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SYNOPSIS

Ultrahigh molecular weight polyethylenes GUR, UTEC 2540, and UTEC 3540 were frac-
tionated by precipitation from cooling of solutions with stirring [stirring-induced fractional
precipitation (SIFP)]. The samples were dissolved in decalin and precipitated over the
temperature range of 100-78°C. Three types of procedures were investigated. From frac-
tionation data, the integral and differential molecular weight distribution (MWD) of the
polymer were calculated. The MWD and average molecular weights, M,, and M,, by size
exclusion chromatography (SEC) and the limiting viscosity number of the fractions and
whole polymer were determined. From these data, the Mark-Houwink constants were cal-
culated. The “K” and “a,” values obtained were 6.70 X 10™* and 0.69, respectively. The
MWD curves calculated from SIFP technique by using these constants are in accordance
with the MWD by SEC. Fractionation depended on the chemical nature of the stirrer
and the cooling rate of the solution during precipitation. The methodology is reproduc-
ible. Faster fractionation was observed compared with other methods. © 1995 John Wiley &
Sons, Inc.
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INTRODUCTION

Molecular weight distribution (MWD) can be ob-
tained through fractional precipitation of polymer
from solution.! This is an effective procedure but
requires long equilibration times. Precipitation by
cooling depends on a decrease in solvent power
caused by a decrease in the temperature of the sys-
tem. The cooling process should be sufficiently slow
so that the thermodynamic equilibrium is ap-
proached. When the precipitated phase is crystalline
and the polymer has much higher molecular weight
(MW), in general, separation according to MW dif-
ferences does not take place under these circum-
stances.?

Ultrahigh molecular weight polyethylene
(UHMW-PE) is a crystalline polymer and its av-

* To whom correspondence should be addressed.

Journal of Polymer Science: Part B: Polymer Physics, Vol. 33, 759-767 (1995)
© 1995 John Wiley & Sons, Inc. CCC 0887-6266/95/050759-09

erage MW is superior to one million. The crystal
imperfections affect the solubility of the polymer
and may interfere with the fractionation by MW.
Because of the entanglement of the long chains, the
diffusion of the fractions of different MWs among
the coexistent phases is very slow and difficult. Thus,
the fractional precipitation technique as well as the
other conventional techniques,? based on the de-
crease in solubility of the polymer with increasing
MW, were found to be unsuitable for UHMW-PE.

As the UHMW-PE properties (resistance to fa-
tigue, wear resistance, ultimate tensile strength, etc.)
are influenced by MW, both MW and MWD must
be determined.

Fractionation according to MW has been ob-
served when polymer solutions are sheared.> A hy-
drodynamically induced crystallization procedure,
first reported by Pennings,®” has been employed to
fractionate linear polyethylene (PE),%® isotactic
polypropylene (PP),* and UHMW-PE.? An equilib-
rium between a stirred polymer solution and the

759

HONEYWELL Ex. 1023, Page 1 of 9
HONEYWELL INTERNATIONAL INC. v. DSM IP ASSETS B.V.

IPR2024-00493



760  HABIBE AND ESPERIDIAO

solid polymer is established in the above procedure.
Kusy and Whitley'® have reported the UHMW-PE
fractionation by using an increasing temperature
sequential extraction technique. It is an effective
procedure but necessarily slow.

This work describes the fractionation of UHMW-
PE by precipitation from decalin solutions, under
far-from-equilibrium conditions. Precipitation was
provoked by cooling with stirring. The method,
named stirring-induced fractional precipitation
(SIFP), is based on decreasing the polymer solubility
when the solution is submitted to stirring or shear.
Fast stirring induces the arrangement and stretching
of the chains, which makes the higher MW mole-
cules precipitate in the shape of a thin fiber onto
the stirrer.>” The fraction thus obtained is taken
off for further analysis. The next fractions are ob-
tained at every temperature decrease of the solution
with simultaneous stirring. These fractions have
progressively lower MWs.

Phase separation in sheared polymer-solvent
systems has been examined,'?® and the theory of
the shear-dependent phase diagrams has been
worked out using the stored energy formalism.'>!?
The basic idea is that Gibbs energy of mixing is
modified by the elastic energy stored in the sheared
state. Vrahopoulou and McHugh®® considered that
the effect of chain stretching is equivalent to the
introduction of a certain degree of rigidity to the
macromolecular coils. This model led these authors
to predict the formation of a flow-induced separation
of liquid phase concurrent with MW fractionation.

