past decades. Each of them was mainly focusing on cer-
tain factors which could significantly determine the vis-
cosity. The effect of melt pressure, which plays the crucial
role in high-precision injection or extrusion processes [1,
2] had been attracting researchers [1-13]. The first study
of pressure effect on viscosity could be traced back to
1957, in which Maxwell and Jung [9] found that the vis-
cosity of polyethylene melt increased by fourteen times
when the pressure increased to 168 MPa from atmos-
phericenvironment. Similar works were also reported by
Choi [10], Ito et al. [11], Lin et al. [12, 13], Couch et al. [14,
15], Cogswell and McGowan [16], Laun [17,18], and Mack-
leyand Spittler[19]. The coefficient of pressure sensitivity
of viscosity 8 was proposed for estimating the depen-
dence degree. Couch et al. [14, 15] and Kadijk and van den
Brule [7] indicated that the coefficient 3 decreased with
the increase of temperature, while Cogswell and Mc-
Gowan [16] proposed that there is no dependence be-
tween 8 and temperature. Similarly, some researchers
[20, 21] suggested that the coefficient 3 was determined
by shear rate, while Kadijk [7], Couch & Binding [14, 15],
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beindependentonshearrateatall.ltcan
be revealed that the effect of pressure
on viscosity of polymeric melts is rather
complicatedanda consistent conclusion
is still not obtained. Experimental mea-
surement is still taking over the respon-
sibility to solve this problem. For similar
investigations based on polymeric
nanocomposites, the importance of
these data is out of question that injec-
tion molding process of polymer-based
nanocomposites would imply pressures
above of 100 MPa, at which the pressure
sensitivity of viscosity should be signifi-
cant [24, 25]. As compared with those
considering pristine polymer liquids, the viscosity de-
pendence on melt pressure should be much more com-
plicated owing to interfacial behavior as well as disper-
sion state [26, 27].

Experimental approaches were reported for eval-
uating the pressure sensitivity of viscosity such as en-
hancing outlet-pressure by a valve [14, 15, 28, 29] in
which the melt pressure was increased by controlling
the area of flow channel through a valve or switch (Fig-
ure 1a—c), opposite-extrusion with twin-piston [1, 19,
29, 30] in which the flowing melt was squeezed based
on a good control of the pressing speed (Figure 1d), and
ambient pressurizing by liquid medium [31-33] such as
airand inert oil (Figure 1e). The most used method is to
increase the melt pressure by adding a plug at the exit
of capillary die, forming a chamber to hold the melt
fromoutlet. This can be obtained by improving the con-
ventional rheometer. Baker and Thomas [28] designed
animproved capillaryrheometerto detect the pressure
dependence on viscosity. A valve with screw channel
was set at the bottom of melt chamber, in which the
melt from capillary die outlet was reserved with a cer-
tain pressure(Figure 1a). Couch and Binding [14, 15]
studied the pressure sensitivity of polymer viscosity by
a valve, by which the outlet pressure was mainly con-
trolled (Figure 1b). Similar work was also reported by
Sedlacek et al. (Figure 1c) [1]. As to the opposite-extru-
sion with two pistons, Westover et al. [29] developed
the first device in 1960s (Figure 1d). This capillary
rheometer contained two pistons and two barrels. The
capillary die was set in the middle and shear behavior
of melt was controlled by the opposite movement of
pistons. The shear stress and shear rate were obtained
by modulating moving velocity of pistons, inducing
pressure drop between inlet and outlet of capillary die.
Other improved prototypes based on this principle
were further developed by Mackley et al. [19] and Son
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Figure 2: Schematic diagram of the combination of capillary
dies in series.

et al. [30]. Another method was also adopted for en-
hancing the pressure of melts during capillary flow.
Within a closed surrounding, the ambient pressure was
enhanced by introducing inert liquid medium, such as
air. The pressure was mainly dependent on the amount
of injected medium. Bridgman et al. [32] considered the
influence of pressure on viscosity of several polymers by
using a falling sphere viscometer. The falling speed and
time was the main indexes for calculating the viscosity.
Such method was totally different from the capillary
rheometer, which the viscosity was estimated by the
flow behavior of melts. Improved devices were devel-
oped based on the same principle by Foltz[31] (Figure 1e).

