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Abstract : In order to describe the effects of molecular weight distribution on the rheological
properties of linear polymeric liquids, the terminal relaxation process of each component chain
including concurrent reptation and local constraint release is visualized as the pure rep-
tational disengagement of an equivalent primitive chain, The stress equation for polydisperse
polymers is also formulated by knowing the parameters of each equivalent chain, To test the
proposed theory, the shear stress relaxation modulus G(t) of binary and ternary blends of
polystyrene fractions with narrow MWD are measured in a linear deformation regime. The

master curves of G(t) obtained experimentally are in good agreement with the predicted values.

INTRODUCTION

The effect of molecular weight distribution
(MWD) on rheological properties of polymeric
liquids is one of the most important problems not
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only in polymer science but also in polymer pro-
cessing of commercial polymers which contain a
range of molecular sizes, Prediction of the visc-
oelastic response of these materials requires an
understanding of the effect of each individual
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molecular parameter and the interactions between
parameters ultimately from a molecular viewpoint,

During the last few years promising investiga-
tions to represent the viscoelastic behavior of
entangled linear polymers have been carried out
by using de Gennes’ reptation concept1 which
means the motion of a chain along the tube-like
region restricted by surrounding chains, Doi and
Edwards® applied the reptation idea to the viscoe
lasticity of polymers and showed that many cha-
racteristic features of their rheologiccal properties
are naturally explained by the tube model. Data
from related experiments suggest that motions
other than pure reptation are also important. The
finite lifetime of tube constraints is conceivable
in entagnled polymer liquids,"3 and the reptational
diffusion of tube-forming chains that supply the
topological constraints results in constraint release
by tube renewal. Both reptation and constraint
release are relaxation mechanisms that are asso-
ciated with intermolecular interactions.

Thermal fluctuation in chain contour length
is considered as another concurrent relaxation
mechanism,4~6 which is related with intramolecul-
-ar chain dynamics. Recent modified tube models
incorporating the fluctuation effect into the rep-
tational process explain well the relationship bet-
ween the zero-shear viscosity 7, and the molecular
weight(MW), ooc M, experimentally observed,

The other fast intramolecular relaxation proces-
ses have been also proposed.ﬁ‘7 One of them is the
Rouse relaxation of monomeric subunits between
two adjacent entanglement points, Another is the
slippage of the chain segment through entangle-
ment links to equilibrate the curvilinear monomer
density along the chain contour.” These short time
relaxation processes are deeply related to the vis-
coelastic response not only in short time(or high
frequency) region but also in high deformation-
rate region.

Kim and Chung have proposed the equivalent
primitive chain model® to account for the behavior
of binary blends by introducing the constraint
release by local tube renewal which is very sig-
nificant for the relaxation process of a high MW
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model chain in the blend of two monodisperse
species of the chemically identical polymers, The
longest relaxation time of the model chain is relat-
ed to the component relaxation time in its pure
state, molecular weights of blend components and
composition, From the knowledge of the longest
relaxation times of the blend components, the
stress equation has been formulated for the binary
blend. The blending laws for terminal viscoelastic
properties have been derived from this equation
and fitted well experimental data over a wide range
of the blend composition and component MW
ratio. In this paper, the equivalent primitive
chain model for the binary blend is extended to
multicomponent blends with arbitrary distribution
in chain length, and thus a constitutive stress
equation can be formulated for the polydisperse
polymers from the knowledge of the longest rela-
xation times of ®mponent chains. Besides the
intermolecular interactions such as reptation and
constraint release, the stress equation including
intramolecular interactions, i.e,, the shortest Rouse
equilibration between two entanglements, the
equilibration of monomer density along the chain
and the chain ends fluctuation, is formulated by
using recent modified tube model.

To test the theoretical prediction, we prepare
the binary and ternary blends composed of two
and three narrowly distributed polymer fractions
which are desirable to explain clearly the effects
of MWD on viscoelastic properties, and measure
the stress relaxation modulus G(t) of these sam-
ples by using parallel plate rheometer., Through
the comparison between theory and experiment,
the reasonability of the equivalent primitive chain
model proposed here is reconfirmed for the poly-
disperse system,

Equivalent Primitive Chain Model for Binary

Blends

The binary blend composed of two monodisperse
linear polymers with different molecular weights
is the most critical example describing the MWD
effect on chain relaxation mechanism in polydis-
perse polymers,

