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Synopsis

A comparison is made of the effects of very low levels of long chain branching (less than
0.1 branch per 1000 CH,) on the rheological behavior of polyethylene for samples, in which
the branching has been introduced by means of peroxide decomposition or thermal-mechanical
degradation. Both the activation energy and viscosity at low rates are shown to increase
considerably more rapidly with branching level for samples containing branching formed from
peroxide decomposition than for samples containing branching formed as a result of thermal
or mechanical degradation. A model, which is based on parameters obtained for highly
branched low density polyethylene and experimental molecular structure measurements, is
shown to adequately account for the flow curves of samples containing branching introduced
by thermal or mechanical degradation. Poor agreement of the model with experimental flow
curves for peroxide branched samples is obtained, presumably because of the inability of the
low density polyethylene parameters to adequately describe the flow properties of these sam-
ples, which are thought to contain tetrafunctional branch points. The good agreement between
theoretical models, predicting relationships between activation energy and branching level,
and experimental data is taken as lending further credence to the idea that the large variations
seen in the rheological behavior with branching concentration at low branching levels are
due to changes in the relative proportion of discrete branched and linear species with branching
level. In accord with experimental results, a maximum in low rate viscosity with branching
level is predicted. The maximum is predicted at approximately 0.25 branches/1000 CH,.

INTRODUCTION

Long chain branching has been demonstrated to have significant effects
on the rheological behavior,!? morphology, physical properties,® and envi-
ronmental stress cracking?® of polyethylene. Until recently,’* no method of
systematically characterizing polyethylenes with very low long chain
branching (LCB) levels has been suggested. One model,! giving a relationship
between melt viscosity and branching level, was based on the assumption
that variations in rheological behavior with branching level reflects the
variations in the proportion of discrete branched and linear molecular spe-
cies.

Another method of characterization has been reported,* which involves
the measurement of flow activation energy for samples of “known” branch-
ing level. In this case, the activation energy was shown to monotonically
increase with LCB level, for LCB levels assumed from known peroxide levels
and the assumption that each peroxide molecule leads to one tetrafunctional
branch or two branches as per the NMR and infrared conventions.

It is the purpose of this paper to compare the experimental and predicted
relationships between activation energy, viscous behavior, and branching
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level for branching which has been introduced by peroxide decomposition,
thermal-mechanical degradation, or free radical polymerization (LDPE).

EXPERIMENTAL

The polyethylene samples involved in this study are given in Table I,
together with pertinent data. Samples P,—P; were all prepared from the
unstabilized HDPE powder sample, P,, by the addition of varying amounts
of dicumyl peroxide. The resulting sample was compression molded for 15
min at 190°C between aluminum foil. All samples were then stabilized before
rheological measurements were made. The #LCB/1000 CH, was calculated
by assuming* one tetrafunctional crosslink or two LCBs will be produced
by each peroxide molecule. Samples H,—-H; are various experimental and
commercial samples, which have been subjected to various thermal and
mechanical histories, such that it is assumed that any LCB present has
been formed as a result of these mechanisms. Samples L.,~-L, are commercial
high-pressure polyethylenes, which are known to contain relatively high
LCB levels, while L; is the NBS 1476 standard LDPE.

Activation energy was measured using the Rheometrics mechanical spec-
trometer to obtain the dynamic shear modulus at temperatures ranging
from 150 to 190°C. A single specimen was used for the various temperatures,
since it was demonstrated that comparable results could be obtained on
samples corrected (for degradation) to the use of multiple specimens at the
various temperatures. Only the range from 10° to 10! rad/s was covered in
order to minimize time in the instrument. The time between runs at suc-
cessive temperatures was about 5 min and the total test time approximately
40 min. The dynamic shear modulus was used in this study, because only
a simple shift along the frequency axis® should be required, in order to
superimpose the data at the different temperatures. The shift factors, a;,
were obtained from

o(reference)

