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19. ABSTRACT
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THE EFFECTS OF TEMPERATURE AND PRESSURL ON THE
LONGITUDINAL VOLUME VISCOSITY OF TWO MODILL POLYMIERS
Benjamin S. Hsiao, Montgomery T. Shaw and Edward T. Samulski
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A mcthod of studying dynamic lonﬁ/ ud al \ol\lmc vnscosny‘@) at hizh pressure using a
modificd Instron capillary rheometer is dcmPnstratcd. Two model po'smars were chosen as ex-
amples: an amorphous polysulfone and a sc}nicryslal]inc high density peliethylenc.

—Zﬁ was measured at fixed pressure usingg continuous tempcrature sw2:p. The pressure ;anﬂcd
up to 2000 bar, while temperatures were sw gpt through the liquid to solil tr:msmon for each of the
matcrals. The effects of frcquenC)T(from 0. OIZS to 0.125 llz\)ﬁmd strain-£0.06 to 0.24% )%n%
were also investigated. In both polymer systems, increased as the pressure was increased or
the frequency was decreased. In spite of the small strains employed, the viscosity was found to de-

creasc as the strain was increascd. The temperaturc-dependent @\aned with the nature of the

L ;aﬁ-rqns\*wox\“‘é"\ ot 2T

transitions. In polysulfone, (JD decreascd sharply with temperature abose lhé@ However, in
polyvethylene, a _go;xln c_dgpcndcnce o(ln,_f on temperature, limited to cnly a small tempcerature
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range abos was obscrvc Under all conditions, [ny| vaned over th: range 10'7 10 10" Pass,

a much smaller change than found in n°.

Accesion for

NTIS CRA&I )
DTIC TAB @]
Unannuunced (@]
Justihcaton

e
BY o]
Di-tiration]

)-——--- - —— eme— = - ———

/\\"(’LH‘ "l‘y Cades

P-—--~-—— - e e

: A l' " "‘Ur
Ot s oestal




INTRODUCTION

Dynamic longitudinal volume viscosity (n;) can be expressed by the zquation:!

s _ A
" W

where Af” is the complex bulk longitudinal dynamic modulus. and e is the radial frequency. In
general, M is defined as the modulus measured under compression (or tension), where the defor-
mation is onc-dimensional. In this study, M* was mcasured by the axial compression of a cylinder

confincd by a nigid cylindrical wall.

M’ is a combination of shecar modulus (G*) and bulk modulus (A*) ' gven by

A=K+ &6 2]
3
Therefore, n; can be expressed by
=gt AN 131

The complex dynamic longitudinal volume viscosity is defined in the us.al manner:
nL = n. + in., where n.’ is the viscous (in phasc) component of n; 2md n,° is the elastic (out
of phasc) componcent. One can calculate the dynamic bulk viccouty from ) data using eq. (1) f

shear viscosity of the matenial is known.

Aleman et al 244 have recently studied the longitudinal volume viseosity (n,) of cpoxide
prepolymcrs, poly (vinyl chloride) and poly (butylene tercphthalaty) with an Instron capillary
rhcometer. Assuming that polymer melts behased similiarly 10 a Voist-Kelvin clement, they cal-

culated n, from the viscous component of the bulk volume modulus. Tt found that n, increased

with an increasing compression rate, increasing temperature and decreasiny strain.




In this paper. a novel technique will be introduced to measure the dynamic longitudinal volume
viscosity; this technique uses a capillary rhecometer, an instrument availab!: in most of the polymer

taboratorics. No assumption of Voigt-Kclvin behavior is nccessary. The transient longitudinal

~olume viscosity mcasured by Aleman is cxpected to behave differently than the n; found in this &
roscarch. ‘
1

It was of particular interest to investigate the behavior of i) through transitions, namcly, a '

second-order and a first-order transition.  From a molecular standpoint, longitudinal volume
viscosity reflects both local motions as well as motions associate with entanglerents and cross-links .
of the polymer molecules. One would expect to see an inherent distinction of the n; behavior
through diffcrent transitions. It is thus conceivable that i} could be used to identify the transitions v

at high pressurcs. )
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EXPERIMENTAL PROCEDURE

Apparatus

A modificd Instron capillary rheometer was used in this study; a deiaded description was given
previously 4" An APPLE I plus computer was adapted for system control and data acquisition,
serving to collect sample temperature, heater temperature, volume change and pressure response,
as well as to control the system temperature and pressure. In addition to mcasuning longitudinal
volume viscosity, software was developed to conduct various other experiments, such as differential
thermal analysis (DTA) and pressure-volume-temperature (P-V-T) analysis using temperature or

pressure sweeps.

