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Abstract

The application of superposition theory to capillary and entry pressure drop data for a number of polymer melts, measured at elevated
pressures, is investigated in order to gain information on their pressure dependencies in both shear and elongational flows. To facilitate the
study a capillary rheometer has been modified, by fitting a second chamber and valve arrangement below the main die, which allows the
pressure downstream of the relevant capillary and orifice dies to be raised so that the mean pressure associated with each die can be variec
Five polymer melts are investigated: high-density polyethylene (HDPE), low-density polyethylene (LDPE), polypropylene (PP), polymethyl
methacrylate (PMMA) and polystyrene (PS). Each of these are tested at three temperatures within the normal processing range, at apparent
shear rates between 50 and 2500 and at mean pressures ranging from atmospheric up to 80 MPa. Time—temperature—pressure super-
position is applied to the capillary and orifice pressure drop data for each of the polymers and the resulting pressure coefficients are found to
be independent of temperature. The superposition is found to hold for all of the samples considered in both shear and elongational flow,
although the degree of fit is best for the HDPE and LDPE. The resulting pressure coefficients for the shear and elongational flows then order
the pressure dependencies of the polymers as follows> PBIMA > PP> LDPE > HDPE. It is demonstrated how this ordering is
determined by the molecular structure of the polymers. However, the most significant result is that for each polymer the shear temperature
and pressure coefficients are of similar value to those of elongation, with the exception of PS that has considerably greater coefficients in
elongation particularly for temperature. Complementary results for single and multigrade oils are also included, in the a@@R80dix.
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1. Introduction application of time—temperature—pressure superposition.
The resulting findings are, therefore, expected to be of

This paper follows up work carried out in a recent publi- importance to the field of polymer processing where varia-
cation [1] by the same authors, who dealt with the pressuretions of temperature and pressure will have significant
dependence of the shear and extensional viscosity of poly-repercussions on the polymer’'s rheometric properties,
mer melts. The current paper, however, focuses on the appli-since these properties are strong functions of both tempera-
cation of superposition theory to capillary and entry ture and pressure.
pressure drop data, obtained with a modified capillary
rheometer, in order to gain information on the pressure
dependencies of polymer melts in both shear and elonga-2. Theory
tional flows. . . ] .

Previously, work in this field has been confined to pres- It is well established that the viscosity of most polymer
sure dependence in shear flow (capillary or slit die) and no Melts is well represented by an exponential function of
consideration has been given to the effects of pressure onPressure. This pressure dependence was first defined by
elongational (entry) flows. A robust review of this earlier the now well-known Barus equation [2]:
work is included in the literature review of the previous n= n(o) P 1
paper.

In addition to pressure dependence, the present study willwhere n'© is the viscosity at ambient pressur®, is the
also assess the influence of temperature together with thepressure coefficient an® is gauge pressure. However,
interrelationships between temperature and pressure, via thehere have not been many reliable measurements of the

coefficient of pressure dependence of viscogtywhich is
* Corresponding author. a difficult quantity to measure. An average value for polymer
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melts taken from the literature is estimated to be of the order sures. Data, for example shear viscosity versus shear rate,
of 20 GPa ™. obtained under these conditions often can be brought onto a
Viscosity is also known to have an exponential depen- single master curve by means of the “time—temperature—
dence on temperature, which can be expressed, for examplepressure superposition”, which greatly simplifies the
through the Arrhenius expression (for Newtonian fluids):  description of the effects of temperature and pressure.
n=B R @) Further, .it facilitatfas the display of data on a single curve
of material behaviour that covers a much broader range of
whereE is the activation energy, R is the gas constant&nd time (or frequency, or strain rate, etc) than can be measured
is the absolute temperature. This type of equation is usually at a single temperature or pressure.
suitable for describing the variation of viscosity with The theory of superposition is based on the concept that
temperature provided the range of temperature is not veryall the relaxation processes of a particular material have the
large. For analytical work it can be rewritten in the more same dependence on either temperature or pressure. Both

useful form: temperature and pressure are assumed to affect the relaxa-
E/1 1 tion modulus by changing all the relaxation times by the

n="Mr exp—(— — —) (©)) same factorarp, which is dependent on temperature and
RAT  Tr pressure. For a more detailed discussion of the temperature

whereTg is a convenient reference temperature apndis and pressure dependence of viscoelastic behaviour, see

the viscosity at the reference temperature. An alternative Ferry [4].
empirical equation that is more accurate over wider ranges The functiona;p cannot be predicted from first principles,

of temperature is the Vogel equation [3]: but it can be determined empirically as a shift factor. For
B, example, in the case of the shear viscosity functigty)
n=~A eXDT . ] temperature/pressure independent representations can be

prepared by plotting)(y)/arp versusarpy on a double loga-

whereA;, B; and Tr are constants. These expressions are rithmic plot. Alternatively, this can be done more simply in

useful provided the temperature is appreciably higher thanterms of the shear stress function by plottiagy) versus

the glass transition temperatufg. Near toT, the depen- arpy* and in the current case of capillary flow pressure drop

dence is better described by the familiar WLF (Williams— data can be substituted for the shear stress since they are