To explain the relaxation process, the equivalent
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primitive chain model has been proposed” with
the consideration of constraint release by local
tube renewal. In the binary blend the short chain
(designated hereafter as 1-chain) relaxes mainly
by reptation, whereas the long chain(designated
as 2-chain) shows somewhat complex behavior.
That is, the 2-chain relaxes by rebtation alone
in the tube of diameter a,=—a and entanglement
spacing M, until the characteristic relaxation time
Te1 of the tube-forming 1-chains around the 2-c-
hain, For time larger than 7, the 2-chain renews
its conformation by reptation and local constraint
release, When such a tube renewal by l-chains
between two 2-2 entanglements is completed, the
2-chain desengages by reptation again in the ex-
panded tube of diameter a, and the equivalent
entanglement spacing Mg, (=Mew,¥) where w,
is the weight(or volume) fraction of the 2-chain
and changes from 1.0 at M, / M,=0 to zero at M,
/ M,=1.[refer to the reference (8) for the detail)
The visualization of the relaxation process of the
2-chain is shown in Fig. 1.

As a result, including the contour length fluc-
tuation effect in the chain relaxation, general ex-
pressions for the longest relaxation times of the
binary blend components are summarized as fol-
lows :

( i) for the low MW 1-chain :
Ta = Ta® (1)

( ii ) for the high MW 2-chain :

sz__jw;‘?'dz" if wy)we

T lwe T if wiwe (2)
where

ra’=K(M?/ Me) (1—1/vN,)?
with N;=M;/ Me (3)

The coefficient K is a function of temperature only
and is independent of MW. The critical composi-
tion due to onset of entanglement between 2-
chains, w., and the index v are respectively

given by
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(a) tdra

(b) t=7a

() 7et{Tee

(d) t="0,

(e) t=7q

Fig. 1. Schematic illustration of the relaxation process
for the 2-chain: (a)The 2-chain disengages the
original tube by reptation at t{7q: (b)At t=74
the constraints by 1-chains begin to evaporate (denoted
by open triangle) : (¢)During the local tube renewal
process the memory of the original tube conformation
is represented by the equivalent survived tube(dotted
line) and the distance a,(t) between two equivalent
transient sliplinks(filled circles) increases with time
; (d)At the completion of local tube renewal the
2-chain is visualized as the equivalent one with
the step length a,’; (e) The equivalent 2-chain completes
the reptational disengagement at 7,

WC:[_?//[_I]_]I/V (4)

2

v=1-M,/ M, (5)

The time for the completion of tube renewal
is related with w, and the number of primitive
steps between two 2-2 entanglements, Ny, and the
characteristic relaxation time 7. of the I-chain

Polymer(Korea) Vol. 13, No. 5, June 1989



Molecular Theory on Viscoelasticity of Polydisperse Polymers

Toe="c( 1+KpN*) (6)
Ne=N,/ [(N,— 1) w,+1) (7)

where K, is a constant(=1/6)" and 7¢ is the
characteristic relaxation time of constraints by
1-chains, Klein” argued that the release rate of
the effective constraints defining a tube is consi-
derably enhanced as a result of the nonindepen-
dence of constraints forming the tube. Following
his argument, the constraint relaxation time is

Ta=714"/ YM,/ m, (8)

where my, is the molecular weight of a repeat unit,
According to eqgs. (2) and (6), the ratio 7o,/
Ta, fOr any composition is predicted to be less than

unity.
Toe{ W) [ Toe{ We) Jmax
T Wy) (7 a{we) Imin
_ /6 -Ta’ (9)
=N N7a? 1

Therefore, it is conceivaple that the 2-chain al-
ways finishes its terminal relaxation after the
completion of local tube renewal process.

Relaxation Process in Multicomponent System

The theoretical consideration for the binary
blends is now extended to a polydisperse blend
with N. monodisperse components whose MW’
s are Myo--oMp--->M>M, - Correspondingly,
the terminal relaxation times in their respective
pure states are expressed as Tanc'P ) Tai’) )
Ta» D74°. The composition of the polydisperse
blend is characterized by the weight fraction
wy (Ci{Ne¢).

