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Bulk and interfacial shear thinning of immiscible polymers
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Nonequilibrium molecular-dynamics simulations are used to study the shear-thinning behavior of immiscible
symmetric polymer blends. The phase-separated polymers are subjected to a simple shear flow imposed by
moving a wall parallel to the fluid-fluid interface. The viscosity begins to shear thin at much lower rates in the
bulk than at the interface. The entire shear-rate dependence of the interfacial viscosity is consistent with a
shorter effective chain lengst that also describes the width of the interface. Ttiss independent of chain
length N and is a function only of the degree of immiscibility of the two polymers. Changes in polymer
conformation are studied as a function of position and shear rate. Shear thinning correlates more closely with
a decrease in the component of the radius of gyration along the velocity gradient than with elongation along the
flow. At the interface, this contraction of chains is independeniti @hd consistent with the bulk behavior for
chains of lengths*. The distribution of conformational changes along chains is also studied. Central regions
begin to stretch at a shear rate that decreases with increldsiwgile shear induced changes at the ends of
chains are independent b
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I. INTRODUCTION 7, should be given by the bulk viscosity of chains of length
s*. This implies thaty, is only a function ofy and has no
The viscosity of a polymer melt decreases when the meltlependence oN (as long it is larger thas*). Goveas and
is subjected to a sufficiently large shear rate, a phenomendrredrickson reached similar conclusions from more detailed
known as shear thinning. This non-Newtonian behavior isalculationg 11].
important in polymer processing and applications and has In a recent paper, we presented a simulation study of the
been extensively studied both experimentally and theoretiinterfacial viscosity in the Newtonian regime of a symmetric
cally [1-3]. The basic origin of shear thinning is that poly- binary blend of Rouse polymefd2]. As predicted 10,11,
mers elongate and align with the flow when they are shearegle found that the interfacial viscosity is determined by the
more rapldly than they can relax. As the shear rate increaseéegree of |mm|sc|b|||ty and converges to a chain |ength in-
the deg_ree of alignmen_t rise_s and the polymers present @ependent value at largé Moreover, bothy, and the inter-
decreasing hydrodynamic resistance to flow. Recent numeryce width decrease with increasing immiscibility and their
cgl S|mulat|oni4_—8] haye mvgstlga_ted a variety of issues in | o as are consistent with a common valuesbf
this non-Newtonian regime, including the shear-rate depen- In this paper, we investigate the shear-thinning behavior

dence of the viscosity, polymer conform'ation, a”d.W"’?” Slip'of the interfacial viscosity. We find that the sasiethat sets
One area that has yet to be explored is shear thinning N e width of the interface and the Newtonian viscosity deter-

the interface between immiscible polymers. Blending of . the sh te wh hear thinnina beains. Indeed th
polymers is common in industry, as this is one way of creatNes e shear rate wnere snear thinning begins. indeed the
ntire variation ofy, with shear rate follows the bulk shear-

ing new materials. However, the blended polymers are oftefy e ) s
immiscible, leading to phase separation. The resulting intetNinning curve for chains of lengts* and is independent of

faces can have a major impact on the processing and ultimafé The shear-rate dependent viscosity converges to the bulk
properties of the blend. behavior for chains of lengtN at distances of ordeR, from

The static properties of interfaces in binary polymerthe interface. SincBlis larger thars*, the bulk viscosityng
blends are typically described by the Flory-Huggins modelis higher thanz, in the Newtonian regime and begins to
[9]. The degree of immiscibility is characterized by a param-shear thin at a lower shear rate. Indeed, the interface does not
eter x, which represents the free energy cost for placing &egin to shear thin untihg has decreased to a value that is
monomer of one type into a homogeneous region of the othetomparable to the Newtonian limit of, . At higher shear
type. There is a characteristic length of the loops of one rates the viscosity is nearly independent of distance from the
type of polymer that penetrate into the region occupied byinterface. _ _ _ _
the other polymer. By balancing the enthalpic cost and en- We also examine changes in the conformational properties
tropy gain, one finds tha* ~ 1/y [10]. The interface width  of chains near the interface and in the bulk as a function of
scales as the radius of gyration of a segment of lesgth shear rate. In equilibrium, the bulk values of the mean-square