Landel—-Ferry) equation [4], which is based on the depen- directly proportional. The shift factor can then be deter-

dence of viscosity upon free volume described by the mined by examining the amount of shifting necessary to

Doolittle equation [5]. bring data taken at different temperatures and pressures
Defining E/R or B through the above equations is onto one curve. In our case, the shift factors are determined

adequate when dealing with Newtonian fluids, but is not automatically by an iterative procedure, developed in-

suitable for viscoelastic materials, as the expressions dohouse. In the present study the shift factafs are found

not account for strain rate dependence. Consequently, thisto be well represented by a combination of Barus and Arrhe-

will lead to coefficients that vary with strain rate. In order to nius terms given by Egs. (1) and (3) such that:

get around this difficulty, it is convenient to define tempera-

ture and pressure_dependence in the foIIowing way. By way arp = eXF{BP+ E (i _ L)] (6)

of example, consider the shear stress funcuag, T, P), R\T Tk

which is a function of shear rate, as well as temperature,

T, and pressureP. We define the parametas, by: Thus, the temperature and pressure dependencies of a given

S polymer can be determined by finding those value&/&t
o(y,T,P) = o(arpy, Tr, Pr), ()] andg that yield the best overall fit to the associated master
curve. In the data manipulation we do NOT assume, a priori,

where P and T are a reference pressure and reference
) R P that the paramete&'R andB have the same values for both

temperature, respectively. a5 is found to be independent the sh d el tional i
of shear rate (that is, dependent only on pressure and eNSteatlLatn . et(r)]nga lonal proper |esl. | ;
temperature), we say that the shear stress satisfies the 'NOt€ that, in the previous paper [1], values fwere

time—temperature—pressure superposition. We may definec""k:u""lted by a different method, which simply involved

an analogous parametaf, for the tensile stress. If super- assessing the extent of the exponential shift of viscosity

position holds for the shear stress one would expect it to with pressure, as defined by _the_ Barus equation (1).
hold for the tensile stress as well. Indeed, if superposition Normally this would be problematic since the pressure coef-

holds for a particular material it might be expected that ficients, Wh_en calculated in th|s_way, WOUId vary with shear
a_?:P _ a!%P- rate (certainly for non-Newtonian fluids). However, since

As stated in the introduction rheological properties are ————— _ , _
There is an equivalent shift factor associated the shear strese-tdmum

typlcally hlgh,ly depenFjent on temperatlflre and prgssure. this is dependent on the density of the fluid, which does not vary signifi-
Thus, to obtain a full picture of the behaviour, experiments cantly along the length of the capillary. Therefore this factor is assumed to

must be carried out over a range of temperatures and presbe negligible in the present case.
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Polymer Monomer bulky pendant groups attached to the backbone will stiffen
the polymer chain and make it less flexible. The strength of
{'g]fg -CH,-CH,- the interactions with other atoms depends on the detailed
molecular structure of the polymer and is directly responsi-
PP -CH,-CH- ble for its physical properties. Thus, the rheological beha-
viour (e.g. viscosity, elasticity, temperature and pressure
CH, dependence) of a given polymer will depend on a combina-
tion of its molecular structure and molecular weight distri-
CHy bution.
|
PMMA -CH,-C- For the vast majority of polymer melts the zero shear
CO, CH, viscosity 7 is solely dependent on the average molecular