In this work, viscosity average molecular weight
(M,) and MWD by size exclusion chromatography
(SEC) for the fractions and the whole polymer were
determined. The integral and differential MWD as
well as the Mark-Houwink constants in cis, trans-
decahydronaphthalene (decalin) were calculated
from fractionation data.

EXPERIMENTAL

Materials

The samples of UHMW -PE used were type Hostalen
GUR ([n] = 14.22 dL/g in decalin at 135°C) from
Hoechst-German, and UTEC 2540 ([n] = 15.62 dL/
g) and UTEC 3540 ([#] = 16.98 dL/g) from Poli-
alden. In the fractionation experiments, UHMW-
PE was dissolved in decalin from Riedel-de-Hzen
at 150°C and at a concentration of 0.1 g/dL of sol-
vent, except where otherwise indicated. All solutions
were stabilized with 0.1 wt % of the antioxidant Ir-

ganox 1010. The polymers and the solutions were
kept at all times under purified nitrogen, to prevent
oxidative degradation.

Fractionation

Fractionation was done by decreasing the temper-
ature of 300 mL of a solution from 150 to 78-80°C,
under stirring. The apparatus used was a four-
necked glass container (¢ = 9 cm, 14 ¢cm height)
disposed on a magnetic stirrer and equipped with a
digital thermometer, a reflux condenser, an N,
stream, and a mechanical stirrer. An ordinary stain-
less steel stirrer equipped with two paddles in tri-
angle shape (1.5 cm X 3.0 cm X 3.0 cm) was used,
except where otherwise indicated. The container and
the N, stream were thermostatted using a silicone
oil bath that the temperature was controlled with-
in 20.1°C.

Three types of procedures were followed. Accord-
ing to procedure A, Experiments Al, A2, A3, and
A4 were carried out for which the cooling of the
solutions was as follows:

i) from 150 to 130°C at 0.8°C/min with oc-
casional and gentle magnetic stirring,
ii) from 130°C to a preestablished precipitation
temperature, T}, of 100°C at 0.5°C/min un-
der mechanical stirring at a speed of 400
pm,
iii) the precipitation temperature, T, was kept
constant for a preestablished period (pre-
cipitation time, t,); afterwards the stirring
was stopped and the precipitate formed on
the stirrer (fraction) was removed,
stirring and cooling (cooling rate equal to
0.08, 0.14, 0.10, and 0.19°C/min, Table I)
were picked up. The solution was cooled un-
til another T, was reached, then step iii was
repeated. Steps iii and iv were consecutively
repeated, so the subsequent fractions were
obtained at every temperature decrease.

~

iv

The precipitation times (¢,) and the precipitation
temperatures (T},) are shown in Table II.
Procedure B was also done in four steps, but the
cooling of the solution in steps i, ii, and iv was: i)
from 150 to 106°C at 0.7°C/min; ii) from 106 to
99°C at 0.2°C/min; iv) at an average rate of 0.05 or
0.10°C/min, using a stainless steel stirrer or a Teflon
stirrer (Table I). The fractions were obtained at ev-
ery 1 or 2°C of temperature decrease (Table IT). The
more important differences between procedures A
and B are in step ii. They are the temperature and
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Table I. Summary of the Experiments

Experiments Al A2 B1 B2 B3 C A3 A4
Samples GUR GUR GUR GUR GUR GUR UTEC2540 UTEC3540
Sol. conc. (g/dL) 0.10 0.10 0.10 0.10 0.10 0.20 0.10 0.10
Cooling rate in step iv (°C/min) 0.08 0.14 0.10 0.05 0.10 0.08 0.10 0.19
Type of stirrer ss S8 ss 8s Teflon ss ss ss

ss: stainless steel.

the time period in which the solutions are submitted
to mechanical stirrer before precipitation.

Procedure C was the same procedure A but was
done in two periods. In the first one, the solution
was cooled from 150 to 95.8°C; 37% of the polymer
was separated in three fractions. The remaining
polymer was then precipitated by fast cooling with-
out stirring. In the second period, the precipitated
polymer was redissolved at 150°C, cooled to 94.4°C,
and further fractionated to obtain 13 fractions. The
experimental conditions are described in Tables I
and II.