De Gennes and co-workers argued that the dynamic progomponents of the end-to-end vector are eqRfl=R;
erties of the interface should also be controlledsbyrather ~ =RZ2. The two components in the plane of the interfége
than the chain lengtiN [10]. In particular, they suggested andy) remain nearly unchanged at the interface, but the nor-
that for polymers in the Rouse limit the interfacial viscosity mal component decreases because of the constraint imposed
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by immiscibility. As the shear rate is increased, polymersrestrict our discussion to regions more than fivérom the
elongate along the direction of flow), and contract in the walls, where wall-induced ordering is negligible.
orthogonal directions. We find substantial elongation before A symmetric blend is created in the following way. Poly-
there is any measurable change in bulk viscosity. The onseters whose centers of mass are located in the bottom half of
of bulk shear thinning appears to be more closely correlatethe simulation box are labeled typ® and the remaining
with the onset of contraction in thedirection. The correla- polymers are labeled®. The dividing plane is adjusted to
tion between viscosity and contraction is even more dramatiensure that there are equal numbers of polymers of each
at the interface. Likey, , plots of Rf as a function of shear type. We also studied single phase systems With10 and
rate are independent of and follow the bulk behavior for 14 at the same bead density.
chains of lengths*. In contrast, changes in elongation de-  Shear flow is induced by moving the top wall parallel to
pend onN and begin at lower shear rates than changeg in  the interface at a constant spagglin thex direction. Due to
The remainder of the paper is organized as follows. In théhe sharp wall/polymer interface and large polymer viscosity
next section, we review the interaction potentials and simuthere can be a substantial difference between the velocities of
lation techniques used in this work. Results and analyses atBe wall atoms and adjacent polymer be#di3,14,17-19
described in Sec. Ill, and a summary and discussion are préVe increased the wall/polymer interactions to limit this in-
sented in Sec. IV. terfacial “slip,” Atoms and beads interact through a
Lennard-Jones potential witlry = owg=0c. For most
Il MODEL simulationsey, = v1.7¢ and the cutoff is extended i,
. . _ =150 to include part of the attractive region in the
The polymer model and simulation techniques are similal_ennard-Jones potential. At the highest shear rates studied,
to those used in previous woft2—14. The polymer poten- the wall/polymer interactions are increased by choosing
tial is based on .the bead-spring mod.el.developed by KremeerWA: ews= 4.7, andr .= 2.50.
and Gresf15]. Linear polymers containiniy beads each are  "The equations of motion are integrated using a fifth-order
created by linking nearest neighbors on a chain with the POpredictor-corrector method20], with a time step ot

tential =0.0075, wherer= o\Jm/€ is the basic unit of time, anch

L 5 is the mass of a monomer. A constant temperatur&gdf

U, (r)= = kRGIN[1—(r;j/Rp)?],  1ij<Ro 0 =1.1e is maintained with a Langevin thermostt5]. To
nmol %, rij=Ro, ensure that this thermostat does not bias the shear profile, the

Gaussian white noise and damping terms are only added to
wherer;; is the distance between beadandj, Ry=1.5c, the equations of motion for the velocity components normal
k=30e/d?, and o and e set the length and energy scales, t0 the mean flowy andz) [13,21]. There is a characteristic
respectively. All particles in the system interact through atime required for energy to flow from velocity fluctuations

truncated Lennard-Jones potential along the flow direction to the thermostatted components.
When the inverse shear rate becomes comparable to this
4€aﬁ[(0/fij)12— (a/rij)ﬁ], i <FZ/3 time, the kinetic energy along the flow direction is no longer
Upg(rij) = _c (2)  thermostatted effectively. This limits the maximum shear rate
0, ij=Tap> in our simulations to about 0:2. However, the correct

) ] c ensemble for higher shear rates is a matter of continuing
where the interaction energy,s and cutoffr,; depend on  gepate, and such strongly nonequilibrium states are not ac-
the typesa and 8 of beads andj, respectively. The cutoffis  assible to experimenfg1,27.
set atr,;,=2"% to produce a purely repulsive interaction  The local shear raté of the fluid is easily calculated by
between beads. For interactions between polymers of th&king the local rate of change in tirecomponent of veloc-
same typee,,= €, With «=A or B. The two types of poly- jty ,, as a function ofz, i.e., y=dv,/dz. This is done by
mers are made immisciblel6] by increasing the repulsive taking slices parallel to the-y plane, of width 0.098, and

energy between unlike beads te,s=ega=€(1+€*),  averaging the velocity of the monomers within these slices.
where e* =1.2 or 3.2. Both values o¢* are sufficient to  The viscosity within a slice is found from

produce phase separation for the range of chain lengths
considered here\=16, 32, and 64. Pxz