weightM,, of the polymer and is completely independent of
the molecular weight distribution MWD. If the molecular
weight of the polymer is above a critical level, which varies
with the molecular structure of each polymer, then the role
of entanglements becomes important and the dependence of
1m0 0N M,, becomes much more pronounced. In contrast, the
Fig. 1. Structural formulae of the polymers. variation of viscosity with shear rate, particularly the onset
of viscoelasticity and the power-law slope, is very depen-
the recorded data was in the power-law region, i.e. the rele-dent upon the molecular weight distribution. In general,
vant curves were parallel, constant values ®fwere polymers with broad molecular weight distributions exhibit
obtained for each polymer. This method was adopted the onset of shear thinning at low shear rates.
because it emphasises the difference between the shear In contrast, the temperature and pressure dependence of
and elongational pressure coefficients at a given strainthe viscosity of polymer melts is determined by their mole-
rate, which is useful when calculating the pressure depen-cular structure. An increase in pressure or a decrease in the
dence of the Trouton ratio. A basic relationship exists temperature of a melt will result in a reduction in the avail-
between theBs calculated by this (‘Barus’) method and ability of space, i.e. the free volume, between molecules.
the current (superposition) procedure involving the power- The increased proximity of the molecules will in turn lead to
law indices of the shear and extensional viscosity curves an increase in the number of interactions occurring during
andt, such that: flow. This causes a corresponding rise in intermolecular
friction and a subsequent increase in the viscosity of the
polymer. As mentioned above, the molecular structure of
. the polymer molecules determines the shape and flexibility
Be(Barus = tfe(supey. of the coils. Therefore, polymers whose strupctures are more
Here the subscript S denotes shear and E elongation. susceptible to increased levels of molecular interaction will
generate larger intermolecular forces under these conditions
and thereby show greater viscous enhancement; i.e. these
3. Polymer structure polymers will exhibit greater temperature and pressure
dependence.

In general, the rheology of all flexible chain polymersis  In the present study, we shall report on a number of
remarkably similar, because the chains are very long andcommercial polymer melts. Five mainstream polymer
flexible and the paths of the moving chains cannot cross processing grades were chosen: high-density polyethylene
those of their neighbours. In the absence of a deforming (HDPE) (BASF, Lupolen 1840H 5431P); low-density poly-
stress, the flexible polymer chains take the shape of randomethylene (LDPE) (BASF, Lupolen 1840H); polypropylene
coils. These coils are viscoelastic in nature, i.e. when they (PP) (ICl, GWM 213)); polystyrene (PS) (BASF, Polystyrol
are exposed to an external stress they undergo strain, bul43E) and polymethyl methacrylate (PMMA) (ICI, CLH
relax fully when the stress is removed, although the relaxa- 374).
tion is retarded by molecular friction that arises from the  The structures of the monomer units that make up the
intermolecular forces. As there is considerable overlapping polymers being studied are shown in Fig. 1. With regard
between the coils, the motion of any individual molecule is to the polyethylene samples, both HDPE and LDPE are
strongly effected by the presence of its neighbour. composed of long chains of the ethene (ethylene) monomer.

In practice the motion of the individual atoms within the HDPE is linear and, therefore, it has the simplest structure
coils, and hence the coil structure, is influenced by the possible for a polymer. It is also of lower molecular weight
presence of other atoms, either on the backbone chain ofthan LDPE. On the contrary, LDPE exhibits long chain
carbon atoms or on groups of atoms attached to the back-branching. Such polymers are known to have greater
bone. For example the presence of strong interactions or oftemperature/pressure dependence than linear polymers of

PS -CH,-CH-

Bs(Barug = nBg(supey and
@)
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the same chemical structure, although the reasons for this Piston
are not yet well understood. PP has a methyl group attached .00 washer #
to the backbone chain of its monomer unit. These side o o
groups are usually arranged in isotactic form, i.e. each Barrel
asymmetric chain atom has its substituents in the same steric P2 °
order. The above polymers are of crystalline structure, o 7 e Die: capillary
though the degree of crystallinity of the polyethylenes is o L forifice
controlled by the chain structure (branching). PMMA has P1 Second chamber
a methyl group and a larger methacrylate group attached to L e
its carbon chain, while PS has an even larger benzene ringas ~ Heater coils <_J %; % o
its pendant group. Both these molecules are normally atactic ) Valve
in form, i.e. the steriochemistry of the tertiary carbon atoms Melt outlet / °

-]

in the chain is random. They are also of non-crystalline
structure (amorphous). As mentioned above, the large Fig. 2. Schematic diagram of the modified “high pressure” capillary
pendant groups of the PS and PMMA tend to make theseinstrument.
molecules more rigid and, hence, elongated.

the second chamber. The high-pressure experiments were

initiated by selecting a fixed ram speed at which the melt
4. Experimental was pushed through the die with the constriction fully open.