Sixteen to 20 fractions removed were washed with
CCl, (reagent grade) and were dried to constant

weight at 60°C and 400 mmHg pressure, under N,
atmosphere. Limiting viscosity number [7], viscosity
average molecular weight (M,), and infrared spectra
and MWD by SEC and from fractionation data were
determined.

Viscosity Average Molecular Weight (M,)

The viscosities were measured in a Ubbelohde vis-
cometer at 135°C using decalin as solvent. At least
three flow times were obtained to +0.2 s. To prevent
incomplete dissolution and degradation, the solu-
tions were prepared by the heating of fractions and
solvent, in a closed bottle nitrogen saturated, up to

Table II. Time and Temperature of Precipitation for the UHMW-PE Fractionation by SIFP
Precipitation Temperature, T, (°C)
tp
Frac. No. (min) Exp. Al Exp. A2 Exp. B1 Exp. B2 Exp. B3 Exp.C Exp. A3 Exp. A4*
1 60 100.1 100.4 99 99 99 100.2 101.2 101.1
2 60 99.6 99.4 98 98 98 98.7 100.6 99.5
3 60 98.3 97.8 97 97 97 95.8 98.6 99.2
4 30 97.2 96.6 96 96 96 94.4 98.0 99.1
5 30 94.0 94.8 95 95 95 94.0 94.9 98.9
6 5 92.2 93.9 94 94 94 92.6 93.3 98.3
7 5 91.2 93.4 93 93 93 91.7 94.0 98.0
8 5 90.0 91.6 92 92 92 90.9 91.6 97.8
9 5 88.7 90.3 91 91 91 88.7 90.1 93.1
10 5 86.6 89.7 90 90 90 87.9 89.1 96.7
11 5 85.2 88.5 89 89 89 86.8 88.0 95.2
12 5 84.2 86.6 87 88 88 85.0 85.9 92.0
13 5 83.2 85.5 85 86 86 83.2 83.9 90.9
14 5 81.8 84.0 83 84 85 82.9 81.1 89.0
15 5 80.3 82.5 81 82 84 80.4 77.8 87.5
16 5 78.5 80.0 b 80 82 78.5 77.4 85.7
17 5 78.8 80 b 84.0
18 5 78 82.3
19 5 81.5
20 5 80.3

2 Fast precipitation was observed and caused difficulty in the temperature control.

b A residue was collected by precipitation with methanol.
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180°C for 1 h with occasional and gentle stirring.
An antioxidant (2,6-di-tert-butyl-4-methyl-phenol,
BHT) at a concentration of 0.2 wt % was employed.
The antioxidant at this concentration had no ef-
fect on the limiting viscosity number ([5]) (ref. 10),
which was evaluated from the Schulz-Blaschke
relationship'®

ng/c = [7](1 + 0.297,) 1)

where 7, is the spe_ciﬁc viscosity and ¢ is the con-
centration (g/dL). M, was calculated from the Mark-
Houwink equation (“K” = 6.76 X 107% “a,”
= 0.67).1718

Size Exclusion Chromatography (SEC)

Samples of the GUR as well as some fractions were
run separately in a Waters 150C SEC apparatus in
1, 2, 4, trichlorobenzene (HPLC degree), at 140°C,
containing 0.05 wt % of BHT purified. The solution
concentration was 0.1 mg/mL of solvent. Analyses
were made by using four columns of the Phenomenex
type (pore size = 10°%, 10°, 10% 10° A). For the
UHMW-PE fractionation it is more appropriate to
use four columns with 107, 10°%, and 10° A pore size.
Therefore, a portion of the sample in the range of
the highest M W may not be adequately fractionated,
leading to average molecular weight (M,, M,, M,)
values smaller than the real values. The SEC system
was calibrated by using PS standards (peak molec-
ular weight, M, = 3 X 10° to 2 X 107). Standards
with M, between 1 X 107 and 2 X 107 suffer degra-
dation during the measurements and were therefore
left out.

Molecular Weight Distribution From
Fractionation Data

The Schulz’s'® technique was used to calculate the
integral distribution curve. The cumulative weight
fraction, C(M;), for the ith fraction was computed
by adding one-half of its weight fraction (W;) to the
weight fraction of all previous fractions:

i-1
CM;) = Wi/2+ 2 W, 2)

Jj=1

The cumulative distribution, C(M;) vs. molecular
weight of the fractions (M;), was then obtained.