For reducing repeat measurements and obtaining
the viscosity data under a continuous flow state, pro-
totype of a triple-stage-pressure capillary rheometer
was individually developed based on single-bore capil-
lary rheometer and to evaluate the pressure effect on
capillary shear viscosity in this work. With three cham-
bersbeingassembledin series,the melt pressure would
be divided into three separated level with a single test-
ing, thus the pressure effect of shear viscosity of poly-
mers as well as their nanocomposites could be experi-
mentally evaluated for the pressurizing melt. Mean-
while, the difference of calculating principles was also
discussed for giving an overview on the evaluation of
such behavior. Although the topic of the pressure effect
on polymerviscosity seemstobealittle platitude, these
data in improving and controlling the precise process-
ing technology never get old.

2 EXPERIMENTAL DETAILS

For pristine polymer melts, low density polyethylene
(LDPE, CSPC 2624H) with a melt flow index (MFI) of
1.9 g/10 min and a density of 0.92 g/cm3, polypropylene
(PP, LCY 7533) with a MFI of 5.0 g/10 min and a density
of 0.90 g/cm3, and polystyrene (PS, GP 5250) with a MFI
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of 7.0 g/10 min and a density of 1.04 g/cm3 are selected
as the samples. In addition, several inorganic nano-
additives purchased from domestic companies, includ-
ing spherical CaCO, (average diameter ca. 40 nm),
Mg(OH), flakes (average thickness ca. 50 nm) and rod-
like halloysite nanotubes (HNTs, average diameter ca.
100 nm, average length ca. < 500 nm) were introduced
into the PP matrix by melt blended with the help of a
twin screw extruder with a combined static flow mixer.
The detailed geometries of these adopted nanoparti-
cles are provided by the manufacturers. Silane coupling
agent was used for improving the compatibility be-
tween PP matrix and nanoadditives aiming to a better
dispersion state.

Geometrical structure of the three-pressure-stage
capillary dies is shown in Figure 2. Three capillary dies
3, 9, and 12 with three reservoirs (i.e. barrels) were as-
sembled in series along the melt flow direction. The
samples were melted well in the first barrel 1and then
were extruded from the third-stage capillary die 12.
Three pressure sensors 7, 8, and 11 and three tempera-
ture thermal couples 2, 9, and 13 were axially sited in
subsequence. The second barrel 4 and the third barrel
5also acted the role of die supports as same as the sup-
port 6. The melttemperature was well controlled by the
thermal couple 6 and its feedback system. With a single
piston extrusion, therefore, the melt flowed passing
three capillary subsequently under the same flow rate
but under different melt pressure. The capillary dies
with diameters of 0.5, 0.8, and 1.0 mm and aspect ratio
L/D =16 were chosen for each die. Barrel diameter of
15.0 mm was selected for barrels 1 and 4 and diameter
of 10.0 mm was used for barrel 5, providing a pressure
range of 10—200 MPa.

3 RESULTS AND DISCUSSIONS

The pressure effect on steady shear viscosity of LDPE,
PP, and PS was measured by using the self-developed
capillary rheometer. An example of the experimental
data of LDPE at 190 °C, PP at 200°C, and PS at 210°C
were illustrated in Figure 3. Under the same shear rate,
the influence of hydrostatic pressure on shear viscosity
was strongly revealed, especially for the PS melt. With
a higher melt pressure during capillary flow, a higher
viscosity was obtained, weakening the shear-thinning
behavior. Different from the previous works [12,13], the
characterized pressure here is only up to ca. 8o MPa,
limited to the third stage pressure loss. It can be seen
that pressure fluctuation is revealed due to the flow in-
stabilities, which is attributed to the last stage outlet
and then contributes to next stage. The pressure data
used for evaluating viscosity data were average values,
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Figure 3: Viscosity curves of the three polymers affected by
melt pressure.

calculated from the inlet and the outlet pressures. The
pressure gradientin each chamber can neglected which
was confirmed by finite element simulation. The pres-
sure effect on viscosity follows the so-called Barus
equation as:

(),

(7)

where 3 is the pressure sensitivity coefficient [GPa™], »
the viscosity [Pas], P the characteristic pressure, i.e. av-
erage pressure [Pa], T the considered temperature [K]
and i represents the applied shear. It should be noticed
that for a certain shear rate or shear stress, the B is re-
lated to the slope of curves P versus Inz. This leads to
three different methods for calculating 8, including con-
stant shear rate (CSR), constant shear stress (CSS), and
curve superposition (CSP) principles. With a constant
shear rate consideration, for instance, the viscosity as a
function of melt pressure was given according to

_(dinn
o),

where g, is the pressure sensitivity coefficient under
CSR principle [GPa™] and y the shear rate [s7]. A com-