The bounds of the simulation cell are periodic in #end KAV )
y directions, with period& ,=38.5r andL,=33.40, respec-
tively. In the z direction the cell is bounded by top and bot- where the shear stre§s, is constant throughout the system
tom walls. Each containd,y= 3200 atoms tied to the sites of in steady state. Values of shear rate and viscosity presented
a (111 plane of an fcc lattice by harmonic springs of stiff- below are averaged over ten slices.
ness k=1320/0?. The walls are separated Hy,=470. The wall velocity is varied fronv,,=0.10/ 7 to 8.Qu/ . As
They confine 49 152 polymer beads, yielding a bead densitghown in Table |, this leads to a variation by almost two
of p=0.80"2 in regions far away from interfaces. Density orders of magnitude in the bulk shear ratg evaluated far
oscillations are induced within a few of the walls[17]. from any interface. Note that this shear rate is the same in
However, the solid/polymer interfaces are only introduced tdoth fluids since we consider a symmetric melt. Statistical
produce shear and are not of direct interest here. We thutuctuations drop with the total distance the wall moves and
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TABLE I. Shear rate in bulk regions of each polympgy at the indicated values of chain length and wall
velocity vy . Uncertainties are less than 5%. The proportionately larger shear ratgs=a&to/ = are due to
an increase in the wall-coupling parameters, as discussed in Sec. Il.

Uy Y8

N=10 N=14 N=16 N=232 N=64
0.1 0.0019 0.00175 0.00159 0.0013 0.00094
0.3 0.0055 0.00512 0.004 79 0.0039 0.0038
0.5 0.0091 0.008 72 0.0081 0.0074 0.0073
1.0 0.018 0.00175 0.0171 0.0159 0.0166
2.0 0.037 0.036 0.0352 0.0360 0.0365
3.0 0.0563 0.0549 0.0538 0.0545 0.0554
5.0 0.093 0.0908 0.0899 0.0907 0.0943
8.0 0.171 0.168 0.168 0.166 0.171

increase with increasing chain lengts.g., Fig. 2. The dent of N for N=16. As illustrated in Fig. 1, this behavior
simulations at lower shear rate were sheared for more thanextends to the highest shear rates studied here. The same
million time steps after equilibration. Half this interval was insensitivity to shear rate is found for the less immiscible

used for higher shear rates. case ofe* = 1.2 where the interface is slightly wider.
Ill. RESULTS B. Viscosity
A. Interface width The bulk viscosity of polymers whose length is shorter

In Fia. 1 how the densiti f the two t fb dthan the entanglement length can be described with Rouse
. tE 9. 1, W€ S Ot‘a/ 'et ins' I?Sfo—3§ Wodh):ge]_SGO ga Stheory[25]. The limiting Newtonian viscosity at low shear
|6n4 Fe retghl_on rt1ear | e inter ?gle er = .th ar:j _'t' anh rates scales linearly with chain lengthg= {b%pN, where{

- For his strongly Immiscibie case, the densiies changfy yo monomeric friction coefficient artdlis the statistical
from their bulk values to zero over a few Moreover, these segment length. DeGennes and co-workag argued that
density profiles are nearly unaffecteq whiris changed by the viscosity in the interfacial regiom, should be deter-

a factor of 4 and the bulk shear rate is changed by a factor ined by the effective lengti* rather tharN because* is
100. . . S the length of segments that must relax during shear flow.
Previous studies of equilibrium interfaces have related th heir conclusion is supported by the analysis of Goveas and

interface width to the radius of gyration of polymer segment : Jo 4 . i
that enter the interfacial regid®—11,23,24 The length of Sg&i:ﬁﬁ?{ﬁg and by our earlier simulations in the New

these segments” is determined by the degree of immisci- The dependence of the bulk and interfacial viscosities on