The differential distribution function M.f (M) was
evaluated by the Goodrich method®® by using the
equations

4
M.f(M) = a(a M)’exp(—aM) 2 c,P(aM) (3)

n=0
2 — papauy”
o = 2 Pabiaity_ @
Mapapz” — 1
a=(s+ Dppz’* (5)

Cp = Z hn,rarﬂr+1 (n,r=0,1,2,3,4). (6)

r=0

Both a and s are pre-fixed. Using these values,
the moments of the distribution (1) can be evaluated
from tables?® and from the integral distribution
curve. From these u values, new values for a and s
are then calculated from egs. (4) and (5). By an it-
erative procedure, the u available values can be
reached. The matrice elements (h,,) in eq. (6) and
the Laguerre polynomials [P*(aM)] in eq. (3) are
determined from tables,?’ too. The average molecular
weights are M, = upuo; M, = popi; M, = paus".
Average molecular weights were also computed by
fitting the data to a log-normal distribution func-
tion.’® The M, and § values of this function were
determined by plotting the fractionation data C(M;)
against log(M;) on a logarithmic sum proba-
bility grid. The average molecular weights are:
M, = Meexp(—p*/4); M, = Mexp(8*/4); M,
= Moexp(38%/4). The consistency of the fraction-
ation data was investigated from Phillippoff rule’5%
by using eq. (7):

E = [n]u/[n]s (7

where [7], = 2 (W;[1]:)/Z W;; [n]; and [7]; are the
limiting viscosity numbers of the whole sample and
of the fraction i, respectively.

Infrared Spectroscopy

For the detection of possible thermo-oxidative deg-
radation of the polymer chains, infrared spectra were
taken of some fractions. The samples were press-
molded between two aluminium sheets at 50 Kg¢/
cm? of pressure and 190°C for 3 min. Spectra were
recorded immediately thereafter and also after ex-
traction in chloroform for 2 h at 70°C. A Soxhlet
extraction apparatus was used. Spectra were ob-
tained with a Nicolet 710 FTIR spectrometer at a
resolution of 2 cm™, and 100 scans were signal-av-
eraged for each sample.
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Table III. Fractionation Data for UHMW-PE (GUR)
[n] . Weight Frac. W  Weight Frac. W [n] - Weight Frac. W  Weight Frac. W
(dL/g) M., Xx10°° Exp. Al Exp. A2 (dL/g) M, x107° Exp. B1 Exp. B2
b 0.0142 0.0162 b 0.0073 0.0130
b 0.0080 b 0.0073 0.0153
13.62 2.66 0.0080 16.96 3.69 0.0570
0.0327 0.0149 0.0334 0.0732
16.57 3.55 0.0458 16.25 3.46 0.0901
16.23 3.45 0.0473 15.99 3.37 0.0526
14.47 2.91 0.2982 0.1481
13.48 2.61 0.1978 15.96 3.37 0.0523
0.0731 0.0698 13.98 2.76 0.1027
13.02 2.48 0.0273 13.96 2.76 0.0403
0.0502 0.0176
12.52 2.34 0.0400 12.55 2.35 0.0157
11.86 2.16 0.0218 12.49 2.33 0.0967
0.0182 0.0284 0.0579 0.0287
10.46 1.79 0.0265 12.28 2.28 0.0417
9.30 1.50 0.0411 11.21 1.99 0.0169
9.06 1.45 0.0167 0.0253 0.0673
0.0411 0.0665 10.76 1.87 0.0177
8.08 1.22 0.0284 9.63 1.58 0.0590
7.80 1.15 0.0560 8.73 1.37 0.0527
0.0396 0.1371 8.31 1.27 0.0161
0.0669 0.1343 0.1341
6.92 0.96 0.1055 8.18 1.24 0.1794
7.25 1.03 0.1400 7.08 0.99 0.1078
7.35 1.06 0.1284 7.19 1.02 0.1607
0.0600 0.0779
= 1.0000 1.0000 1.0000 1.0000

*K =6.76 X 107, a, = 0.67.

b This fraction did not redissolve in decalin; its viscosity couldn’t be determined.