The maximum opcrating temperature of the modificd capillary rhoometzr was 380°C, while the
maximum pressure was 6000 bars (6 GPa). The hcating rate of the experiment was programmable
from 1° C 'min to 10°C min and the cooling rate from 1°C mia to 3° C min via software. The
temperature along the heater barrcl would be held to within -+ 1°C. The accuracy of the pressure
measurcment was about 0.5% and that of the volume measurament about € 1%, The data collectzed

on the microcomputer were transfered to an IBM 3084 for further analysis.

Materials and Specimien Preparation

The chosen amorphous system was polysulfone (PSF). This particular poly sulfone was pur-
chased dircctly from Modemn Plastics Co., Brdgeport CT, in the shape of a rod, it was identified
as similar to Union Carbide’s P-1700 polysulfone ** by NMR, IF11R, solution viscosity and DSC
analysis. This polysulfone is derived from bisphenol A and 4.4"-dichlorediphenstsulfone. The glass
transition tempcrature (7,) of this PST, measured via a Perkin Plmer DSC 2 at a heating rate of
5°C.min, was about 185°C. 7, was dcfined as the temperature corresponding 1o the first change in
slope of the heat capacity thermogram. The PSF rods were machined down to the size of the inncr

diamcter of the Instron barrel and vacuum dricd at 140°C for 24 hours. Tuch rod weizhed about

20 grams.




Scmicrystalline high density polycthylene (HDPE) rods were supplied by AIN Plastics Co,
N.Y.;its M, is about 181,000 g mole determined by GPC analysis calibrated with the polystyrene
s1andards. The melting temperature (7,,) of this HDPPE, measurced at the heating rate of 5°C. min,
was 135° C. T, was taken as the peak temperature of DSC cnthalpy thermogram. The crystallinity

of this HDPE is approximately 82%. Spccimens were prepared similarly to those made from PSF.

Rhcological Mcasurcments

Both matenals’ shear responscs were characterized by a Rhcometrics System 4. The dynamic
shear modulus was mecasurcd at a fixed strain (0.24%%), fixed frequency (1 Hz) and under negative
icmperature sweep to mimic the conditions typically used for bulk longitudinal volume viscosity
runs. Two test finturcs were used, a parallel plate for the melts and a rectangular bar for the solid

specimens.

For the bulk longitudinal viscosity mecasurements, the matenials werz fust heated to the melt
state at a rate of 3° C min under high pressure. Duning the heating process, the high pressure DTA
thermogram and P-V-T data could be gathered. This information was u<cd to charactenzc the
system at high pressure. After anncaling at the fust temperature for 30 minutes, data was taken as
described below. It was anticiputed that the anncaling would crasc the previous thermal history of
the specimen. The specimen was cooled at a rate of 2°C min to the next temperature, where it was

held for 5 minutes before measurements were taken.

To mcasure ng, a constant-frequency sawtooth volume doformation was applied to the
speciman. A typical example of this volume dcformation and its pressure response is shown in

Figure 1. The data rate was typically 4 points per sccond.

Both pressure and volume responses were normalized by dividing by the average prossure
(P...) and avcrage volume ( V,,, ) respectively. P, and ¥V, are the mean values of pressure and
volume responscs. To these normalized responaes, Founer sones were fitted using INISL subrou-

tinc FFTSC. This procedure is ilJustrated in Figure 2, where the normaliad pressure and voluime




rosponses are shown along with the fundamentals of the respective Founer wres. The magnitude

of ng was then calculated by:

P P
Ingl = —32 L o 21 Cave 4]
AV Ve © Vi

«here AP is the amplitude of the pressure fundamental, AV is the amplituds of the volume funda-
mental, P, is the amplitude of the fundamcental of the Fourier series of the pressure response, ¥, is
that for the volumce and o is the radial frequency. The viscous (in phasc) part of n} was then de-

1zrmined by:
n = Inglsind 5]

«ahere 8 is the phase angle between the pressure and volume fundamentals.