E”it?{ andt k()jgcom?sthindepe_?ge_nt b in thet_ Iargefl\tlhlimit. d Ichain length in the Newtonian limit is illustrated in Fig. 2.
arlier studies ot the equiiibrium properties of the mode Here 7 is plotted against heightfor e* =3.2 over the range

considered her¢l2] are consistent with these predictions. of chain lengths where the interface width, and tistis is

. ) . ;
For example, fore™ =3.2 the density profiles are indepen- constant. Away from the interfacg approaches the bulk vis-
cosity, which rises linearly witiN for N up to 64. The slope

0.8 of this rise determineg=0.38+ 0.03n/ 7, sinceb=1.28 is
known from static propertiegl2,15 andp=0.80"2.
06 50
% } N=64 p
Jos O A sl I
Q. 1 \ 1 ap Ly 7
goo AR YA
02} B oy ‘
£20f N=32 .. W, I
‘i'.' "-.,"\A" n A ,H" -‘\.‘~" ‘-,'
0 10 W
z/c 0 'I\l=1|6 L
FIG. 1. Densities of typé\ (decreasing curveésndB (increas- -20  -10 0 10 20
ing curve$ beads showing that the interface width is insensitive to z/o
chain length and shear rate. The immiscibility parameteg*is FIG. 2. Newtonian viscosity as a function of heighfor €*
=3.2 and circles are foN=64, vy,=0.1; diamonds are folN =3.2. The bulk viscosity scales linearly with chain length fér
=64,vy=5.0; and triangles are fad— 16, v\,=5.0. Correspond- =16 through 64, while the interfacial viscosity is independent of
ing values ofyg are given in Table I. chain length over this range.
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FIG. 3. Bulk viscosityng as a function of shear ratgg, for g \\ . %‘ bulk
polymers of lengtiN=16, 32, and 64. AN increases, shear thin- B2 S ---64 bulk 1
ning is observed at lower values 9. The dashed line shows a o v .-" et ‘v\
power law fit g~ 3~ %47, = RN
- 4 ‘\v
In the interfacial region the viscosity is smaller than the T 2
bulk value and is independent of chain length. This is con- (b) . , , , ,
sistent with the picture that the constant valuesbfdeter- 7 6 -5 4 -3 -2 -1
mines, . Equatings* to the chain length that would give a In(¥;7)

e = , . o .
bulk V'Scos'ty_ equal top, ylelds_s ~10. A similar a”a'YS'S FIG. 4. Interfacial viscosityp, as a function of interfacial shear
for €*=1.2 yieldss* ~14, and in both cases the radius of \ye 5, for (3 * =1.2 andN=32 and 64, andb) €* =3.2 andN
gyration corresponding ts* is 1.6 times the interface width  _ 16 32 and 64. The bulk viscosities of polymers with length equal
[12]. Thus, the Newtonian response is consistent with thqg the values of* determined from the Newtonian response are
picture advanced by deGennes and co-worke@ ~ shown for comparison. The dashed lines show the bulk viscosity of
~ The shear-thinning behavior of the bulk viscosity with chains of length 64. Interfacial shear rates are evaluated over an
increasing shear rate is shown in Fig. 3. As is well known,interval of width ones in the center of the interface.

the onset of shear thinning occurs when the system is

sheared more rapidly than it can relax. Since the time tQyf the polymer's center of mass. The two panels show results
relax increases with chain length, the onset of shear thinningy; nwo low shear rates withi = 16 ande* = 3.2. The lowest
moves to lower shear rates with increasM§7]. As in pre-  shear ratgFig. 5a)] is well into the Newtonian regime, and
vious work[7], the decrease in viscosity at high shear rateshe polymers have time to relax to equilibrium conforma-

can be fit to a power lawy~y~%, with a near 1/2. The tions. Far from the interface the polymers follow isotropic
dashed line in Fig. 3 shows a fit tN=64 data witha

=0.47. The low shear-rate viscosity increases with chain 10
length, and the high shear-rate behavior is nearly indepen-
dent ofN.