RESULTS AND DISCUSSION

Fractionation of UHMW-PE GUR

Fractionation data of Experiments Al, A2, B1, and
B2 are summarized in Table II1. The integral, C(M;),
and differential, M.f(M), distribution curves de-
picted in Figure 1b and Figure 2 were calculated from
these data. It can be seen that some experimental
points do not lie perfectly on the smooth curve on
the integral distribution plot. Such scattering is
mainly due to nonuniformity of the fraction size. It
also depends on the MWD of the fractions and the
accuracy involved in the determination of M,.!° If a
large fraction is obtained next to a small one, the
accuracy in the determination of the cumulative
weight fractions [eq. (2)] is affected and the exper-
imental points will appear scattered.®

In Figure 1, the MWD curves determined by SIFP
are compared with the MWD curve by SEC. Curves
similar to these were found in the literature'® for

UHMW-PE. The shape of the curves apparently is
the same but the MWD by SEC indicates molecular
weights smaller than by SIFP. This behavior is re-

-1.0

0o ¥\ Loo
0 2 4 6 8 4
MOLECULAR WEIGHT (Mwx10®)

Figure 1. Integral molecular weight distribution of
UHMW-PE (GUR): (a) by SEC (—), (b) by stirring-
induced fractional precipitation, Exp. Al (----) and Exps.
A2 and B1 (- - +). The data points of Exp. A2 (*) and
Exp. B1 (0O) were calculated using K = 6.76 X 10~ and
a, = 0.67.
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Figure 2. Differential, M.f( M), and integral, C(M;),
molecular weight distribution of UHMW-PE (GUR):
Exp. Al (----); Exps. A2 and B1 (- - -); Exp. B2 (—)
(= —=%).

lated to the use of the Mark-Houwink equation for
the calculation of MW of the fractions and will be
discussed in more detail in the next section.

The differential distribution curves are compared
in Figure 2. The curves of Exps. A2 and B1 are coin-
cident. The curve of Exp. Al is concordant with that
obtained in Exps. A2 and B1; the corresponding
molecular weights do not differ among themselves
more than 0.6%. The curve of Exp. B2 indicates
higher molecular weights than in the former exper-
iments. The average MWs calculated from these
curves are shown in Table IV. As expected, M, in
Exp. B2 (2.50 X 10°) is higher than in Exps. B1, A2,
and A1 and is more close to M, of the unfractionated
polymer (M, =~ M, = 2.83 X 10°). The ratio between
[n]. obtained from fractionation data and [5], of ini-
tial polymer, from eq. (7), was higher for Exp. B2
(E = 0.92) than for Exps. B1, A2, and A1 (E = 0.88,
0.87, and 0.85, respectively). These results together
show that better fractionation was obtained in
Exp. B2. ]

Because a log-normal MWD has been observed
in the literature for UHMW-PE, *>*° the average MW
in Exp. B2 was also calculated using the log-normal
function (Table IV). The M,, obtained (2.68 X 10°)
is more accordant with the M, of the unfractionated

polymer (M, =~ M, = 2.83 X 10°%) than the M,, ob-
tained from the Goodrich method (2.50 X 10°).
However, we observed that the log-normal function
did not fit well to the points in the range of smaller
MWs. This finding is in accordance with Wagner
and Dillon’ results.’

The fact that the values of M, calculated from
distribution curves are smaller than M, of the un-
fractionated polymer can be due to: i) gentle deg-
radation of some fractions during the measurements
of viscosity or ii) difficulties in the precise deter-
mination of M, of the fractions of highest MW be-
cause they were resistant to redissolving or because
{n] and consequently M, depend greatly on the shear
rate in a capillary viscometer.>'° Degradation during
the fractionation was investigated by FTIR. Spectra
of some fractions were taken before and after ex-
traction with chloroform. Before extraction, ab-
sorptions at 1740 cm™! were observed, characteristic
of esther carbonyl. After extraction, these absorp-
tions disappeared. The compound extracted was
identified as Irganox 1010. So we conclude that there
was not any thermo-oxidative degradation in these
fractions during the fractionation period. The error
involved in the determination of M, of the fractions
appears to be the main cause of the differences ob-
served among M,, from fractionation data and M,
of unfractionated polymer.