If an i-th component chain is selected as a model
chain, its entanglement couplings are composed
of two types of slip-links. One is the interaction
of the model chain with the same or higher MW
component chain. This kind of slip-link is nearly
fixed until the model chain passes through. It
corresponds to the type-2 slip-link for the binary
blend case. The other type of slip-link is formed
by a shorter solvent k-chain of 1{k{i-1, which
releases its effective constraints at 7¢,. The cons-
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traints of i-chain imposed by the solvent chains
start to abandon their original conformations at
Teyy Tes +0y and e, and their respective local
tube renewal processes are completed at 7o, -,
and 7y in a sequential manner, The local tube
renewal processes for the model chain proceed from
Te t0 7Top In accordance with the superposed releases
of the constraints by the tube-forming short ch-
ains.  As mentioned in the binary blend case,
after the completion of the superposed local tube
renewal processes, the residual memory of the
equivalent i-chain for its original conformation
is maintained by the same or higher MW surr-
ounding chains, That is to say, according to eq.
(9), the reptatonal disengagement of the equiva-
lent i-chain should be finished after the completion
of local tube renewal, ie., 7470, and thus the
terminal relaxtion time 74 1s not related to the
history of the local tube renewal process but to
the chain parameters of the equivalent i-chain
corrected at t)7o;.

Thus the relaxation of the model i-chain can
be interpreted as that of a 2-chain in a corres-
ponding binary blend system, In other words, the
solvent chains shorter than the i-chain behave
like the 1-chains in the binary blend if the topo-
logical constraints imposed by neighboring solvent
chains are visualized as a mean field composed
of monodisperse chains with an average MW. There
are several ways in defining the average MW of
the solvent molecules in accordance with MWD
: but the average MW should characterize the
average terminal relaxation time of those molecul-
es constructing the mean field, It is widely ack-
nowledged that the zero-shear rate viscosity 7,
for both monodisperse and polydisperse linear
polymers with high entanglements is expressed
in terms of the weight average molecular weight
(Muw), 7006 Mw,”*and that the average terminal
relaxation time for the polymers is directly pro-
portional to 76, i.e., Taave oc 7o(My)."" Based
on this understanding, the average MW of the
solvent chains, IVIl, is chosen and defined as
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-~ i—-1
Mi=Z Mywy / (1—¢)) (10)
k=1
where
N¢
¢1=jEiWJ (11)

That is to say, the ¢, means the weight fraction
of the chains larger than or equal to the size of
test chain, and the M, designates the weight ave-
rage molecular weight of the solvent molecules
smaller than the model i-chain,

Since the interactions between the model i-chain
and the high MW component chains are the same
as those fixed slip-links between the same i-chains,
the parameters for the equivalent i-chain are given
as follows.

Me/'=Med; ¥ (12)
with
M, (13)
y=1--
i
_ _1\11_ L/n (14)
#ie=I M, )

Here Mg represent the entanglement spacing for
the equivalent i-chain at time t, v; is the power
index for i-component chain, and ¢ i is the critical
weight fraction of polymers greater than or equal
to the MW of i-component polymer in multicom-
ponent blends because of the effect of entangle-
ments between i-chain and j-chain with Mp»M,
Then, the relaxation times 7g's in polydisperse
polymers are expressed as follows:

Ta=0"7a® for 6> ¢ (15)
Ta=7a( $ic) for ¢:{ (16)

where 74 is given by eq. (3).

It is apparent that the local tube renewal process
for the relaxation of the i-chain should affect its
stress decay at the short time region after a defor-
mation, which will be discussed in the following
section, Thus, the characteristics for the renewal
process need to be given here. They can be obt-
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ained directly from the analysis for the binary
blend case following the above argument that the
relaxation of a model chain in multicomponent
blend can be interpreted as that in the correspon-
ding binary system :

Toi=;ci(1+KpNt12) (17)
Ta=Ta®/ ¥ M,/ m, (18)
Nu=N;/ ((N;—1) ¢ ,+1) (19)

where 7c; and 74 repesent the average constraint
lifetime and the relaxation time of averaged sol-
vent chain with molecular weight IVIi, respectively.
Then, the sequential release ocurrences of tube-
forming constraints on the model i-chain by
surrounding solvent chains are interpreted as
the local tube renewal due to the constraint release
of solvent chains in the corresponding binary
blend composed of M;- and M;-chains. As a
result, the time dependent entanglement spacing
Mg (t) is

Me for t{7e;
M= Mot R o) oy 7y
of ‘¢
Mel/=NIe ¢ 171“ for t>701 (20)

Here Mg, for 7.{t{7y, is for the transient state due
to the local tube renewal. The time evolution of
the chain parameters for the equivalent i-chain
is summarized in Table 1.