ar = o) (1a)
where w(reference) and w(7) are the w at which a given G’ is observed at
the different temperatures. An apparent activation energy was calculated
from a regression analysis of the temperature shift factors using an Ar-
rhenius-type relationship,® ar = exp[(E/R) (1/T — 1/Ty)], where E is the
activation energy, R the gas constant, and 7% the reference temperature.
The data were corrected for any slight degradation as indicated in the
Appendix. The viscosity as a function of rate was a combination of dynamic
complex viscosity, n*, which has been generally found to be close to the
steady shear viscosity for ¥ = o at low rates, and steady shear data from
an Instron capillary rheometer. The low rate data were generated in the
dynamic mode, because, in the steady shear cone and plate configuration,
the time for sample relaxation was prohibitively long (> 6 hs).

The molecular weight distribution data were obtained using a Waters
Model 150C GPC at 135°C with trichlorobenzene as solvent. Calibration was
effected using a modification of the universal calibration procedure. Long
chain branching determinations for L;-L, were made using the Ram-Miltz



3753

LCB EFFECTS ON RHEOLOGICAL BEHAVIOR IN PE

‘anbruyoay ¢z3 1 —wrey ay) £q pajrenofed Sutyourlg () ‘ejep pouluLlalap A[[ejuswiodxa 03 £11S00S1A T8ayS Mo pajoipaid jo uosLreduwiod Jo 3xa3 Ut poylaw ayj Aq
paje[noled [aAa] Suryoueag (g) (1) pue ‘BT) (11) sbe pue £310us UoOIIBATIOR paInsedW UO paseq pajenored Sumyourlg () ‘sisA[eue paieyjur 1o JNN Ul pasn
A[UOWIWIOD SUOIJUIAUOD 3Y) 0} FUIPI0IDE ‘B[NIJ[oW apixotad yors woly paonpold aq (14 saYourIq 0M] 10 JUI[SSOIO [BUOIOUNJEI}I) SUO jey3 uonduinsse ayj uo
paseq pajejnoreds Jutyourag (1) :SUOIJUSAUOD PAIBIJUL 10 YN Y2 03 Suiprodoe pawmsse axe jurod youelq 1ad sayouriq om) ‘Sutyouriq [BUOI}OUNIRIIS) 10 &

0T X T8 091 g3l 06 0001 $81 g02 ks
01 X 0L ov'e 121 431 0891 861 0gt 1
0T X 68T 060 031 ¥'8 099 L¥T 9LI 1
90T X 09'T 9Tl 031 8L 089 L91 £12 e
qdA1
0T X 81 0 gg 891 0201 191 601 H
0T X 96'1 3900 L 831 168 191 Lzl ‘H
90T X 8T'T 1900 8L 8L 328 681 JA 'H
OT X L€ 9100 09 19 ze8 £91 892 *H
0T X 98 9%0'0 0L Ll 108 L8 LLY *H
0T X g9 £¥0°0 0L 901 818 631 121 'H
AdaH
3310 3900 %S00 gL LL 699 981 193 (eprxoaad %50'0) °d
0T X 32T 3810 3900 ST$0°0 gl 6L 889 G8T 9'e3 (eprxoaad %p00) *d
0T X T8 9600 L¥00 11800 zL L9 %9 181 6.3 (eptxoaad %g0°0) td
901 X Z¥ 3600 300 L0%0°0 £9 69 £89 LLT 2'9% (eprxoaad %7z00) °d
0T X 91 8¥0°0 LI0°0 £010°0 Z2'9 ¥9 189 LLT L'LE (ap1xoaad %710°0) 'd
OT X T8 0 0 0 ] gg 99 929 191 LY3 (eprxoaad %,0) °d
(d) s/pel (2] ® @ m (Tour/1e2y) W/ ‘W "W ‘W {1 ejdwreg
z-0T = ™ 38 £)IS00SIA *q
00001 /9D T# 10T 40] pajoaLIo)

pos[) s1awk[od ay3 Jo A8I0uj] UOTIBAIIOY PUR SOTSLIdjORIRY)) Je[NOJ[ON

I A1dVL



3754 BERSTED

¥ T
20+ i
1.8 p -
T 18 -
O
§ 14 F
S 12h
% L
g 1.0
5 s8f
c
g 6
4
2+

103
Molecular weight

Fig. 1 Comparison of branching as a function of molecular weight for the NBS 1476 stan-
dard: (-) our analysis; (- - -) based on the analysis of fractions by Wagner and McCrackin.?

technique.® The ratio of the branched to linear viscosity was assumed to be
related to g%” as found appropriate by Hamielec et al.” Good agreement
with Wagner and McCrackin® on branching as a function of molecular
weight for the NBS 1476 LDPE standard as obtained using g%’ as shown
in Figure 1.