In this study, four frequencics were investigated, namely 0.0125, 0.023. 0.0625 and 0.125 Hz;
pressure was ranged from 500 bar to 2000 bar; and three strains were examined (0.06%, 0.12%% and
0.24%). The strain referred here was the ratio of the volume change (317 to the average volume

(V,..). These conditions covered approaimately the capabilitics of the instrument.




RESULTS AND DISCUSSIONS

Polysulfone

Temperature Effects

An examplc of the longitudinal volume viscosity vs. temperature response for PSF is shown in
Figure 3. The upper curve is the magnitude of n; (Inz!) while the lower oneis m,’. For discussion,
this curve can be divided into four regions. In region 1, at high temperature, a positive dependency
of n.’ on temperature is exhibited. This effect has tentatively been assigned 10 a failure to achicve
thermal or mechanical equilibrium at the beginning of the experiment. In region 2, the melt range,
the influence of temperature on 1; is in the expected direction. A comparison of this dependence
and the temperature dependence of steady shear viscosity (n,) for PSF, published by Shaw and
Miller! is shown in Figure 4. Iny| has a smaller tempcrature dependence than 1, and n’ (compare
Figure 5 with Figure 3). In this region, n," dominates n, while the elastic contribution is small.
The ratio of In;i to In°| is about 10°. In region 3, the matenial passes through its T, and In; |
approaches a platcau while n,” passes through a maximum, as docs 0’ (in Figure 5) or n,’.2 In re-
@on 4, the glass state, the response is paimarny clastic and inscnsitive to temperature. The peak
iemperature of n,’ in region 3 is assigned logically to the glass transition temperature (7,") during
the cooling process. It is obscrved that, under 2000 bar, this 7, (242 °C) is lower than the T, (292

°C) determined previously during a positive temperature sweep, which is not unexpected.

Pressure Effccts

The effect of pressure on n; is shown in Figure 6 (In1] vs. T) and Figure 7 ( n,'vs. T). The
pressurcs rangc from 500 bar to 2000 bar. According to these figures, In; 1 increases as the pressure
1s increased, and the peak temperature of n,” is shifted to higher temperatures. The shift rate was
about 22° C kbar, compared to a d7,/dP rate of 45° C kbar found from P-V-T measurements b
Allthe T;'s arc listed in Table 1. The glass temperaturcs, measured from both paths, are dependent

on the thermal history and pressure cffects on the specimens. These have been discussed before 2




Frequency Effects

In spite of the narrow achicvable frequency range (0.0125 to 0.125 Hz). the influence of fre-
quency on the components of 0 was found to be significantly negative. This can be scen in Figure
S (In.! vs. T) and Figure 9 (n,"vs. 7). Again, this behavior is similar to that of the complex shear
viscosity. Because the components of n; are approximately dependent on the inverse first power
of frequency, the longitudinal modulus (1M°1) of the solid is roughly constant. T,’ also increased

slichtly with frequency, an cffcct which has been confirmed in other polymers.!?
Strain Effccts

The influcnce of strain on 1; was determined by crossplotting i} temperature sweeps taken at
various fixed strains. The Inil vs. strain response in Figure 10 shows a sizificant decrease of
Imz! with strain; n,’ exhibited the same behavior. This observation confirms the reports of Aleman
et al. that n; increases with a decrease in the compression ratio (same as the strain). In the strain
investigated (0.06 to 0.12%), onc expects linear behavior for the shear response. 1t is believed that
part of this nonlincarity is duc to the inhcrently nonlincar relations between the pressure and vol-

ume, which will be discussed next, while the other part might be purely veometncal.
Intrinsic Nonlincarity

To demonstrate the nonlincar strain dependence of the longtudinal velume viscosity, we stant

the discussion with a gencral form of the lincar stress-strain relation:!

oy = L oGl = DNyt = FTHeIG) + AU = O3 (O3 L dr [6]

For one-dimcensional longitudinal deformation, vy = 3y = 0, v, = 7 and 6,, = o4, where, oy
is the total stress and equals to the negative of the pressure (the direction is opposite). Fquation 6

can be then reduced to:

Or= —32—‘['_ < Gt = Oy(hde + -%-j‘_ » Kt = U)ynde

LSS AR R
UM




Kince in the melt region, K(t) > > G(1), the following relation holds.
— I ! 4 "o . ’
or= ‘51_05 K(t = 0)yy(ehHde 8]
Assuming that the polymer melt behaves like a single Maxwell clement,
-L
Ky=Ke (9]
Here K, is a constant and 1 is the rclaxation time. Equation 8 and 9 can b: combined, giving:
Cr= l_[' K,e fy(:')d:' (10]
2J- o o