Both transducer readings were recorded simultaneously

Full details of the high-pressure instrument and experi- once the pressures had stabilised. The constriction was
mental procedure are given in Ref. [1], although the key then tightened, which resulted in the elevation of both the
points are summarised below. barrel and chamber pressures. Once the chamber had
The instrument used to carry out the experiments is a reached a stable pre-determined pressure, the pressures

prototype capillary rheometer capable of operating at pres-were again recorded. The chamber pressure was incremen-
sures of up to 140 MPa and a temperature range from 20 toted in this way from ambient up to the maximum used for
50C°C. It has been modified by the addition of a second several flow rates between .94 X 107° and 245x
chamber fitted below the die of one of the two rheometer 10 ' m*s™%.
barrels as shown in Fig. 2. At the base of the chamber is a This procedure has the disadvantage that the relevant
constriction made up of a conical die and a conical plug. The pressure drops associated with the capillary (or orifice) are
plug can be moved vertically by means of a screw thread in not directly controlled. Consequently, the analysis of the
order to vary the level of constriction in the die, thereby data is more complex than it would be otherwise. The
controlling the back pressure in the chamber. Pressures upext section details the procedures used for analysing the
and down stream of the die are monitored by flush mounted experimental data.
pressure transducers rated at up to 140 MPa, while the
temperature control of the chamber is maintained by a sepa-
rate system to that of the barrel. In order to cope with the
high pressures, the piston is also modified by fitting a PTFE

washer to its brass head, which is squeezed out to form a Fig. 3 shows a schematic diagram of the entry and exit

tight seal against the barrel wall when pressure is applied toq, regions around the orifice and the capillary dies for a
the end of the piston. The rheometer can deliver a constant

ram/piston speed, which generates a constant flow rate Orifice Capillary
throughout the instrument geometry (once steady state
conditions are achieved.) The constriction can then be
adjusted to control the pressure in the second chamber and PZO_T)
the upstream and downstream pressure transducers used to
measure the total pressure drop associated with the die.

Each of the polymers was tested at three convenient o
temperatures within the normal processing range. Two
dies were employed: a capillary of diameter 1 mm and
length 25 mm and an orifice of the same diameter, but of
nominally zero length. Mean pressures for all the polymers
were limited to a maximum of around 70 MPa, to avoid P1—>
problems with crystallisation etc. A tip-sensitive tempera-
ture probe was used to check that isothermal conditions rig. 3. Schematic diagram of the entry and exit flow regions around the
were maintained along the length of the melt barrel and in orifice and capillary dies.

5. Data interpretation
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melt flowing at a constant flow raf@. Also featured on the  drops are first plotted against apparent shear rate at all three
diagram are the pressure levels at the transducers and théemperatures for each of the polymers. Although it is more
entrances to the dies. The pressure drop associated witlconventional to plot orifice pressure drop data versus flow
the entry flow to the orificeAP, is simply defined as the rate, Maia and Binding [10] have suggested that it can be
difference in pressure between the upstream transducer levehdvantageous to plot against rim shear rate. In a study of the
P2, and the value at the orifice entranie, : entry flows of polymer solutions they found that their orifice
AP, = P2, — Pe, ) pressure drop data, measured with several dies of different
0 0 ’ diameter, all collapsed onto one curve when plotted against
Assuming that theexit pressure losses are negligible, the rim shear rate. The apparent shear raje for both the
pressure at the downstream transduegg will be equal capillary and orifice is determined from the equation:
to the entrance pressure and so: 40

AP, = P2, — P1,. © =5 (14)

Note that the assumption that the exit pressure drop is negli- i . _ .

gible in comparison with the entry pressure drop is quite WNereQ is the volume flow rate anR is the die radius. A
common in capillary rheometry, (see, for example Carreau Single shift is then performed along the time axis using the
[6] or Moldenaers et al. [7]). In order to get a measure of the Shift factorarp introduced in Section 2. An iterative tech-
actual pressure associated with the orifice pressure drop d'ldue is employed to ensure that the best fit for the tempera-

mean valued,of the two measured pressures is taken: ture and pressure coefficients are obtained from the data.
Note—although these coefficients are obtained from the

P, = E[PZO + P1,]. (10) raw orifice and capillary pressure drop data they actually
2 represent the coefficients for shear and elongation, due to the

The pressure drop along the capillaky, is taken as the ~ dominance of shear in capillary flow and extension in entry
difference between the pressure at erfrg, and the down-  flow. Hence, the subscripts S and E are applied to the

stream pressurel, : temperature anq pressure coefficients to denote either
shear or elongation.
AP; = Pe — PL.. 1D Shear viscosities for the polymer melts are calculated