PREDICTIONS OF VISCOSITY AS A FUNCTION
OF SHEAR RATE

The viscosity as a function of shear rate was predicted as follows. The
viscosity for a given sample was assumed® to be related by

nNE) = M EHY (mely) e D

where 7 and 7, are the viscosities of the branched and linear distributions
making up the sample under consideration, and Wy and W, the respective
weight fractions. The respective distributions were calculated! from

S A Ve )
hLi - WL hBi - (1 _ WL)

2)

where £, is the normalized weight fraction of component i in the sample
and P, the probable fraction of component i that is linear. As will be shown
later, P, can be calculated from simple statistical considerations. Predictions
of the viscosity as a function of molecular structure were made from

ny) = K(gM),*)*
where

1

171,-(gM)i -+ (gM)c § _ﬁi 3

c

(gM),* =

I A

and
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(eM). = My(y)

For linear polyethylene (g = 1) log(K), A, M,, and d were determined to
be —12.50, 3.36, 850,000, and —0.29, respectively. As reported previously!
for g3, log(K), A, M,, and d were determined here for branched LDPE to
be —48.79, 11.44, 127,000, and —0.16, respectively for g, 5. Predictions from
MWD measurements for a given intrinsic viscosity given from the Ram-
Miltz® technique gave the g;. P, was calculated for use in eq. (2) from the
statistical relationships given in the next section. Predictions of the viscosity
as a function of shear rate from egs. (1)-(3) were compared to experimental
low shear rate (0.01 s—1) viscosity measurements.

By varying the intrinsic viscosity used to give varying branching levels,
agreement between the predicted and experimental viscosity at ¥ = 10-2
was obtained by means of an interval halving technique. The number of
branch points per 1000 CH, units was calculated from

number of LCB

= 14,000 ¥ A;m,/ M,
1000 CH, 2 hm (4)

where m; is the average number of LCB/molecule for species i.

STATISTICS FOR BRANCHING MECHANISMS

In accounting for the variation in viscosity and activation energy with
branching level, the weight fractions of branched and linear species will
be necessary. As will be shown from the following arguments, the depend-
ency of these weight fractions at a given branching level should depend on
branching mechanism and functionality. For branching that arises as a
result of mechanical or thermal degration, the following scheme for LCB
formation is generally agreed upon.®

lmechanical or thermal degradation

;.

idation, if O, present
hydrogen Oxi L o
abstraction l 00-ete.
—H +l —_— ketones, aldehydes etc.
(Branched
Structures)

In order to calculate W, we must evaluate P, the probable fraction of
species i that is linear. From the Ram-Miltz technique, g; can be obtained.
Additionally, from a rearrangement of the Zimm-Stockmayer!® relation-
ship for trifunctional branching, a good approximation to n is

n=35[2g2+1 — V4g-2 + 5] (5)

where n is the number of branch points/molecule.
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We therefore will consider n as given by the Ram-Miltz procedure; for
N molecules we have a total of nN branch points. Since rn is obtained from
the Ram-Miltz technique at a given hydrodynamic volume, [9]:M; = [n]. M,
or My = [n]./[n]s M.. However, for low branching levels [1]}/[n]z is close
to unity and My ~ M;. In distributing the nN branch points for a given
molecular weight species, the probability of a given molecule of molecular
weight M remaining linear will be proportional to ratio of the mass of all
molecules minus the chosen molecule to the mass of the molecules. Letting
the average branch molecular weight be bM, the initial molecular mass is
NM — nNbM and the mass after the addition of m branches NM — nNbM
+ mbM. The probability P of this molecule remaining linear after the
distribution of nN branch points is