Blending Law for Stress Equation

Following the single chain approximation of Doi
and Edwards® that every molecule contributes
independently to stress, the respective contribution
of blend components sums to the stress tensor of
the multicomponent blends :

ﬁ<t>=§;ﬂ<t> (21)

According to the equivalent primitive chain
model proposed in the preceding sections, the
deviatoric stress tensor o;(t) attributed to i-com-
ponent chains in the multicomponent blend is
written as
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a(t)=3nksT(Li(t) / a/(t)JQ(E) - plti7ai(t)’
(22)

where n; is the number of i-chains per unit volume
in the blended polymer system and E is a defor-
mation gradient tensor : Q(E) and x(t:7) are
respectively given by

1 ((E-w (E-w) y  (23)

QE)= {E - u) /E-u/
#(t:7)=p§dd;-2p—2 exp(—tp*/7) (24)

where {---) means an average over isotropic u
vector u. The time dependent values of the overe
contour length L;(t), the temporarily determinec
terminal relaxation time 74;(t), and the primitive
step length a;(t) of the equivalent i-chain are
visualized at a moment t as explained in Table
1.

On the other hand, the stress equation obtained
in eq. (22) is related with only interchain interac-
tions such as reptation and constraint release This
equation can be extended to a more completed
form if modifications due to intrachain dynamics
are incoporated. Recent Lin’s modified tube model
theory“ allows us to extend the current result to
a constitutive stress equation. Although his as-
sumption of the independence of short-time int-

raimolecular chain dynamics from the terminal
relaxation process is still a disputable point, his
theory describes the stress relaxation process in
short time region fairly well. For a simple shear
deformation with a sufficiently small step strain
for linear response, the constitutive equation for
multicomponent blends with intermolecular and
intramolecular dynamics is finally obtained,

Nc
G(t)=GN°§EWI{1+#A1(t)}{1+ % exp

(—t/7ea)}) - Filt) (25)
with
o4 cRT (26)
Gno=—3 M.

The ua(t) is first blanket of eq. (25) represents
the decay function for the Rouse relaxation of the
chain segment between two entanglement coup-
lings :

Ne
#Al(t)‘—‘péleXp(—t/ Tal’) (27)

P Kr* M’ (28)
AT o4sin®(rp / 2Ne) N2

where Ne means the number of statistical segments
between two entanglements. The second blanket

Table 1. Time Evolution of Chain Parameters for Equivalent i-chain

Parameters *t { Ty 7etdor time t) 7o
MW M, M, ) M,

Primitive Step Length a a(t)=a(Me(t) / Me]l/2 a'=ag; /2
Entanglement Spacing M. Mei(t) by eq. 20 Me/'=Mc g,
Square End-to-end Distance Na® N,a? N,a*
No. of Primitive Steps Ni=M,;/ M. N M./ Ma(t) NiMe/ Mg’
Longest Relaxation Time 74 leq. 3) 7ol t)=Taf Me/ Mey(t) Ta =78 Me/ Mg’
Overall Contour Length Li*= Na L¥(Me/ Mei(£)) 14 L¥. g,n/2

Survived Tube Length
Divided by L;*

exp(-t/ 74 )

(Me/ Ma(t)J!s x
exp [-t/7a(t))

¢ " exp(—t/ 7a)

*At t { T the equivalent i-chain has the same chain parameters of the original i-chain.
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means the segmental density equilibration process
with characteristic relaxation time 7eq by monomer
slips through the entanglement links, Lin obtained
the 7eq which is closely proportional to MW from
experimental data for G(t) of polystyrene fract-
ions,

Tea=KMeM, (29)

The last term, F;(t), denotes the fraction of initial
path steps still occupied at time t within the ori-
ginal tube including chain ends fluctuation by
random thermal motion on a reptating chain :

Fl(t)=Blll(tZTB|)+ﬁ%‘(gtT Cut:7a(t)) (30)
with

Bi=M./M,=1/ vN; and C;=1-B, (31)

Tmz_fli— KM} (32)

le(t)__: Me 0 (33)

Mei(t) Ta

The separate contributions of each term to the
stress relaxation behavior were already demonst-
rated by Lin®

While the intramolecular equilibration processes
of a model chain are not influenced by the MWD
of its tube-forming chains, the second term of F;
(t) is relevant to intermolecular interactions and
depends on the composition of the polydisperse
blends.

EXPERIMENTAL

In order to compare the current theoretical re-
sults with experimental data for the representative
time- dependent viscoelastic property G(t), binary
and ternary blends of narrowly distributed linear
polymer fractions were prepared. The fractions
used in this study are standard polystyrene(PS)
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polymers manufactured by Pressure Chemical Co.

For quantitative analysis of the polydispersity
effect for the polymer fractions used, details of
MWD data were obtained by a gel permeation
chromatography (GPC, Water Associates Model
150C) with four styragel column of porosity 103,
10%, 10°, and 10° A.