The effect of the stirrer type on the fractionation
was investigated from Exps. B3 (Teflon stirrer), A2,
and B1 (stainless steel stirrer) and can be seen com-
paring Figure 3 with Figure 1. In Figure 3, the ex-
perimental points of Exp. B3, in the range of 3.0
X 10° to 3.8 X 105, are close to the MDW curve ob-
tained in Exps. A2 and B1. The experimental points
of Exps. A2 and B1 (Fig. 1) are farther from the
MWD curve than in the case of Exp. B3. This was
attributed to greater mass and uniformity of size
(not shown) of the fractions in Exp. B3 than in Exps.
A2 and B1. In Exp. B3, the mass of the fractions 1,
2, 3, and 4 was one to five times greater than in
Exps. A2 and B1 (Table III). For MWs smaller than
3.0 X 10°% the mass of the fractions in Exp. B3 was

Table IV. Average Molecular Weights for UHMW-PE (GUR) by SIFP

Exp. A1° Exps. A2, B1° Exp. B2* Exp. B2*
M, X 107 2.32 2.38 2.50 2.68
M,/M, 1.4 1.4 1.4 1.7
M, X 107 3.65 3.39 3.40 4.61

® Values calculated using the Goodrich method.
b Values calculated from a log-normal function.
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Figure 3. Comparison between the data points obtained

in Exp. B3 (O) and Exp. C (*) with the integral MWD
curve of Exps. A2 and B1 (—). Exp. B3 was carried out
using a Teflon stirrer; Exps. A2 and B1 using a stainless
steel stirrer; Exp. C was carried out in two periods, using
a stainless steel stirrer.

sometimes too big, sometimes too small; conse-
quently the points show greater deviations of the
curve. Therefore, the mass of the fractions formed
on the stirrer depends on the chemical nature of the
stirrer (Teflon or stainless steel). A similar behavior
pattern has been found in the literature. As indi-
cated,??>? the amount of PE fibers formed from so-
lutions, by a hydrodynamically induced crystalli-
zation procedure, was greater on a Teflon surface
than on a steel surface. It also depended on stirrer
shape.?

The above results lead us to conclude that better
fractionation is achieved in the range of higher MW
by using the Teflon stirrer (Exp. B3) than with the
stainless steel stirrer (Exps. A2 and B1). For MWs
smaller than 3.0 X 108, the reverse holds true.

The results of Exp. C are shown in Figure 3. As
indicated earlier, Exp. C was carried out in two pe-
riods. Precipitation temperatures covered an interval
from 100.2 to 95.8°C in the first one, obtaining three
fractions, and covered an interval from 94.4 to
78.5°C in the second one, separating 13 fractions.
The experimental points that correspond to the
fractions obtained in the second period (MW < 2.2

MWD BY FRACTIONAL PRECIPITATION 765

X 10°) are approximately on the same curve of Exps.
A2 and B1. We conclude, thus, that the experimental
MWD curve independs on whether the precipitation
is carried out in a single period (Exps. A2 and B1)
or whether a double precipitation in two periods
(Exp. C) is made.

From all results presented we conclude that i) the
MWD curves obtained depended on procedures fol-
lowed in Exps. A2, B1, and C; ii) the fractionation
depended on the chemical nature of the stirrer; bet-
ter fractionation was obtained in the range of higher
MW using a Teflon stirrer (Exp. B3) than a stainless
steel stirrer (Exps. A2 and B1); iii) following pro-
cedure B, better fractionation was observed when
the cooling rate in step iv was 0.05°C/min (Exp.
B2). We conclude that SIFP is a reproducible and
reliable methodology.

The Mark-Houwink constants

From an investigation of all the Mark-Houwink
constants reported in the literature for UHMW-PE,
one found the following values: 6.2 X 1074, 0.70 (ref.
25); 3.5 X 1074, 0.73 (ref. 26); 3.1 X 107%, 0.74 (ref.
10); 6.7 X 1074, 0.67 (ref. 27); 4.6 X 107%, 0.73 (ref.
27); 4.32 X 1074, 0.72 (ref. 10). Using these constants,
the M, for an UHMW-PE with [5] = 14.22 dL/g
may be 1.4 X 10% 1.7 X 10¢, 1.9 X 10%, 2.0 X 105, or
2.9 X 10°. Because of this variety of values, we de-
termine the Mark-Houwink constants.

