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SYNOPSIS

Viscoelastic parameters of low-density polyethylene melt (LDPE) in compression creep
have been measured. Volume deformation (k%) increases as pressure (P) increases and
temperature ( T') decreases. Plots of the bulk creep compliance B(t) vs. time (¢) may be
shifted to provide master curves. As the pressure and the temperature increase, the pressure
shift factors (b, and a,,) increase almost linearly [ activation volumes (AV *) varying from
1.0 to 15.0 cm® mol ], while the temperature-shift factors (br and ar) decrease. The steady-
state creep compliance (B*) describes the recoverable storage of elastic energy (Be) and
seems to be related to the extrusion die-swell (Bi/BY). Volume viscosity (7nx) decreases
with increasing stress (P) and increasing temperature (7).

INTRODUCTION

Melt compression creep has been described so far
only for rigid * polymers such as poly (butylene tere-
phthalate) (PBT)* (planar chains with aromatic
rings and —AF®%% = 458 J/g) and polystyrene
(PS)® (helicoidal chains with side groups and
—AF*®% = 500J/g).

To further explain the effect of chain structure
on the creep behavior, polymers with flexible*
chains (— AF%% ~ 200-250 J /g) and linear chains
[poly (ethylene oxide) [PEO], helicoidal, polar},?
as well as long branches (low-density polyethylene
[LDPE], planar, nonpolar)?® are being studied. This
paper deals with the compression creep behavior of
molten LDPE. Its equilibrium compression prop-
erties (P-V -T') have been described elsewhere.®™

EXPERIMENTAL

Materials

LDPE P-033 was provided without additives by
Repsol Quimica SA (Spain). Its molecular charac-

* Polymer melt chain rigidity has been assumed to be'™ the
Gibbs free energy (—AF'), composed of intramolecular interac-
tions (enthalpy, AH) and interchain interactions (entropy,
T - AS), computable by graphical integration of specific heat (C,)
vs. temperature curves.
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teristics have been described elsewhere.® A silicone
lubricant-type Rhodosil 47-V-300 from Siliconas
Hispanicas SA (Spain) was used to avoid friction
at the walls.

Methods

All compression measurements were carried out in
an Instron capillary rheometer attached to an In-
stron tensile tester model T'T-CM, with a steel plug
instead of the capillary.!®

The rheometer barrel (area A = 0.907 cm?) was
preheated to the temperature of 337 K. Dial reading
provided the zero setting (I°). Afterward, 4.5000 g
of LDPE pellets was added, and a Rulon plug of
length I, was introduced in the cylinder. A vacuum
of 0.2 mmHg was then applied for 15 minutes for
the polymer pellets to melt without bubbles. The
barrel was then heated to the run temperatures of
423-463 K. The equilibrium in force (F) and tem-
perature ( T') was attained under a load of 1 kg, and
to operate without degradation, the vacuum was re-
placed by an atmosphere of 99.9992% pure nitrogen.
Since the experimental temperatures were all well
above the polymer glass transition temperature (T,
= 183 K), the thermodynamic equilibrium was es-
tablished rapidly, and, consequently, the initial vol-
ume of polymer (V) is a function of temperature
only.

The machine crosshead was lowered at selected
rates (usually 2 em/min for the 5 and 30 MPa runs,
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5 em/min for the 70 and 100 MPa ones, and 10 cm/
min for the 130 and 170 MPa runs) in order to
achieve the pressure (P = F/A) chosen for the ex-
periment (from 5 to 170 MPa), which was then kept
constant while the changes in length (Al,) with time
(t) were recorded. Actual results are shown in Figure
1 at 423 K and 100 MPa as a representative example.

The initial length (l;) was computed from the
crosshead speed, the paper speed (20 cm/min ), and
the paper length (I, cm) between the points where
the force started to increase and reached the con-
stant value selected (at which the dial reading after
10 s was l,ov), respectively,

i = 0.25 X lp + lwv (1)
The actual initial length of the polymer (1) is
lO=li+ls_lr (2)

in which [, (1.25 ¢m) is the plunger travel security

length.
Thus, it was possible to know the initial volume

of the polymer:
Vo= Voo = WRz(lo - 1% (3)

The length of the polymer at any time (l.) was
then computed:

L=AL+ 1, — L+ (Al + Al,p). (4)

in which Al is the change with pressure of the Rulon
plug length and Al is the compliance (background
response ) of the experimental equipment.®

The volume V, at t = ¢, is therefore
Ve= Vpr,=wR*(l. = 1° (5)
Dial reading was continued until a steady-state
volume was attained. Then, the polymer de-
compression was started by reducing the pressure
of the system to a constant value of 1 or 2 MPa
according to the run being carried out. The increase
in length of the polymer ( Al;) with time was regis-

tered.
The length of the polymer (l;) at ¢ = t; is now

Li=Al+ 1, — L+ (Al + Al )a (6)
The decompression volume is
Va=wR*(l4—1°) (7)
The change in volume of the sample is

AVC = V() - Vc (83.)
AVd= Vc_ Vd (sb)

The experimental procedure was tested with
poly (ethylene terephthalate ).