The shear stress relaxation modulus was measur-
ed using a Rheometric Dynamic Spectrometer
(RDS) in the parallel plate mode. The relaxation
modulus is measured in the transient mode. Step
tests cause the servo to make a single step jump
to a strain, The measured torque M,(gr-cm) is
related to G(t) as

G(t)= ZWOXROT v, ayn / ems (34)
(4

where Ry is the plate radius (12.5mm),

All samples, including the standard fractions
and their blends, were prepared by dissolving
weighed amounts of the individual components
in a large excess of benzene used as solvent. One
gram of polymers was added to 45ml benzene in
a cleaned bottle specially made for freeze-drying.
The polymer solutions were kept in the dark for
24 hours, and were swirled gently several times
until complete dissolution, The solvent was then
removed by freeze drying under a vacuum of about
0.1-0.2mmHg. The samples were further dried at
least two days at about 60T in a vacuum oven
in order to remove any possible traces of the ben-
zene, The dried samples were first shaped into
disk form 25mm diameter and 2mm thickness at
about 160-170C under vacuum.

Samples used for the viscoelastic measurements
were designated in accordance with blend type.
The first letters M, B and T represent standard
fraction, binary blend and ternary blend, respec-
tively. The numbers followed these letter and
geparated by slash denote the apparent molecular
weights of the fractions multiplid by 107 Finally
the digits in blend denotations separated by colon
designate the weight ratio of the components. For
example, T95 / 400 / 1600-6:3:1 is a ternary blend
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composed of M95, M400 and M1600 fractions with
the weight fractions, 0.6, 0.3 and 0.1, respectively.

Viscoelastic data for G(t) were obtained over
the largest range of time at which a reasonable
torque value()1 gr-cm) could be measured. The
gap between the two parallel plates with diameter
25mm was less than or equal to 2.0mm. Data were
taken at several temperatures from 140 to 250C.
The reference gap was set at 160°C, and the gap
at every temperature was corrected due to the
thermal expansion of the mixture used. The app-
lied step shear strain was adjusted with test tem-
perature to obtain the resonable torque value
during stress relaxation. Linear viscoelastic res-
ponse was confirmed by measuring G(t) at dif-
ferent strain values(0.005-0.1). In general, the
strain was increased with temperature and dec-
reased with the average MW of sample, The frac-
tion sample M1600 was too rubbery to be measur-
ed by parallel plate rheometer,

The molecular and rheological characteristics
of the sample are shown in Table 2, in which Mw
and M, represent the weight and number-ave-
raged molecular weights, respectively.

RESULTS

Experimental Result
Fig. 2 shows the molecular weight distribution
for the five standard fractions, where the norma-

lized weight fraction f(M) is plotted against MW,
In this figure symbols for each MWD curve rep-
resent the weight fractions of specific components,
Although being nearly monodisperse, the fractions
will be regarded as multicomponent blends com-
posed of N specific components hereafter, espec-
ially in the quantitative calculation of their rheo-
logical properties by the presently proposed theo-
ry. The shear stress relaxation modulus G(t)
was measured for all polystyrene samples at sever-
al temperatures. Each set of the measured moduli
data were then shifted to construct a master curve,
which exhibits complete modulus versus time
behavior at a constant temperature, in accordance

24 T T 1T T T TTITT T—TTTTT

Ms75 (1.09)
','.‘f M300 (1.11)

M35
(1.04)

f(M)

08 (P. 1)

| I INUVE IS ST S S

.04

Tt T T rTT T

.00°

Fig. 2. Molecular weight distribution(MWD) of
the polystyrene fraction samples used. Normalized
weight fraction f(M) is plotted against molecular
weight. Symbols denote the specific components
of the fractions,

Table 2. Molecular and Rheological Characteristics of Polystyrenes

Sample My My / Mn 7o(poise) Je°(cm? / dyn)
M95 96,700 1.04 5.04 % 10° 9.76 X107
M400 401,000 1.08 7.82 %10 1.25%10°¢
MS575 528,000 1.09 2.60%10° 1.46x10°¢
M900 919,000 111 1.14x10° 1.54%x10°°

M1600 1,649,000 1.18

B400 / 900-6:4 478,900 1.27 2.52X10° 3.19x10°¢
B95/575-8:2 181,100 1.65 5.66x10° 2.60x10°3
B95 / 575-6:4 137,900 1.96 202X 107 6.98x10°
B95/575-4:6 111,300 1.97 460X 107 4.79%10°°