The variation of the interfacial viscosity with the interfa-
cial shear rate is shown in Fig. 4 for differeNtand €*. In
all cases,n, begins to shear thin at much higher shear rates
than ng . Data is only presented for values Nfwhere the [
Newtonian response and interface width are independent of (a):
chain length, so thas* should also be constant. One sees
from the figure that the shear-thinning behavior is also inde- 10 J’WWWVW
pendent of N in this limit. Moreover, the entire shear-
thinning curve for alN at each value oé* is consistent with
the bulk shear-thinning behavior of chains with length equal
to the values of* inferred from the corresponding Newton-

ian response. This is strong evidence that a single segment - 0=X
length determines the non-Newtonian shear-thinning behav- 41 (o) o g;; ]
ior as well as the static interface profile and Newtonian re- U VT
20 -0 0 10 20
sponse.
zZ/c
C. Polymer conformations FIG. 5. Mean-square components of the end-to-end distance

. . . . longa=X, y, andz as a function of the center of mass heiglior
We now describe the changes in chain conformation thaﬁzl‘qea pc):ly?/ners ivith E*i3é at (@ vy=0.10/7 and (b;ng

are associated with the shear thinning of the bulk and inter 0.50/ 7. Although the viscosities at both shear rates are nearly

face. Figure 5 shows the mean square of the three comp@sgisiinguishable from the limiting Newtonian viscosity, there is a
nents of the end-to-end vectBras a function of the height clear stretching of polymers along the flow direction(in.
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YT
%Y ',’\..f'\fd"‘“"-*'. ,\!"f'\w' Vs . FIG. 7. Mean-square component of the end-to-end vectEﬁ,
an1or W ] for polymers centered at the interface witi 16, 32, and 64. Bulk
. - & P e aan valu_es for chains wittN= 10 are shown for comparison. All curves _
5 o "" Ty L gbLl begin to decrease at the same shear rate, and this shear rate coin-
wa “A"‘\ﬁ"—i‘kﬂ‘\,-k,*"”""“""‘" cides with the drop in interfacial viscosity.
O , , ,
'20 10 0 10 20 about 17 to 16 over the studied range @f. Overall there

z/o is a net increase iR? from about 50 to 1862, because the

FIG. 6. Mean square and z components of the end-to-end increase irR)z( is much larger than the decrease in the other
vector as a function of center of mass heightNor 32 polymers at  two components.

wall velocities vy,=0.10/7 (diamonds, 0.50/7 (circles, 207 Chains in the interfacial region also stretch along the flow
(squarey and S (triangles. Corresponding bulk shear rates are direction and contract in the orthogonal directions. However,
given in Table I. as with the viscosity, the shear-rate dependence is shifted to

random walks withRf(: Riz R§~802. Near the interface higher y at the interface. The value ﬁf is initially slightly

R§ is strongly suppressed because immiscibility eIiminate%]Igher at the interface and increases more slowly with

paths that take polymers too far into the other phase. Theeadlng to a pronounced dip at the highest shear rates. In

values ofR? andR§ are nearly unaffected by this constraint, contrast, the dip ifR; at the interface decreases with increas

but show a small rise that is comparable to our statistical"J s_hear rate because the bulk value drops more rapidly
noise. The value oR? does not attain its bulk level until the W'th.y' : . : o
: -z ) . Figure 7 provides a more detailed picture of the variation

center I'c|)<f :’nass IS fa;]r _enOﬁ_gh dfrom the_ interface tg?t cha;]n% the conformation of chains near the interface with increas-
are unlikely to reac ,'t' T Is distance Is comparable to.t Efng shear rate. Interfacial values Eﬂf are plotted against
bulk valug of\/ﬁg, Wh!Ch is larger than the range over which shear rate foN= 16, 32, and 64 a¢* = 3.2. Bulk values for
the density changeig. 1). ) chains with length equal to the inferred valuessf=10 are

Figure 3b) shows the mean-square componentsRodt  shown for comparison. All curves are flat at low shear rates,
the third lowest shear rate in Fig. 3. Surprisingly, althoughand begin to decrease at the point where the interfacial vis-
the viscosity is nearly indistinguishable from the low shear-cosity begins to fall in Fig. 4. As with the data foj;, the
rate limit, there is a substantial change in conformation. Thenterfacial conformations for all chain lengths collapse onto a
component along the flow directioR?, increases by about yniversal curve that coincides with the bulk curve for chains
25% throughout the system. The bulk valueRff drops by  of lengths* within our error bars. This provides further evi-
about 10%, while the interfacial value is nearly unchangeddence that a single time scale corresponding*acontrols
This is consistent with the observation that the interfacehe behavior of the interface. Note that the uncertainties are
shear thins at higher shear rates than the bulk. larger for interfacial values due to the relatively low number