The [y], M,, and M,/M, for some fractions and
whole polymer were determined independently by
SEC and by viscometer (Table V). These data made
possible the establishment of a Mark-Houwink re-
lationship for the MW range between 0.72 X 10° and
2.4 X 10°® at 135°C. The K and a, values were de-
termined from the curve of log [7] against log M,,.
The M, was then determined from the following ap-
proximation, which holds for distributions that are
not too wide (M,/M, < 2):%

M/M,=1-a,)/2+ (1 +a,)M,/2M,. (8)

Table V. Limiting Viscosity Number and MW by SEC for UHMW-PE (GUR) and Some Fractions of Exp. Al

Temperature [n]
Fraction No. T, (°C) (dL/g) M, X 107¢ M,/M,
4 97.2 16.23 2.383 1.9
5 94.0 14.47 2.137 1.9
8 90.0 11.56 1.505 1.8
14 81.8 6.92 0.719 2.3
GUR 14.22 1.719 1.9
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Figure4. Mark-Houwink relationship for PE in decalin
at 135°C. K and a, equal to: (A) 4.6 X 107%, 0.73 (ref. 27);
(B) 6.2 X 1074, 0.70 (ref. 25); (C) 6.70 X 107*, 0.69
(O—0), values obtained in this work; (D) 4.32 X 107*,
0.72 (the dashed line represents the regression line of the
end points of ail relationship) (ref. 10); (E) 3.1 X 107*,
0.74 (ref. 10); (F) 3.5 X 107*, 0.73 (ref. 26); (G) 6.70
X 107*, 0.67 (ref. 27).

Finally, log[n] is plotted against log M,; K, and
a, were again evaluated. This procedure was contin-
ued as long as K and a, ceased to change on further
iteration. The values obtained were 6.70 X 10~ and
0.69, respectively, with a correlation coefficient of
100%. Our result is compared with the results re-
ported in the literature in Figure 4. It is close to the
curve that represent the average value of all the
equations obtained from a linear regression analysis
of the endpoints of all lines by Kusy and Whitley.°

In Table V, the M,/M,, ratio for the fractions 4,
5, 8, and whole polymer are equivalents among
themselves. This is not usual and can be due to in-
complete fractionation by SEC, in the range of
higher MWs, due to pore size of the columns used.

As it was seen earlier, the MDW curve obtained

1.0 5 1.0
205 ] F0.5
S -
1/ :
0.0 ¥—r—r—r——rr————1—— Loo
0 2 4

6 8
MOLECULAR WEIGHT (Mwx10%)

Figure 5. Comparison between the integral MWD
curves of UHMW-PE (GUR) obtained by stirring-induced
fractional precipitation, Exp. Bl ([J) and Exp. B2
(* --- %), with that obtained by SEC (—). The experi-
mental points ([J) and () were calculated using the new
constants, K = 6.70 X 10™* and a, = 0.69.

1.0 c1.0
205 3 F0.5
S r
0.0 e L0
0 2 4 6 g
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Figure 6. Integral molecular weight distribution by
stirring-induced fractional precipitation for UHMW-PE:
GUR (---), UTEC 2540 (* —*), and UTEC 3540
(O----0). The corresponding experiments were Exps. B2,
A3, and A4, respectively.

by SEC indicated MWs smaller than by SIFP (Fig.
1). For this reason, the M, of the whole polymer and
the integral MWD curves for Exps. B1 and B2 were
recalculated using the new constants determinated
(Fig. 5). The experimental points obtained in Exp.
B1 are consistent with the SEC curve. The curve
obtained in Exp. B2 indicates MW values larger than
that found by SEC. In Exp. B1, M, = 1.72 X 10°is
8.0% smaller than M, of the whole polymer (1.87
X 10°) by viscometer. In Exp. B2, M, = 1.82 X 10°
is close to M, of the whole polymer. This was ex-
pected since fractionation in Exp. B2 was better than
in Exp. B1.

Fractionation of UHMW-PE UTEC 2540 and 3540

The integral MWD calculated by using the new
constants (K = 6.70 X 107 and a, = 0.69) can be
seen in Figure 6. The M, and M,/M, were deter-
mined by adjusting the points to a log-normal dis-
tribution function.'® The values obtained were 1.82
X 105, 1.3 for UTEC 2540 and 2.48 X 10°%, 1.5 for
UTEC 3540, respectively. The function parameters
were M, = 1.62 X 10°, 8 = 0.684 for UTEC 2540 and
M, = 2.04 X 105, 8 = 0.879 for UTEC 3540. UTEC
3540 (M, = 2.41 X 10° has a rather larger MWD
than UTEC 2540 (M, = 2.14 X 10°).

CONCLUSION

According to the experiments carried out, it was
concluded that:

1. UHMW-PE can be fractionated and its
MWD can be evaluated by using the stirring-
induced fractional precipitation technique.
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2. Faster fractionation was observed compared
to other methods.”*® Fractionation required
17 h and amounts as small as 0.3 g of samples
can be analyzed.
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