T95 / 400 / 1600-6:3:1 139,900 2.51 2.42% 10 6.97x10°

T95 / 400/ 1600-1:1:1 212,800 3.36 4.04x10° 1.67x10°

T95 / 400 / 90 -5:4:1 152,700 1.97 1.84 X 107 1.28%x10°°

Ez|H A137 A53% 1989 6¥
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with the time-temperature superposition principle,
In Fig. 3, values of horizontal shifting factor ar
with the reference temperature Tgr=160C are
plotted against temperature and the empirical
WLF equation(solid line) for undiluted polysty-
renes with narrow distribution is obtained as log
ar=-6.5+715/(T-323°K). It is observed that
both the fraction samples (filled circles) and blends
(squares) have nearly the same values of ar, and
obey the time- temperature superposition principle
represented by the WLF equation very well over
a wide temperature -range,

In Fig. 4~ 8 the respective symbols represent
the master curves of G(t) reduced at 1607 for
standard fractions, B97 / 530, B400 / 900, T97 / -
400/ 1600, and T97 / 400 / 900 blends, respecti-
vely. Their characteristics will be discussed in the
next chapter,

Theoretical Calculation

Basic parameters for the viscoelastic properties
of the polystyrene samples tested at 160°C are
selected as follows,

(i) Specific Components

Even the standard PS fraction samples are re-
garded as the multicomponent blends composed
of (N¢); specific components. As an example, Table
3 shows the dependence of the viscoelastic cons-
tants on the number of specific components for

Log(ar)

-4 | I 1 1 1 A1
120 140 160 180 200 220 240 260

T(T)
Fig. 3. Shifting factor ay versus temperature, Symbols

represent ar for master curves of polystyrene fractions
(filled circles) and blends(squares). Line denotes
the empirical WLF equation,

the fractions. The steady state compliance J¢° is
very sensitive to the molecular weight distribution
than 7,. Here we adjusted the number of specific
components as the value when the theoretical
viscoelastic properties, viscosity (7,) and comp-
liance (Je°), of the fractions and blends become
nearly constant independently to Nc. Values of
N for blends tested here are listed in Table 4 with
two primary viscoelastic properties. The details

Table 3. Dependence of Viscoelastic Constants on the Number of Specific Components

Sample Ne ’70( Nc) ”O(chl) Jeo(l\lc) Jeo(Nc=1>
M95 11 4.90x10° 4.92%10° 1.24x10°® 827X107
M400 12 8.30x 107 1.10x10° 1.33x107°® 752%107
M575 15 2.09% 10° 281 X 10* 1.49%10°¢ 7.30%10°
M900 13 1.21 % 10° 1.75% 10° 1.54x10°° 6.96X10°7

Table 4. Specific Components and Theoretical Values of Viscoelastic Constants for Blends
Sample Nc 70{ poise) Je®(em? / dyn)

B400 / 900-6:4 18 2.71x10° 3.69x10°°
BY95/575-8:2 26 467 X10° 2.14x107°
BY95 / 575-6:4 26 1.86 % 107 8.36X 107
B95 /575-4:6 26 504X 107 4.07x107
T95 /400 / 1600-6:3:1 33 3.73x 107 7.02x107*
T95/400/1600-1:1:1 33 4.03% 108 1.56Xx107°
T95/ 400/ 900-5:4:1 29 2,59 10 1.42x10°°

400
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have given elsewhere,!

(ii) Characteristic Parameters for Monodisperse
Polystyrenes
The number of statistical segments Ne between
two succesive entanglement points was taken to
be 14, which was already discussed by Lin.” Besides
MW, characteristics of polymers are well represen-
ted by the MW -independent average entanglement
spacing M. and the plateau modulus Gy°. Earlier
experimental works for PS melts show that Me=18,
000 and Gx°=2.0X 10° dyn / em®
(iii) Relaxation Times in Monodisperse Polymers
In order to estimate the longest relaxation times
741’8 of the specific components in the multicom-
ponent blend, the corresponding values 74°'s in
their respective pure, monodisperse states should
be given, and they can be calculated by eq. (3).
The MW-independent and only temperature-
dependent coefficient K in the equation is of
material characteristic. Based on the relationship
that average relaxation times of linear polymers
are proportional to 7,, the temperature dependence
of K can be deduced from the WLF equation and
7o data measured at various temperatures for
undiluted PS fractions with narrow MWD by
Orbon and Plazek:"*