(8)
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Figure 4: B, as a function of y at 190 °C.

parison of 8, for the three polymers is illustrated in Fig-
ure 4. This pressure sensitivity of steady shear viscosity
can be simply explained by Doolittle equation as:

Inn= B£+IaA
Vs
()

where V,, is the substantial volume of molecules, Vsthe
free volume, and A, B are constants. For a certain
amount of polymer melt, the V, is kept as constantand
Vf should be decreased with an increasing pressure,
leading to an increase of the ratio of V,,/V;. For a com-
putation or theoretical calculation of flow, although
the melt is frequently considered to be incompressible
thisisonly acceptable when the pressures are relatively
low usually less than 30 MPa. The considerable differ-
ence of 8, should be attributed their varied molecular
structures, which is largely relative to the flexibility and
the polarization of molecular chains as particularly dis-
cussed in our previous work by molecular dynamics
simulation [12, 13]. The lowest 3, of LDPE is mainly at-
tributedtoitslinear molecularchains withoutbranches
or benzenoid-structure. With the shear rate increasing,
enhanced orientation makes the molecular chains
stretched with less entanglement along flow direction
and packed more densely, causing a reduction of 3, at
highershearrate. Whenthe calculation principle comes
to CSS, the pressure sensitivity coefficient 5. can be giv-
en as

B dlnn)
'8’_( dp ), .

where 3, is the pressure sensitivity coefficient under
constant shear stress principle [GPa™"] and 7 the charac-
teristic shear stress [Pa]. The Ellis viscosity model was
used for viscosity curve fitting as

(10)
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(m)

where 1, is the zero shear viscosity [Pas], 7, the shear
stress [Pa] at n = 17,/2, and @ a constant. The viscosity
curves of the three polymers are well fitted by Ellis mod-
elat190°Cbased on variation of shear stress. Thus, data
pointsunderthe same shear stress can be selected from
these fitted curves. Then viscosity curves of Inn versus
P were plotted for calculating 3, according to the slope
of these fitted curves.

It can be found that, comparing with the CSR prin-
ciple, a relative stable 3, value was observed for each
polymerbasedonthe CSS principleasshowninFigures.
Identical result of subsequent order of 3. (PS) > 3, (PP)
> B (LDPE) was revealed. The 8, was found to stay con-
stant without changing with the shear stress, while 3,
was varied with shear rate. As for the CSP principle, a
shift factor a;pwas proposed when the effects of shear,
temperatureand pressure were simultaneously consid-
ered. The shift factor arp was given as

n(l,P,T)=7](any:P,qurq)aTP (12)

where T,.rand P,are the referenced temperature [°C]
and pressure [Pa], respectively. With the help of this
shift factor, effects of shear rate, temperature, and
pressure on viscosity can be separated by shifting the
viscosity curves, keeping one of these effects constant.
Example of an proposed arp was developed by Couch
and Binding [14, 15] by combining Barus equation and
Arrhenius equation as

E
arp = 0,0, =€XP[ﬁ9(P—P’ef )]expl s l
iR/T—R T, '
AL
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Figure 6: Example of viscosity curves shifted by ap at 190°C.

where ap is the pressure shifting factor, ar the temper-
ature shifting factor, B, the pressure sensitivity coeffi-
cient [GPa™] calculated under CSP principle, E; the vis-
cous flow activation energy [J/mol], and R the gas con-
stant of 8.31J/(molK). Under the same melt tempera-
ture, curves of shear viscosity versus shear rate under a
series of constant melt pressures can be shifted onto
the unique viscosity curves under the referenced pres-
sure, e.g.50 MPa. An example of PP viscosity curves was
presented with superposition manipulation as shown
in Figure 6. It can be observed that the curves are per-
fectly superposed onto a single fitted curve with an en-
largedshearraterange. Thisindicates thatthe CSP prin-
ciple can be well applied in the calculation of pressure
sensitivity. Based on Equation 13, the pressure effect on
viscosity can be eliminated by shifting viscosity curves
according to ap, which revealed from the slope of plot-
ted curves Ina, versus AP. The calculated g is given in
Figure 7, in which the pressure sensitivity coefficient
was alsofoundtobeindependenton pressure, similarly
to that calculated from CSS principle in Figure 5.