However, the pressure drop needs to be expressed in term&©m the superimposed capillary pressure drop data by
of the upstream pressuR2, as the entry pressure cannot be f|rst. fitting a polynomial (usu.ally third order) to the (Iog)
measured directly. In practice, this is achieved by applying c@pillary data and then applying the conventional equations
the so-called Bagley correction [8,9]. The main premise of Of capillary rheometry, incorporating the Weissenberg—
this correction is that the entry flows, to the orifice and to the Rabinowitsch correction [11]. _

capillary, are essentially the same at the same flow rate and 1h€ analysis assumes that the pressure gradient along the
that they generate the same pressure drop. In our case thi¢€ndth of the capillary, although non-linear due to the pres-
condition will only hold, provided the upstream pressures, SUré dependant viscosity, can be approximated\By/L,

as well as the flow rates are equal. This can always pethe total pressure drop over the capillary Iength. In fact,
achieved, in principle, by adjusting the downstream pres- Peénwell et al. [12], have developed an expression for the
sure using the valve. In practice, however, it is easier to set@ial pressure distribution along a capillary, based on an
convenient downstream pressures and then to interpolate th&Xponential dependence of shear viscosity on pressure,
upstream data to obtain the relevant pressure drops. ThusWhich is:

the capillary entry pressure is obtained by subtracting the

orifice pressure drop, determined at the correspondingP(2 = Infe %" + (1 — e #PyzL] - B, (15

upstream pressurdP, (P2) from the capillary upstream

pressure. Eq. (10) then becomes: where P(2) is the pressurep is the pressure coefficient,
AP is the total pressure dro is the displacement

AP = {P2; — APo(P2)} — Pl.. 12 along the capillary and. is the full capillary length.

By similar reasoning the mean pressure in the capiligrig ~ 1his model predicts a concave pressure profile along

given by: the capillary, but, provided the overall pressure drop
for the capillary is relatively modest or the pressure

P. = }[pzc — AP,(P2) + P1,]. (13) coefficient is small, the deviation from the linear case is

2 small and a linear approximation for the pressure gradient

Once the pressure drops have been determined as a funds justifiable.
tion of pressure it is possible to obtain temperature and Similarly the superimposed orifice pressure drop data can
pressure coefficients for shear and elongational flow by be used to obtain estimates of the extensional viscosity for
applying the time—temperature—pressure superposition tothe polymer melts. That work is not included in the current
the raw data as follows: The orifice and capillary pressure study but is the main subject of an earlier paper [1].
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Fig. 4. Raw orifice and Bagley-corrected capillary pressure drop versus apparent shear rate data for LDRE at 200

6. Experimental results

6.1. Low-density polyethylene

temperatures: 170, 200 and 280 Examples of how the

maximum level of 5 x 10° s 1. However, this is no greater
than the ranges used by Laun [13] or Kadijk and van den
Brule [14] who covered ranges up tox210° and 3x

10°s %, respectively, in their studies on high pressure
Tests on LDPE were carried out at three different shear rheometry using slit dies.

For further convenience, the pressure drop data points are

orifice and capillary pressure drops vary with mean pressureplotted with reference to the nominal downstream pressure
at 200C are given in Fig. 4. Here the raw data are plotted P1 to avoid the complication of specifying an individual
together as a function of apparent shear rate, in order tomean pressure for every point. Though the graph is on a
make direct comparison easier. The apparent shear ratdogarithmic scale, the pressure drops are evenly spaced
range investigated is relatively high for LDPE having a with each increment of nominal pressure (which is on a
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Fig. 5. Pressure reduced orifice and capillary data for LDPE at 170, 200 af@.230
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Fig. 6. Temperature and pressure reduced orifice and capillary data for LDPE.

linear scale.) This indicates that both the orifice and capil- that thearp parameter, as defined, is independent of shear
lary pressure drops have an exponential dependence omate, for the range of temperatures and pressures used. Note
pressure over the range of measured flow rates. Only a fairlythat for this and all the other polymers the reference
modest increase of approximately 50% in the pressure dropstemperaturdr was selected as 280 (the middle tempera-
is observed over the pressure range investigated. Howeverfure for LDPE) in order to facilitate later comparisons
Laun [13] failed to record any increase in the entrance pres-between the polymers. The reference pressure is atmos-
sure loss of a slit die for LDPE over a similar range of pheric.
pressures. The shifting procedure leads to the extension of the range
Subsequently, the orifice and capillary data (at’2)@re of shear rates covered from 1(1/2) (see Fig. 4) to over 2(1/2)
superimposed, via the mechanism outlined in the data inter-decades (see Fig. 6). Good superposition is observed for
pretation section, and then plotted alongside equivalent most of the data with an error margin estimate of typically
superimposed data for 170 and 2380n Fig. 5. The level less than 3% for those of the capillary, although greater
of temperature dependence is fairly modest in this case. scatter is observed with the orifice at the lowest shear
Full time—temperature—pressure superposition for the rates and pressures due to the relatively small values of
LDPE is illustrated in Fig. 6. This provides direct evidence the pressure drops.
Both sets of pressure drops exhibit power-law behaviour