887
T —(Ts—60) (35)

where T in C

where Tg( C)=98-1.02 X 10° / Mw. The proportio-
nality constant K, is selected to be 2.1109x10™*®
in this study, which fits well the terminal vis-
coelastic properties of all the tested PS fractions,
Thus 74°'s(in sec) for all the specific components

log K(T)=log Ko+

were calculated by the single equation (3) with
K of eq. (35), which agrees fairly well with that
given by Montfort et al,” 74°=525x 10""M >
at 160C, for PS fractions with M;=2M,,

From this value of K, relaxation times for int-
ramolecular chain dynamics, 7, Teq and 7a;, are
calculated by egs. (32), (29), and (28), respecti-
vely. Theoretical G(t) curves are drawn in the
same figures as the experimental data.
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DISCUSSION

Standard Fractions

Master curves of the measured G(t) for the
tested standard fractions, as shown in Fig. 4, ex-
hibit a typical viscoelastic response of highly en-
tangled linear polymers with narrow MWD sho-
wing the three viscoelastic response regions.” The
terminal region at long time side is deeply related
to polymer MW and exhibits a rapid stress rela-
xation, In the transition region, the stress relaxa-
tion is nearly independent of MW and is dominat-
ed by the short-time Rouse relaxation mode, The
rubbery plateau region intervenes those two reg-
ions and becomes region at every G(t) master
curve supports that all the PS fraction samples
are sufficiently entangled.

In addition, as shown in this figure, fairly good
agreement of the theoretical predictions with data
is achieved over a wide range of time and MW,

Binary Blends

Effects of MWD on the viscoelastic properties
of polydisperse polymers are best represented by
the binary blends of two nearly monodisperse
component polymers.l‘%15 The relaxation modulus
curves of the binary blends exhibit interesting
differences from the standard fractions. Fig. 5, 6
show the observed matser curves(symbols) of G
(t) for blends with low, medium, high blend ratio
and theoretical predicted curves(solid lines),

G(t) (dyn/cm?)

T T T N BT BT
t(sec)
Fig. 4. Relaxation modulus versus time for polystyrene
fraction samples, Symbols denote superposed data

at 160%C. Solid lines represent theoretical predictions
for fractions.
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Firstly, Fig. 5 shows the results for B400 / 900
binary blend with low MW ratio. Quantitative
agreement of theory and data is illustrated in this
figure. The appearance of a shoulder or two-step
rubbery plateau is not observed in this low- MW
ratio blend. This figure shows that the relaxation
mode shifts smoothly from that of M90Q0 fraction
(denoted by dashed lines) as time increases, On
the other hand, M900 chains in the blend relax
at the terminaal region much faster than in pure
states,

Secondly, Fig. 6 shows the results of B95 /575
binary blends with medium MW ratio. Typical
examples of the blending effects in polydisperse
polymers with bimodal distribution are well rep-
resented by these blends as shown in this Figure,
A shoulder appears in each master curve of G(t)

B400 / 900-0.40

G(t) {dyn/cm?)

t(sec)

Fig. 5. Relaxation modulus versus time for polystyrene
binary blend B400 / 900-6:4. Solid and dashed lines
represent theoretical predictions for blend and fractions,
respectively. Symbols denote superposed data at
160°C.

G aaa sREALL EREILL BRARLL BRRLLL NRRLILL SRR |
— A S T~ MS575(w,=1 ?:
g 10 r 0 \5‘ (w,=1) E
< - S/ B
< °F Q E
3 F 3
s 0F E
o E

10°

10* E yored ool oped sl sl Illl\llll 1 W

TURSR 11N [ R (AR [ [ (N (¢

t(sec)
Fig. 6. Relaxation modulus versus time for polystyrene
binary blends of M95 and M575. Symbols and curves
are identified in Figure 5.
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and its height increases and becomes the second
plateau which extends to the long time side with
increasing w,, The two-step rubbery plateau is
well predicted by the present theory. From a
molecular viewpoint, the second plateau is att-
ributed to the contribution of the 2-component
polymer to stress and is well described by the
proposed blending law for stress, especially by the
second term of eq. (32) associated with tube en-
largement due to local constraint release,

Another remarkable observation is that the
plateau at short times in G(t) shift to longer time
side with increasing w,. The shift may be explained
by the reason that for the purely bimodal blend,
ie, (Nc),=(N¢).,=1, the terminal relaxation time
of the M95 1-chains in blended state increases
to some extent than in pure state, 74)74°. This
means that the terminal relaxation process of
the short chain approaches pure reptation more
closely when some of its tube-forming chains
are long enough to impose more completely fixed
obstacles upon the model 1-chain, Such interpretation
has also been suggested by the observation that
unattached chains relax slower in a network'®
than in a melt of the same chains., It is thus
predictable that the constraint release mechanism
should still be effective to some extent and compete
with reptation in pure, monodisperse polymers,

Ternary Blends

The blending algorithm proposed by the present
theerv for polydisperse polymers can be tested
mc - generally for the multicomponent blends with
trimodal MWD, The generalization of the theore-
tical inwerpretation for binary blends to polydis-
perse poiymers with continuous distribution can
be confirmed by examining that for the ternary
blend cases.