RESULTS AND DISCUSSION

V values at temperatures 423, 433, 443, 453, and 463
K and pressures 5, 30, 70, 100, 130, and 170 MPa
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Figure 1 LDPE force (F) vs. time (paper length [,) at 423 K and 100 MPa.
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Figure 2 LDPE volume deformation (k%) vs. time (¢) as a function of (a) pressure at
453 K: () 5 MPa, (<) 30 MPa, (O) 70 MPa; (A) 100 MPa, (V) 130 MPa, () 170 MPa;
(b) temperature at 130 MPa: () 423 K, (O) 433 K, (A) 443 K, (V) 453 K, (O) 463 K.

were used to compute the volume deformations
(k% ):

AV,

0

k% =

- 100 (9a)

AV,

0

ka% = - 100 (9b)

These are plotted vs. time (¢) in Figure 2(a) and
(b) at 453 K and 130 MPa, respectively, as repre-
sentative examples. As may be observed, the volume
deformation (k%) is larger the higher the pressure
and the lower the temperature. LDPE time-depen-
dent volume (Fig. 3; the retardation times depend
on temperature, pressure, and instantaneous state
[AV/V,] of the polymer)!? extends over 2 decades
of logarithmic times.

The bulk compression creep compliance B(¢) may
be computed from Figure 2 data as

B(t) =~ (10)

A plot of B(t) vs. t is shown in Figure 4(a) and
(b) as a function of pressure and temperature, re-
spectively. They can be reduced to a master curve
by shifting them along the coordinate axis (Figs. 5
and 6).

Pressure-shift factors b," and a,* were computed
as'?'® (at equilibrium, LDPE compression follows
Tait’s equation )5°

¥ Bulk creep compliance B(t) is the reciprocal of the bulk
compression modulus of elasticity (L = P/(AV/V,)).2 When L
is plotted vs. the intramolecular interactions (AH) at 450 K, a
straight line results that obeys the equation (with Ly =~ 4000
MPa and o =~ 2.5 MPa/(J/g))%

L =Ly~ a- AH%X (1la)
Consequently, the following equations are obtained:

_L(P) _ Ly—a-(AH)p

% = (P Lo a-(AH)p,

(11b)

_L(Ty) _ Ly~ - (AH)7,
L(T) Ly— a-(AH)p

bT ( 138)

Results according to them are plotted in Figures 7 and 8
(dashed lines).
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Figure 3 LDPE volume deformation (k%) vs. time (t) at 423 K and 100 MPa: (O)

compression, ({(]) decompression.

B(t, Py)
= — 11
(ln t)po
aQ, = ———— 12
> = nt)p (12)
* a, has been described in the glassy state by eq. (12):
= (AV* -P) (12a)
a, = exp T, a

A plot of In a, vs. P should provide straight lines [Fig. 7(b)].
AV* is the activation volume of the value of about 1-15 cm?/
mol. The same scatter of data is always observed with flexible
chain polymers,** because their large volume changes make more
noticeable the nonlinear response of the free volume. ar obeys
the equation

aT=exp[ AT —Ty) (14a)

R-T}

R is the gas constant and AE = 104 KJ/mol® is the LDPE
compression flow activation energy. Results are shown in Figure
8(b) (dashed line).

Figure 7 shows that b, as well as a, increase almost
linearly as the compression stresses (P) and tem-
peratures ( T') increase.

Temperature-shift factors by and ar computed

as 12,13

_ B(t,T)

bT_B—(t, To) (13)
_(Int)r

T Int) g, (14)

decrease as the temperature and pressure (except
at 5 MPa because the system is in the gauche con-
formation—see next paragraph) increase (Fig. 8).