Table 1 at the higher shear rates, although some curvature in the
Shear and extensional pressure coefficients for the five polymer melt |ogarithmic plots is apparent particularly in the case of the
samples orifice data at the lower shear rates and pressures.
Melt Temperature°C) s (GPa'Y) Be (GPa'Y) The best-fit values of the coefficiengsandE/R for LDPE
are obtained by fitting Eq. (6) to the determined shift para-
HDPE 150 9.5 11 meters. The values are recorded in Tables 1 and 2, respec-
;(7)8 18 ; 112 ] tively, together with the equivalent coefficients for the other
LDPE 170 165 15 polymers. Both the temperature and pressure coefficients are
200 16 15.5 moderate and the shear and elongational cases have similar
230 17 16.5 values to each other. It is interesting that the shear pressure
PP 190 22.5 23.5 coefficients recorded at 15—17 GPaare only marginally
200 22 23 lower than that of Laun [13] who arrived at a shear pressure
230 21.5 24 - 1
PMMA 220 o5 29 coefficient of 20 GPa for LDPE, based on the curvature of
230 24 26 the parabolic pressure profile in a slit die.
240 25 28
PS 21(?(? 235 S 3379 6.2. Polystyrene
230 28 35.5

Tests on PS were conducted at temperatures of 180, 200
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Table 2 Pressure superimposed data obtained from Fig. 7 using
Shear and extensional temperature coefficients for the five polymer melt tha same technique employed for LDPE, together with

samples equivalent data for the temperatures of 180 andP@3@re

Melt as (°K) ae CK) shown in Fig. 8. The superposition attained with the capil-

lary is, again, very good and the only significant scatter is

EDDEIIEE gfgg 2288 again observed with the orifice at the lowest pressure drops,
PP 5400 6000 which coincide with .the highe_st_ temperature and lowest

PS 9500 14,000 shear rates. From this graph, it is apparent that the levels
PMMA 12,500 14,500 of temperature dependence for PS are also high, especially

for the orifice.

Full superposition is shown in Fig. 9. The temperature
and 230C. Raw data for the orifice and capillary pressure superposition for PS is nearly as good as for the LDPE,
drops of PS recorded at 2D are plotted as a function of  except for the lowest temperature of 280at the highest
apparent shear rate in Fig. 7. The levels of pressure depenshear rates. However, the range of shear rates covered is
dence, exhibited by both sets of data, are considerablyeven greater than for LDPE at about three decades, which
higher than those obtained for LDPE. This is particularly is a direct consequence of the higher levels of temperature
true in the case of the orifice pressure drop, which experi- and pressure dependencies. The pressure coefficients calcu-
ences a four-fold increase over the measured range of mearated for the capillary are substantial at 29 GRawhile
pressures and become nearly as large as the capillary presthose of the orifice are even higher at 36 GPa
sure drops at high shear rate and mean pressure. The values obtained for the shear coefficients are in fact

This result has a significant bearing on conventional very close to those found for PS by Penwell et al. [12] and
capillary rheometry measurements. The Bagley correction Kadjik and Van den Brule [14] at 29 and 31 GParespec-
is normally carried out by subtracting orifice, or short capil- tively. Note that Kadjik and Van den Brule applied expo-
lary, pressure losses from those of the capillary, at corre- nential shifts to shear data to obtain superposition and
sponding flow rates. However, both sets of measurementsadopted a generalised Arrhenius—WLF equation to describe
are normally made with the die exits at ambient pressure. If the exponential shifts, whereas Penwell et al. considered the
the pressure drop along the capillary is significant then the non-linearity of Bagley plots. The temperature coefficients
actual entry pressure drop will be enhanced due to theare also large and in the case of the orifice, they are over a
elevated pressure conditions upstream of the capillary andthird greater than those of the capillary.
will be underestimated by the Bagley correction. Conse- It is felt that it is significant that the values of boEiR
guently the resulting shear viscosity will be overestimated, and 8 are larger for the orifice data than for the capillary
particularly at high shear rates and with highly viscous or whereas for all the other polymers, the values are similar for
pressure dependent materials. both orifice and capillary. This result is unexpected.
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6.3. High-density polyethylene drop data is more limited here, than for the other polymers,

particularly in the case of the orifice because the orifice
Tests on HDPE were conducted at the lower temperaturespressure drops were too low to measure at the lowest flow

of 150, 170 and 20@, because the orifice pressure drops rates. However, over the two decades of shear rates where

become impossible to detect at higher temperatures. Thethe data is available the superposition is good.