Additionally, two assumptions were made to simplify the above relations. Firstly, t was assumed

10 be a lincar function of the pressure (P):

1=aP + 1, [t1]

and secondly, P was proportional to the strain, y (P X y), so that,

T=ay+ 1, (12)

Where a, a’and 1, arc constants. Equation 10 can be expressed as

’

=1

or= J—Il-w Koe ™ "oy 1, p(0dr (13

Using equation 13, we intcgrated numencally over the sawtooth strain histery, knowing that the
matenal was underformed at t < 0. With the suitable constants (K.. a’ and =) chosen, the pressure
response was calculated and the reduced pressure was illustrated in Figure 11, where y(1) was a tri-
angle longitudinal deformation, simulating the 1y pical strain deformation in the experiment. This
calculated pressure qualitatively resembled the experimental pressure responses in Figure 1. Uti-
lizing the analytical procedures described previously, Inil and n,” werc ca'culated from equation

13 at vanous strains. Not surprisingly, the results revealed a nonlinear strain Jependence of the

‘ongitudinal volume viscosity. Both Ini | and n,” decrcased rapidly with roreasing strain. Only at

very low strains ( < 0.0001) did the viscosity appreach an assmiptotic value.




In summary, it can be shown by making rcasonable assumptions tha: :hz dynamic longitudinal
volumec viscosity will appear to be nonlinear because of the asymmetn ¢7 the pressure over the
dcformation cycle. Linear behavior is expected only at very low strains. w%ercas convenient ex-

penimental strains arc beyond this region.

High Density Polycthylene

Temperature Effects

An example of the temperature response of the dynamic complex lor Ztudinal volume viscosity
of HDPL is shown in Figure 12. The upper curve is [n} | while the lows: one is .. From this
figure it can be scen that the behavior of both components of n; is disiir:tively different than that
of the shear response shown in Figure 13. Again, the magnitude of long:.Jinal volume viscosity

exhibited a much narrorer range than the equivalent shear properties.

For the purpose of discussion, Figure 12 can be divided into three rez:ns. In region 1, the melt
region, a different behavior is obsenved compared to that of PSF. As t}.: :omperature is lowered,
Inil remains almost constant until regon 2, the melting transition, s rv:ched. In region 2, the
material passes through a minimum near its crystallization temperation «2d 1qpl is found to de-
crease with decreasing tempcerature. This confirms Aleman e a/.’s obsen ztion that temperature has
a positive cffect on the longitudinal volume viscosity. However our data =dicate that this effect
occurs near the crystallization transition temperature only. In region 3 t+:1d region), the behavior
of Inzl is somewhat similiar to that of solid PSF, in that the viscous pz= (1,7 no longer domi-

nates. However, unlike PSF, the clastic contribution increases rapidly as t.mperature decreases.

Pressure Fffects

As with PSF, pressure had a positive effect on the longitudinal volum: wiscosity of HDPE. This
is shown in the Figures 14 and 15, for Ing| and n,’ respectively. Inii irreased with increasing
pressurc and the minimum was shifted 1o higher temperature by pressure This shift rate was about

10°C._min, which is lower than the shift rate of the mchting point Juc to ;-2ssure.é''. The




A e

crystallization temperatucs and the mehing tempceratures are listed in Tabls 2. The pressure de-

pendencics of the above transition temperatures again are different.

Frequency Effects

Figurcs 16 and 17 display the cffect of frequency on Inz! and n,’ respectively. It was observed
that both components of 1 decreased with increasing frequency. This behavior was similar to that
of PSF. The crystallization temperatures appeared to be inscensitive to frequency. In the solid-state
region, frequency had a negative cffcct on Inil; again, | M*! (longitudinal bulk volume modulus)

remaincd about constant.