NM—anM—M) (NM—anM+ bM — M)
P=( NM — nNoM )"\ (NM — nNbM + bM)
NM — nNbM + mbM—M) (NM— M)

(NM—anM+ mbM |\ NM

In the limit of large N, eq. (6) becomes

P=1[1— bn) (D
In order to evaluate b, we shall consider that no molecule contains more
than two branch points, for low branching levels. Further, we will assume
that, on average, a molecule with one branch has a branch molecular weight

M/3 and with two branches a branch molecular weight of M/5. Therefore,
the average branch molecular weight is

(Mpy = aM/3 + (1 — o) M/5 @)

where a is the distribution function between single and double branching.
a can be obtained from

n=11— Pla + 21 — aXl — P)
or

9

Finally

1 n 1 n
b=§(2‘<1—P>)+E((1—P)'1) 1

From Equations (7) and (10) we have an implicit relationship between P
and n. Numerical calculation shows that P for trifunctional branching can
be closely approximated by

P =exp(—1.18n) (11
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For the case of a radical initiator, such as using a peroxide, as the following
depicts:

T
H + RO.——» —— + RQH
—_+ — —

There are two major differences between this branching scheme and that
is due to thermal or mechanical degradation. First, LCBs are generally
added two at a time. Second, for each union of macroradicals, the number
of molecules is reduced by one.

For the tetrafunctional case a good approximation of the Zimm-Stock-
mayer relationship for tetrafunctional branching is

[ —1+ V1 + 102 (255 + g-2)\* |
n==6 ( ) -1 (12)

51

where n is the number of branch points or tetrafunctional branches per
molecule. b can be shown to be

1 n 2 n
b=~(2—1_P)+5((1_P)—1) 13)

Similar to the trifunctional case and combining egs. (7) and (12), P for
tetrafunctional branching can be approximated by

P = exp(—1.34n) 14)

RESULTS AND DISCUSSION

Comparison of Predictions of the Statistical Branching Model
for Peroxide-Introduced Branching with Experimental
Activation Energy Data

It has been experimentally found!! that the activation energy for a blend
of branched and linear species of polyethylene is a linear function of weight
fraction of each species such that

E=WE, + WpEp (15)

where E; and Ejy are the activation energies characteristic of linear and
branched materials, respectively. Consequently, from egs. (11), (14), (15),
and (16), we should be able to obtain a theoretical relationship between
activation energy and branching level for a given sample. .E; and Ej have
been determined to be 5.5 and 12 kcal/mol (for LDPE), respectively, as
indicated in Table 1. However, even the highly branched LDPE samples
used here contain ~15% linear polyethylene for molecular weights less
than ~6000. Therefore, using eq. (15), we get Eyz = 13.1 kcal/mol for pure
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branched polyethylene. It should be noted that the degree of branching for
the LDPE samples had no apparent systematic effect on E,.

For polydisperse samples the weight fraction of linear species can be
calculated from

W, = XA, P, (16)

where 7; is the weight fraction of species i. For a given sample MWD the
P, can be calculated from eq. (14) and the Ram-Miltz branching analysis,
and different branching levels can be generated by choosing different sam-
ple intrinsic viscosities to be used in the Ram-Miltz procedure. Conse-
quently, from eq. (15), a theoretical relationship between E, for the
polydisperse sample and branching level is obtained. The MWD used in
these evaluations was that of sample P,, since the results were found to be
relatively insensitive to the sample choice.

The theoretical relationship, along with both experimental data (as given
in Table I), and the previously reported relationship by Hughes* are com-
pared in Figure 2. The line of Hughes has been shifted to reflect different
values of E, for no branching. This difference may only reflect differences
in the branching levels in the starting sample with no peroxide treatment,
which is tacitly assumed to be linear. In any case, the comparison between
our data and the shifted data of Hughes reveals essentially the same trend
of E, with branching level. Additionally, the theoretical treatment for the
peroxide-induced LCB formation, which is based on the statistics of eq. (14),
is in relatively good agreement with the experimental trends of our data
and experimental data of Hughes.* However, the experimental data do not
appear to reflect the curvature predicted by theory, but considering the
extremely low branching levels and the scatter in the data, the agreement
is considered good.