resulting temperature and pressure coefficients, featured in

Tables 1 and 2, are relatively low. Indeed, itis not surprising 6 4. polypropylene

that the pressure dependence of HDPE is lower than that of

LDPE, since the former polymer does not exhibit the PP was tested at 190, 200 and Z3&s lower tempera-

branched structure of the latter. Only a small difference is tures were not possible due to problems with crystallisation

apparent between the orifice and capillary pressure coeffi-for this grade of PP at 18C and below. Temperature and

cients. The time—temperature—pressure superimposed dataressure coefficients for PP fall between those of LDPE and

for HDPE are shown in Fig. 10. The extent of the pressure PS and here again there is no substantial difference between
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Fig. 9. Temperature and pressure reduced orifice and capillary data for PS.
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Fig. 10. Temperature and pressure reduced orifice and capillary data for HDPE.

the orifice and capillary values. The value of the shear pres- PS. This is interesting, since itis normally expected that mate-

sure coefficient at 24.9 GPais in good agreement with the
measurements of Kadjik and Van den Brule [14] who
obtained a value of 23.5 GPhfor PP. Full superposition

for PP is shown in Fig. 11.

6.5. Polymethyl methacrylate

band of temperatures between 220 and’@40 he pressure

rials with greater temperature dependence would also exhibit
greater pressure dependence. For example, Cogswell [15] has
stated “an increase in the pressure of a polymer melt was

equivalentto a decrease intemperature and that if the viscosity
(shear) was very sensitive to changes in temperature then a
similar sensitivity to pressure could be anticipated”. Though
this is generally true of the other polymers investigated,
PMMA is known to be very temperature sensitive and for PMMA appears to be an exception. The increase of the pres-
this reason the PMMA samples were tested over a narrowersure coefficient in elongation over that in shear for the PMMA

is small compared with the PS but does seem to be a little

coefficients for PMMA are second only, in magnitude, to larger than for the polyolefines. However, it still falls within
those of PS (and lie between PP and PS). However, thethe scope of experimental uncertainty.
temperature coefficients are even greater than those of the Fig. 12 shows the superimposed pressure drop data for
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Fig. 11. Temperature and pressure reduced orifice and capillary data for PP.



M.A. Couch, D.M. Binding / Polymer 41 (2000) 63236334 6333

10%
o 000
EMMPE’R o
| %ng}iwg ® ° ’
i NN
'k Caplllarz;m Py '@&ﬁd@
< C +* -g
& E + gt
= | o
s Iy
et %e
a 50*°
£ Orifice _+*
2 W Temperature
g 10°F *
5 E +* (OC)
A 220
° 230
+ 240
101 NI B | T | L
10! 10* 10° 10* 10°