Strain Effccts

The strain dependence on the Jongitudinal volume viscosity of HDPL was examined by cross-
plotting the Iny| vs. temperature diagrams at various fixed strains. The result is shown in Figure
18. From this figure, it can be scen that a negative correlation exists between strain and both
components of n; . This once more indicated that a intrinsic nonlincaniy 23sts in the longitudinal

volume viscosity. Aleman and his coworkers have rcported a similar strain effect 245
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CONCLUSIONS

In this paper, a modificd Instron capillary rheometer was used to measure the complex dynamic
ongitudinal volume viscosity (n1) of polymers. Two modcl polymer systems were investigated: an
amorphous polysulfonc and a scmi-crystalline high density polscthylene. In both systems, all
componcents of n} increased with pressure, and decreased with frequency and strain. The negative
strain dependence of 1 at very low strains could be explained as an artifactual consequence of the

gcometry. The two materials exhibitcd different behavior near their transitions. In PSF, temper-

ature had a ncgative cffect on both components of 1 , resembling the behavior of the complex
dynamic shear viscosity (1°) in polymer melts. A maximum of n,’ corresponded to the glass tem-
perature. In HDPE, a positive temperature cffect was observed just above the transition temper-
ature regon. A minimum in 1.’ was observed, corresponding to the crystallization temperature

of 11DPE.
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FIGURE CAPTIONS

Figure 1. Volume dcformation and the corresponding pressure response of HDPE at of

150°C.

Figure 2. The normalized volume and pressure responses along with their Founier series’ fun-

damentals.

Figure 3. The longitudinal volume viscosity vs. temperature diagram of PSF. The pressurc is

2000 bar, frequency is 0.0625 1z and strain is 0.24%. The upper cune is In3| and the lower

oneis ..

Figure 4. Tempcraturc dependence of [n; | in Figure 3, compared with that of g, , calculated

from the Arrhenius relationship for PSF published by Shaw and Milier.?

Figure 5. Shear modulus against temperature diagram for PSF. The sirain is 0.24%, frequency

is 1 Hz. The upper cunve is In°] and the lower one is n".

Figure 6. The pressure dependence of {ny ! for PSF. The strain is 0 24% and frequency is

0.0625 Haz.

Figure 7. The pressurc dependence of n,* for PSF. The strain is 0.24% and frequency is 0.0625

Hz.

Figure 8. The effect of frequency on [nil for PSF. The pressure is 2000 bar and strain is

0.12%.
Figure 9. The effect of frequency on n,* for PSF. The pressurc is 2000 bar and strain is 0.12%.

Figure 10. The effect of strain on {ni ] for PSF. The pressurc is 157 bar and frequency is

0.0625 Ha.
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Figurc 11. Reduced pressure responses calculated by equation 14, whire (1) is a tnangle de-
formation, and frequency = 0.6255° !, strain = 0.0012, K, = IaI(0 Pa, 0’ = 0.125x10%s ,

P,, = 1x10°Pa, ¢, = Ss

Figure 12. The longitudinal volume viscosity vs. temperature diagram of HIDIPE. The pressure
is 1000 bar, frequency is 0.0625 11 and strain is 0.24%. The upper c.reis Inz| and the lower

oncisn,'.

Figure 13. Shcar modulus vs. tempcerature diagram for HDPE. The sirain is 0.24%, frequency

is 1 Hz. The upper curve is In°] and the lower one is 1’.

Figure 14. The pressure dependence of In; | for HDPE. The strain is 0.24% and frequency
is 0.0625 Hlz.

Figure 15. The pressure dependence of n,’ for HHDPE. The strain i< 0.24% and frequency is
00625 Ha.

Figure 16. Thc cffect of frequency on In; | for HDPE. The pres-.-z is 1000 bar and strain
is 0.06%%.

Figure 17. The effect of frequency on 0, for HDPE. The pressurz is 1000 bar and strain is
0.06%.

Figure 18. The cffect of strain on In; ] for HDPE. The pressure is 1400 bar and frequency is

0.0625 Hz.
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Table 1. 7;’s mecasurcd in PSF

Pressure T,(1IPDTA) T, (n))

(bar) (9] (&)
500 222 210
1000 246 220
1500 269 232
2000 292 242

1. T(HPDTA): T, measurcd from high pressure differential thermal analysis

2. T,;(.): T, mcasured from longitudinal volume viscosity




Table 1. T_ and 7, mcasured in 1IDPE

Pressure TLHPDTA) T(n.)
(bar) O O
| 135 -
1000 162 150
2000 182 156
3000 202 .

1. T.HPDTA): T, measurcd from high pressurc thermal analysis

2. T.n): T. mcasured from longtudinal volume viscosity
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