T T L T
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3]
c
hd
m 02 - —
01 .
a 1 ]
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Fig. 2 Relationship between branching (one tetrafunctional branch is considered two
branches to correspond to the convention of NMR and infrared analysis) and activation energy:
(@) data for samples Py—P;; (-) a theoretical relationship based on eq. 14; (- - -) the trend
established by Rideal and Padget.®
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It is also interesting to note that the experimental relationships in Figure
2 suggest that the E, equivalent to that found for low density polyethylene
should be reached at much lower branching levels (ca. 0.15 LCB/1000 CH,)
than those present in the LDPE samples. It therefore appears that the
activation energy is “saturated” for the high branch levels in LDPE. This
conclusion is consistent with the idea that E, varies at the lower branching
levels because of varying proportions of branched and linear species with
branching level.

Comparison of Experimental Activation Energy with Model
Predictions for Branching By Thermal-Mechanical Degradation

The samples H,—H¢ are commercial and experimental resins, which have
experienced varying thermal-mechanical histories. It is beyond the scope
of this paper to correlate these histories with the levels of LCB, but rather
our concern will be with the estimation of LCB and activation energy from
experimental measurements, and the subsequent comparison to the ex-
pected relationship based on eq. (11).

The LCB levels were estimated from a relationship reported previously,!
which predicted the viscosity as a function of shear rate for branched ma-
terials. In the present case, hypothetical LCB levels were systematically
introduced on the computer until a best match of the predictions with the
rheological data was obtained. A comparison of the calculated branching
level with activation energy is given in Figure 3. Also included is the the-
oretical relationship between activation energy and branching level based

07 —

T

Branches /1000 CH;

.03 T—

.02 |~

.01

4 Il 4
5 6 7 8

E, (kcal/mole)

Fig. 3 Comparison of the theoretical relationship (-) based on eq. 11 and experimental data
for samples H,-Hs.
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on eq. (11). As in the case with the peroxide-treated samples, relatively good
agreement between the theoretical relationship and experimental deter-
minations is seen, considering the extremely low levels of LCB that are
believed to be present. The agreement between the theoretical relationship
for activation energy and branching and that determined using experi-
mental E, data and branching data, based on a highly branched LDPE
model, suggests a high degree of self-consisténcy in the approach used here.

It should be pointed out that the statistical model as reflected in eq. (11)
has been used in both the theoretical relationship between E, and LCB/
1000 CH, and the independent estimation! of LCB concentration from the
combination of rheology and molecular weight distribution results. Con-
sequently, the agreement between the theoretical relationship and that
based on experimental data does not necessarily prove that the model for
the thermal-mechanical introduction with trifunctional branching is the
correct one for this group of samples. However, it does suggest that given
the assumption of this model, the relationship between LLCB as determined
using GPC and melt viscosity data and activation energy is consistent with
that obtained from the simple statistical model given for thermal-mechan-
ical introduction of LCB.

Dependence of Rheological Behavior on Long Chain
Branching Content

The predicted dependence of viscosity on LCB content for polyethylenes,
which branch according to the thermal-mechanical mechanism, has pre-
viously been reported.! Figure 4 compares the predicted viscosity as a func-
tion of rate with experimental data for samples H, and H,. As can be seen,
the experimental crossover in the data for the two samples containing
different branching levels is predicted based on the molecular structure
and the models, as given in egs. (1)-(3). This agreement is gratifying in that

n* (poise) n {poise)

10 L ! 1

102 107! 10° 10 102
w {rad/sec), y (sec’")
Fig. 4 Viscosity as a function of rate for samples H; (O,®) and H, (A,A): (-) predicted
responses based on egs. (1)-(3) (@,A) steady shearing; (0,/\) dynamic data.
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the parameters used in the model were those obtained from highly branched
LDPE samples, and no flexibility in the model or adjustable parameters
were allowed. This agreement also tends to reinforce the assumption of
similar branch types (trifunctional) for both the LDPE and thermal-me-
chanical branched samples.