Fig. 7 shows the master curves of G(t) at 160°C
(denoted as symbols) and theoretical curves(de-
noted as solid lines) for T95 /400 / 1600 ternary
blends which have a typical trimodal MWD, The
maste curves represent three separate rubbery
plateaus contributed by the three respective com-
ponent polymers, Especially, the second plateau
region formed by the M400 chains apparently
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intervenes between the upper and lower plateaus,
and shows how the contribution of such inter-
mediate MW chains to stress is modified in the
ternary blend system, Theoretical curves also
predict well such characteristic viscoelstic response
in the blended system. For the two blends tested,
the contribution of the M1600 chains to stress in
the terminal region is somewhat overestimated
as shown in the comparison of theory with data.
This verifies again that the 74%s of the specific
components of the M1600 fraction in pure state
are rather overestimated as in the B95/ 1600 bi-
nary blend cases.

Master currve of G(t) and theoretical prediction
for the ternary blend of T95 / 400 / 900-5:4:1 are
respectively denoted as symbols and solid line in
Fig. 8. As shown in this figure, three separate pla-
teaus are not observed in the data due to the
MWD of this blend which is intermediate between

10° 795/ 400 / 1600
-, (1:1:1)

T95 /400 / 1600 -
0 (6:3:1)

G(t) (dyn/cm?}

‘010'3 T TR T ST T T
t(sec)

Fig. 7. Relaxation modulus versus time for polystyrene

ternary blends of M95, M400 and M1600. Symbols

and curves are identified in Figure 5,

G(t) {dyn/cm?)

T95 /400 / 900-5:4:1
(P.l. =1.967)

1 poond vood o vl il 1ol S g

0210’3 10°* 107 10° 10' 10 10° ey

t(sec)

Fig. 8. Relaxation modulus versus time for polystyrene
ternary blend T95/400/900-5:4:1. Symbols and
curves are identified in Figure 5.
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bimodal and trimodal distribution, Theoretical
curve describes that the viscoelastic response of
the M400 fraction is superposed on the plateau
region of the M900 fraction and thus only two
plateaus are appreciable. Such superposition is
represented by the slanted shape of the theoretical
G(t) curve at about t)40 sec. This is confirmed
by the measured data at the time region,

CONCLUSION

The effect of MWD on the G(t) of highly en-
tangled linear polymers has been investigated from
a molecular viewpoint, Presupposing the significant
effect of the constraint release mechanism on the
chain relaxation in polydisperse polymers, a mo-
dified tube model theory for monodisperse poly-
mers was extended to polydisperse polvmeric li-
quids. To examine the proposed theory the rela-
xation moduli of binary and ternary blends of well-
characterized linear polystyrenes with very narrow
distribution were measued with a parallel rheo-
meter. A stress equation for multicomponent
blends was formulated based on the time depen-
dence of the equivalent chain parameters, It was
then led to the shear stress relaxation modulus
G(t), the constitutive equation for the linear vis-
coelasticity of polydisperse linear polymers, inc-
luding not only the intermolecular interactions
but also the intramolucular chain dynamics argued
by earlier Lin’s molecular theory for monodisperse
polymers,

In theoretical predictions of those properties
even the standard fractions were regarded as the
multicomponent blends composed of N¢ monodis-
perse specific components, If the characteristic
parameters for these monodisperse polymers were
given, any additional adjusting parameters were
not required in the predictions. The current theory
predicted the measured G(t) for both the tested
fractions and their blends with various distribution
modes fairly well over a wide range of time, From
the time-dependent G(t), the frequency-depen-
dent dynamic moduli, G'(@) and G"(w), and the
two primary viscoelastic properties, zero-shear
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viscosity and recoverable compliance, can be ob-
Conclusively, the equivalent primitive
chain model based on the reptation idea is a pro-
mising model for explaining quantitatively the
rheological properties of arbitrary distributed li-

tained.

near polymers where the constraint release due
to local tube renewal affects critically on their
relaxation processes.
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