Apparent Shear rate o)
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PMMA, which are similar to those of the PS. Here again the levels of pressure dependence. However, PMMA has the
level offit is not quite as good as for the LDPE particularly for highest temperature dependence and we can only speculate
the orifice, but in this case it can be directly attributed to the that this may result from it having two pendant groups on
sensitivity ofthe meltviscosity to smallchangesintemperature. each of its monomer units (see Fig. 1).
The error associated with the temperature and pressure
6.6. Discussion coefficients of the polymers is typically within-5% for
shear and=10% for elongation, based on the levels of
In summary, examination of the temperature and pressurefitting achieved with the superposition. As mentioned
superimposed data reveals that good superposition is achievegreviously, in the case of the orifice, the levels of experi-
for the LDPE and HDPE for both the orifice and capillary mental scatter are high, because the measured pressure
pressure drops and reasonable levels of superposition arelrops are very small compared with the pressure ratings
obtained for the PS, PP and PMMA. In all cases, better super-of the transducers. Given these levels of experimental
position is observed with the capillary, mainly because the uncertainty, probably the most interesting result to arise
associated pressure drops are significantly larger and morgrom the tables is that, with the exception of PS that has
accurately measurable than those for the orifice die. Therefore significantly higher coefficients in elongation, the shear
allowing for experimental uncertainty, it can be concluded coefficients are at similar levels as those of elongation.
that, the time—temperature—pressure superposition holdsTherefore, it can be concluded that for most polymers the
in both shear and elongation for all of the polymer melts. temperature and pressure dependencies are essentially the
The pressure dependence of the melts as characterised bgame in both shear and elongation.
these shear and extensional pressure coefficients is ordered: Itisimportant to realise that although the pressure levelsin
PS> PMMA > PP> LDPE > HDPE. However, in terms the capillary and entry flow regions are high, the actual pres-
of temperature dependence the ordering is: PMMA  sure drops associated with the capillary and orifice are rela-
PS> PP> LDPE > HDPE. tively modest (usually (30 MPa) when compared with those
The ordering must be a direct consequence of the differ- encountered in, for example, injection moulding processes.
ences in the chemical structure of the individual polymers, Most of the major assumptions regarding the capillary flow
since this is known to be responsible for the temperature/ analysis, such as incompressibility, negligible viscous heating
pressure dependence of polymer melts. HDPE, which hasand a linear pressure gradient, can be justified in terms of
the lowest temperature and pressure dependence, has ththis fact, i.e. the pressure drops are no greater than those
simplest (linear) structure of the polymers. LDPE has the encountered in conventional capillary rheometry.
same chemical structure, but also has some degree of chain
branching, that causes it to show greater dependence than
HDPE. The remaining polymers PP, PMMA and PS have 7. Conclusions
progressively larger pendant groups attached to their carbon
chains and there is a direct correlation with this and their ~ This paper is the second of a series that address the
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Table 3 so the temperature was maintained at an ambient one
Shear and extensional pressure coefficients for the five oil samples (20°C). Two multigrade oils 15W/40 were considered
oil Bs (GPaY) Be (GPaY) along with a single grade oil (having no polymer additive).
for control purposes, degraded samples of the same multi-
Oil A lub 23 22.5 grade oils were also tested. The degradation was achieved
8:: g I(Ssgraded) 222'5 2335 by repeatedly passing the oils through a fine diesel injector.
Oil B (degraded) 235 235 Both oils designa}ted as Qil A and Oil B were produced frpm
Single grade oil 2 24 24.5 the same base oil and differed only by the polymer additives

used in their formulation.

The focus of the former paper was the effect of pressure on
important issue of the pressure dependence of rheologicalthe Trouton ratios of the oils. However, by applying the time—
parameters in the case of commercially important non- pressure superposition to the raw capillary and orifice data itis
Newtonian fluids. It deals mainly with the relationships possible to derive pressure coefficients from the resulting shift
between the temperature and pressure dependencies dhictors, as was done with the polymer melts above. These
shear and elongational flows and the use of superpositionresults were not reported in the ‘oils paper’, but are included
theory to estimate the relevant parameters. in Table 3 because of their relevance to the current study. A

Within the error limits of the experiments time—tempera- truly fascinating finding, which is evident from the table, is
ture—pressure superposition is found to hold for all the that within experimental uncertainty the pressure coefficients
samples considered in both shear and elongation, althoughfor the single and multigrade oils (including the degraded
the degree of fit is best for HDPE and LDPE. samples) are always the same at528 1 GPa * in shear

The temperature coefficients exhibit trends similar to and 235+ 2 GPa® in elongation. The error margins are
those for pressure, however, the ordering of the temperaturemarginally better than those of the melts simply because the
dependence differs in that, the PMMA has higher tempera- temperature control of the instrumentis tighter &2than at,
ture coefficients (see Table 2) than the PS. forexample, 20TC. These values are very close to those of PP,

The most significant result is that for each polymer the whichisinthe middle of the range of the polymers considered.
shear temperature and pressure coefficients are of similartis thought that the pressure coefficients of the oils are solely
value (allowing for experimental uncertainty) to those of dependentonthe base oil and, unlike those of the melts, do not
elongation, with the exception of PS that has considerably vary when the polymer additive is changed, because of the
greater coefficients in elongation particularly for tempera- relatively low concentrations of polymer involved. This is
ture. Therefore, this enables us to conclude that most poly- despite the fact that the polymer additives will have a marked
mers will have essentially the same temperature and effect on the rheology of the oils themselves, i.e. single grade
pressure dependence in both shear and elongation flows. oils are essentially Newtonian, while multigrade oils are

highly viscoelastic and the degraded samples will also be
viscoelastic but to a lesser extent (these findings are demon-
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