For the case of samples Py—P; the comparison in Figure 5 is not so good.
This is not surprising, since the rheological model as given in egs. (1)—(3)
was based on LDPE samples, which are generally assumed to contain tri-
functional branching. The results in Figure 5 suggest that branching ob-
tained by means of peroxide degradation, assumed to be tetrafunctional,
produces considerably more dramatic differences in low rate viscosity be-
havior than trifunctional branching obtained by thermal or mechanical
degradation.

Both the experimental data and predictions show spectacular increases
in low rate viscosity with increases in branching at low branching levels.
Predictions of low shear rate viscosity as a function of branching is given
in Figure 6. A very distinct maximum is predicted; this predicted maximum
comes about because of the opposing effects of branching on the weight
percent of the higher viscosity branched component and the reduction of
the mean squared radius of gyration with branching level. At low branching
levels, increases in branching level mainly increase the proportion of the
more viscous branched component, while at higher levels the reduction in
the mean squared radius of gyration is the dominant effect, such that low
shear rate viscosity steadily decreases with branching level. The LDPE,
L-3, point in Figure 6 appears to adequately agree with the predictions.
Based on the experimental data of Constantin,'? a maximum in 7, is pre-
dicted at a ratio of branched to linear intrinsic viscosities of 0.77 for a
molecular weight of 120,000. For a MWD similar to that calculated in Figure
6, this would correspond to ~0.24 LCB/1000 CH,, which is in good agree-
ment with the predictions in Figure 6 for M, = 130,000. Also agreement

107 ) T T T

n, n* (poise)

104 L i L

102 10! 100 10 102
y (sec’!), w (rad/sec)
Fig. 5 Flow curves for samples P,, P, and P,: (-) predicted curves based on egs. (1)-(3); (@)
steady shearing; (O) dynamic data.
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3 T 1 T

Log (n/n,, at y=107 sec)

-2 4 L I
1 2 3
Number of branches/1000 CHz
Fig. 6 Predictions of normalized low shear rate viscosity (¥ = 10-2 s-!) as a function of
branch level and molecular weight. The molecular weights are M, = 200,000 (——) and 130,000
(---) with M /M, = 7. 9/%, is the ratio of the branched to linear viscosity at constant
molecular weight distribution. The data point at higher branching levels is the sample L.

between the experimental data of Constantin and our predictions is seen
in the movement of the peak to higher branching as molecular weight
increases.

The results of molecular weight determinations for P,—P; group of sam-
ples as given in Table I do not show much variation in apparent MWD with
LCB content. This demonstrates conclusively that the very small branching
levels thought to be present in HDPE, which can give rise to spectacular
differencés in rheological behavior, cannot readily be detected by means of
molecular weight determinations. Upon filtering these samples through 0.5
wm filters, increasing insolubles with peroxide levels were noted, suggesting
the apparent MWD does not represent the same sample characterized by
rheological measurements.

Predictions of Branching Content from Rheological Behavior

The present study demonstrates that variations in both the viscosity! at
low shear rates and the activation energy at low branching levels are con-
sistent with the idea that not every molecule can contain a long chain
branch, and that the resultant rheological behavior is based on the relative
proportions of branched and linear species. Moreover, the relative propor-
tions of branched and linear species, and consequently the rheological be-
havior, at a given branching level will depend on the branching mechanism;
LCB formation as a result of peroxide degradation will affect both the
proportion of branched species and the rheological behavior more than
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equivalent branching levels as a result of thermal or mechanical degra-
dation. The above observations lead to the conclusion that a fixed relation-
ship between LCB content and rheological behavior is valid only as long
as the branching mechanism is fixed. Consequently, estimations of LCB
content from rheological and MWD measurements are only advisable when
the branching mechanism is known.