Bulk creep compliance B(t) behavior [Fig. 9(a)
and (b)] is consequently different below and above
some critical value of the process variables (T,
=~ 443 K and P, =~ 30 MPa), which is presumed to
be®”!* the gauche-trans transition. Below it, the
compression of the free volume plus the occupied
volume '>'3 takes place. Above it, B(t) may be con-
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Figure 4 Bulk creep compliance B(t) vs. time (t) at (a) 433 K and (i) 5 MPa, (<) 30
MPa3, (O) 70 MPa, (A) 100 MPa, (V) 130 MPa, ([J) 170 MPa; (b) 30 MPa and (<) 423
K, (O) 433 K, (A) 443 K, (V) 453 K, ([O) 463 K.
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Figure 5 Bulk creep compliance B(t) as a function of pressure at T = 453 K with
reference pressure P, = 30 MPa: (1) 5 MPa, (<) 30 MPa, (O) 70 MPa, (A) 100 MPa,
(V) 130 MPa, (O) 170 MPa, shifted parallel to (a) the ordinate axis (b,) and (b) the
abscissa axis (a,).
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Figure 6 Bulk creep compliance B(t) as a function of temperature at P = 70 MPa with
reference temperature T, = 463 K: (0) 423 K, (O) 433 K, (A) 443 K, (V) 453 K, ([0) 463
K, shifted parallel to (a) the ordinate axis (br) and (b) the abscissa axis (ay).

3.01

(a)

_02 ¥ T T T
(0] 50 100 150 200

P (MPa)

Figure 7 Pressure-shift factors with reference pressure P, = 30 MPa, at different tem-
peratures (¢) 423 K, (O) 433 K, (A) 443 K, (V) 453 K, (O) 463 K: (a) ordinate shift (by);

(b) abscissa shift (a,).
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Figure 8 Temperature-shift factors (by and a;) with
reference temperature T, = 463 K, at different pressures
(1) 5 MPa, (¢) 30 MPa, (O) 70 MPa, (A) 100 MPa, (V)
130 MPa, ((J) 170 MPa: (a) ordinate shift (b7); (b) ab-
scissa shift [ar, (----) computed with eq. (14)].

sidered® as the compressibility (instantaneous'?)
of only the occupied volume, i.e., it corresponds to
the absence of any intermolecular configurational
rearrangements of the chain backbone within the
time interval of the experiment. Their difference is
the compressibility of the free volume alone.

The elastic energy storage recoverable after stress
removal? is

B.=B:— B (15)

B} and B} are the steady-state creep compliances
in the compression and decompression steps, re-
spectively. B, values are shown in Figure 10(a). It
increases with increasing temperature and decreas-
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ing pressure. The ratio B3/ B} is related [ Fig. 10(b)]

to the die-swell in extrusion (D/D,)," and increases

with increasing stress (P) and temperature (T').
The bulk volume viscosity (nx) is®®

—Ap At
. 16
"TAV 1 B (16)
V, At

Its values are shown in Figure 11 as a function
of the compression stress. 5k increases with de-
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Figure 9 Bulk creep compliance B(t) as a function of
(a) pressure and different temperatures: (<) 423 K, (O)
433 K, (A) 443 K, (V) 453 K, (O) 463 K; (b) temperature
and different pressures (1) 5 MPa, (¢) 30 MPa, (O) 70
MPa, (A) 100 MPa, (V) 130 MPa, () 170 MPa.
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Figure 10 (a) LDPE steady-state bulk creep compliance (B,) vs. temperature at (IZ) 5

MPa, (¢) 30 MPa, (O) 70 MPa, (A) 100 MPa, (V) 130 MPa, (CJ) 170 MPa; (b) LDPE
die-swell vs. stress (P) in shear deformation at (W) 463 K, (Ref. 11), and decompression
at (0) 423 K, (0) 433 K, (A) 443 K, (V) 453 K, (1) 463 K.

creasing temperature® and with decreasing pressure
until about 50 MPa, and then remains almost con-
stant (the differences observed being possibly pro-
vided by the variation of the compression rates
around 0.5-2.0 X 10 ®s71).

CONCLUSIONS

Compression creep of molten LDPE has been mea-
sured. LDPE flexible chains show volume defor-
mations (k% ) that increase (contrary to rigid chain

polymers such as polystyrene [PS]® in which 2%
decrease) as the temperature increases. Effect of
temperature and pressure on bulk creep compliance
B(t) are described by shift factors, the ordinate ones
(b,, br) being governed by intramolecular interac-
tions (AH), and the abscissa ones (ar, a,), by ac-
tivation energy (AFE) and activation volume (AV *),
respectively. LDPE bulk creep compliance B(t) be-
havior is different below and above some critical
value (T, P.) of the process variables, at which a
change of chain conformation from gauche to trans
takes place. Bulk viscosity (nx) data follow the pat-
tern of the molecular motions just described.



COMPRESSION CREEP OF POLYETHYLENE

1025

]oa.!
107..
Cl
o
a
Z
x106+
-~
105..
104 T T T T
0 50 100 150 200
P (MPa)

Figure 11 LDPE bulk viscosity (nx) as a function of stress (P) at different temperatures:
(0) 423 K, (O) 433 K, (A) 443 K, (V) 453 K, (O) 463 K.
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