The comparison above of the three calculation
principles for evaluating pressure sensitivity of viscos-
ity by using the triple-stage capillary rheometer shows
that the coefficient 3, obtained from CSR is largely de-
pendent on the shear rate, while 8, and S, which are
calculated by CSS and CSP principles are independent
on shear stress and pressure respectively and kept as

Polymers T[°C] B[GPa]

HDPE 150 - 210 10.36 [1],10 [14], 59 [15]

LLDPE 150 - 190 11.72 [1],10.9 [35]

LDPE 150 - 200 18.33 [1],17 [36],17.71%,

PP 190 - 230 21.03 + 4.1[1], 22 [14], 42.28%,

PC 280 - 300 3112 [1]

PS 190 - 230 43.45 +12.1[1],39.4 +10.3 [7], 53.35*
PMMA 230-250  43.57[1],24.6 [14],36.5 [35]", 48 [15]2

Table 1: Examples of the experimental B values for different
polymers (1T =150 - 200°C, 2 T = 200°C, * average data in this
work).
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relative constant. This provides the potential to com-
pare the pressure effect in the whole shear rate range,
making them more convenient to use in practical ap-
plications. For a certain polymer, the pressure coeffi-
cients calculated by CSS (8;) and CSP (8,) methods are
closed to each other, showing small differences. Com-
pared the pressure coefficient 8, from CSR method with
B. or 3, however, big differences are revealed. Similar
results were also reported in literature [29, 30]. Thus,
the developed triple-stage capillary rheometer can be
effectively used for experimental investigation. Al-
though these experimental measurements are difficult
to give a consistent conclusion, relative comparisons
are still present clear understandings on the pressure
dependence of polymericviscosity. Varied Bvalues from
references are illustrated in Table 1, which several typ-
ical polymers are only given.

As to the polymeric nanocomposites, pressure ef-
fect on their viscosities was also studied by using this
triple-stage capillary rheometer. Atwin-screw extruder
combined with a static flow mixer were adopted in
samples preparation, in which the PP was adopted as
the matrix with varied nanoparticles (NPs), including
spherical CaCO,, Halloysite nanotubes (HNTs) and
Nano-Mg(OH),. The 8, values of these polymeric nano-
composites were presented as shown in Figure 8. It can
be found that not only the volume fraction of the addi-
tives but also the NPs themselves affect the pressure
dependence of shear viscosity. The intrinsic attribution
totheseresultsarerathercomplicate,including surface
morphology, compatibility with matrix, dispersion
state as well as chemical features. But the pressure ef-
fect gradually decreases with the increasing shear rate.
Based on a good dispersion, a relative high concentra-
tion of these nanoadditives is generally contributed to
a reduction of compressibility, unless the porosity of
NPs themselves is significant. This will introduce large
number of micro-cavities which can be compressed un-
der a certain pressure and lead to flow instability, caus-
ing false appearance on the pressure dependence of
shear viscosity. Well dispersed NPs can reduce the free
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Figure 8: B, of PP-based nanocomposites: a) PP/CaCOs3,
b) PP/Mg(OH)2, and c) PP/HNTs.

space of the matrix and confine the flow ability of mol-
ecular chains, naturally leading to reduced compress-
ibility.

4 CONCLUSIONS

In this work, the role of the hydrostatic pressure in vis-
cosity determination of polymeric melts in capillary
flow was emphasized. A triple-stage-pressure capillary
rheometer prototype was manufactured for providing
a pressurized environment. The melted polymers
flowed subsequently passing through the combined
capillary dies in series. Several polymeric melts, includ-
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ing LDPE, PS, and PP as well as their nanocomposites,
were used as experimental samples. Although the
adopted calculation principles would cause results de-
viation, the typical sequence of pressure dependence
of viscosity as PS> PP > LDPE was still obviously revealed.
Principles for estimating the pressure sensitivity, in-
cluding CSR, CSS and CSP, were comprehensively dis-
cussed in calculating the pressure coefficient of viscos-
ity 5. Results showed that the coefficient 5, was depen-
dent on the shear rate, while 8. and 3, were indepen-
dent on shear stress and pressure, respectively. This
provided an overview in considering the pressure effect
when pressure effect played an important role in prac-
tical processing. Furthermore, pressure effect on the
shear viscosity of the polymeric nanocomposites was
also considered. Owing to the introduction of nanopar-
ticles effectively filled the free volume of matrix, a re-
duction of compressibility was obviously observed. The
B, of PP/NPs decreased with the increase of shear rate.
Meanwhile, the pressure effect on viscosity of PP/NPs
was also found to be dependent on their additives con-
tent. A higher particles introduction usually decreased
the compressibility and naturally led to a decreased
pressure coefficient.
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