One further point needs to be made with regard to low lévels of branching
of star model polymers. If one accepts the preceding explanation of the
variation of rheological behavior with branching level for low branching
levels, then star model compounds should not react similar to the randomly
branched materials, because, in the case of the star molecules, each molecule
contains a fixed number of branches, where only the branch length (not
the proportional branched species) varies with branching level. This is con-
sistent with the observation!® that low shear rate viscosity increases with
increasing branch length (decreasing branching level and increasing mo-
lecular weight), which is in sharp contrast to what has been observed for
random branching. Consequently, model compounds such as star molecules
are not correct models for commercial randomly branched materials.

CONCLUSIONS

Branching, which is introduced by means of peroxide decomposition is
shown to affect rheological behavior to a considerably greater extent than
equivalent branching contents for samples, in which the branching has
been introduced by thermal or mechanical degradation. Simple statistical
models giving the relationship between branching content and activation
energy agree well, considering the very low branching levels (<0.1 branch/
1000 CH,) in these samples, with experimental data for both samples con-
taining branching arising from either peroxide decomposition or sample
degradation.

The results of these investigations are consistent with and lend credence
to the idea that the often spectacular variations in rheological properties
at very low branching levels is primarily due to changes with branch con-
centration of the relative proportions of branched and linear species. The
agreement of the theoretical model of activation energy as a function of
branching level and that produced using experimental activation energy
measurements and branching as calculated from a rheological model, based
on LDPE, suggests that branching level can be estimated for high density
polyethylene from measurements of activation energy, if the branching
mechanism is known. Additionally, the results presented here suggest that
the assumption of a fixed relationship between molecular structure at very
low branching levels and measured rheological behavior is only valid as
long as the branching mechanism is fixed.

For the low levels of branching present in the samples formed by peroxide
decomposition, the molecular weight distribution does not appear dramat-
ically changed with branching level. Consequently, it would appear that,
while molecular weight distribution is unable to reliably reflect changes in
branching at very low levels, the rheological behavior at low deformation
rates is a very sensitive indicator.

The preceding conclusions suggest that the study of model compounds,
such as star molecules, is not relevant to the understanding of low levels
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of randomly introduced branching. For very low levels of branching in star
molecules, the molecular weight must be very high, but no linear species
are present. In contrast, randomly branched polymers at very low branching
levels must generally contain a sizeable linear fraction of molecules.

APPENDIX: CORRECTION TO ACTIVATION ENERGY
FOR DEGRADATION

A typical problem involved in the estimation of E, is degradation; a rerun of the modulus
after the tests at the various temperatures does not reproduce itself exactly. Tests as a function
of time and temperature on the modulus show that, between 170 and 190°C, the slope of G’
vs. time, G, is approximately a constant. This observation implies G’ vs. w is shifted in a
parallel fashion with temperature at the temperatures of interest. Generally, the activation
energy is related to the angular frequency w shift (A7) of the modulus curves by

Ar_ = explE,/R(1/Ty — 1/ = w (Do (Ty) a7

where Tpis the reference temperature. Similarly,

Ar, g = Amgl A 1 +A5n_ g (18)

n

where At is the change in time, @ the frequency shift with time (assumed constant), the °
superscript on Ay is the shift factor in the absence of degradation, and T is the reference
temperature (150°C).

For our case, in which Ay _  represents the shift of the rerun lowest temperature (150°C),
we can estimate the undegraded shift factor at any temperature 7, from

An_7 =D <
An, _ = Ag, Ta_“#—.;"OATn*Ti 19
.ElA,k_,, )

Now for HDPE the E, is ca. 6.5 kcal/mol, so that the ratio of R, of the summations in eq. (19)
can be evaluated, independent of the sample. We get for R,

R (T, = 190°C) = 1.24
R, (Ty = 180°C) = 0.98 (20)

R, (T, = 170°C) = 0.60
Equation (19) becomes
Ar, _n=Agn _p—(Ar_q5,— DR, (21)

Equations (20) and (21) allow us to correct the experimental shift factor, A;, _ 5, — 1, to give

the shift factor, had no degradation between present, (A4, _ 7,), where Ay, is the shift factor
at 150°C at the test start to test end.
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