Conformation changes at much higher shear-rates are ibf polymers whose center of mass lies at the interface. As
lustrated in Fig. 6. Here the mean squamndz components  discussed previously12,26, there is a preponderance of
of the end-to-end vector are plotted as a function of centerehain ends at the interface. This reduces the number of chain
of-mass height foN=32, €* =3.2, and four values af . centers at the interface by a factor of 3 for the parameters
As expected, chains in the bulk regions are stretched andonsidered here.
aligned along the flow direction. At the lowest shear rate, the The idea that relaxation times should scale with the length
bulk value ofR? is about 20% above its equilibrium value. of a subset of the chain rather than its entire length is related
At the highest shear rate, the length of the polymer along théo other recent work{27]. These papers have examined
flow direction has grown to about 40% of the fully extendedchanges in the conformation of individual chains pulled
length. The components orthogonal to the flow decrease. Thiarough gels or other polymers. Segments at the free end of
drop inR? is much larger than that iR2, which drops from  the chain are assumed to relax with a time scale that is char-
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o N6 ' ' interface between immiscible polymers. This length is deter-
o A mined by the degree of immiscibility and independent\of
0 Nes2 R for the polymers studied here. The interfacial viscosity
u [ shows these same trends wjthand N. For each degree of
% ° & N-64 R “ - immiscibility, plots of interfacial viscosity against interfacial
~o . L shear rate for differenN collapse onto a single curve. The
xL’ R T QR entire curve coincides with the bulk shear-thinning behavior
o ° of polymers of length 10 for* =3.2 and 14 fore* =1.2.
. . : . BA 0 Thus a single effective chain length describes both the New-
ipe " 0 * B tonian value ofyp, and its shear-thinning behavior. Our pre-
A00 HO B vious work showed that the same effective chain length de-
scribed the width of equilibrium interfacg&2].
0.001 0.01 01 The suppression of the viscosity near the interf@ddg. 2)
YT leads to an effective slip boundary conditiph0—12. The

amount of slip is most pronounced in the Newtonian limit,

at the middle(filled symbolg and endgopen symbolsof polymers Where,the Qifferen.ce between ar_]d 7g IS largest. As ,the
with the indicatedN as a function of shear rate. The ends show thebU|k viscosity begins to shear thin, the amount of slip de-

same behavior for alN. The middles begin to stretch at a lower C'€@ses. Once the shear rate is high enough to produce sig-
shear rate that decreases with increasing nificant shear thinning at the interface, the bulk and interfa-

cial viscosities convergérig. 4). In this limit the amount of

acteristic of bulk polymers with the same length as the segslip is negligible.
ment. Since the relaxation time grows with the length of the Changes in the conformation of polymers near the inter-
segment, the polymer is less relaxed and more stretched #&ce were also studied. In equilibrium, the interface sup-
one moves away from the free end toward the pulling end. presses the component of the end-to-end vector perpendicu-
A similar phenomenon should occur within individual lar to the interface, but has little effect on the in-plane
chains in a sheared polymer melt. Segments at the end of tf@mponents. The changes in interfacial viscosity are most
chain will be more relaxed than the center leading to a dumbclosely correlated with changes in the perpendicular compo-
bell configuration that narrows in the center. In addition, thenent. Like »,, plots of R§ against shear rate for different
ends should begin to stretch at higher shear rates than tledain lengths collapse onto a common curve that is consis-
center because their characteristic relaxation time is shortetent with that for bulk chains of lengts® (Fig. 7). While the
Figure 8 shows the end-to-end distance of segments of leng#fongation increases more slowly near the interface than in
4 as a function of shear rate. Results for the two end seghe bulk, it begins at much lower shear rates than the change
ments are averaged and compared to a segment in the middfe interfacial viscosity(i.e., Fig. 5 and depends on chain
of the chain. Note that the ends show the same behavior fdength. Thus, our results for both the bulk and interface in-
all N indicating that the characteristic relaxation time for dicate that polymer contraction perpendicular to the interface
their conformations is only a function of segment length. Inis the most important structural change associated with shear
contrast, the middle segment becomes more stretchédl asthinning.
increases and the characteristic rate at which it can no longer We also explored changes in the conformation of seg-
relax decreases with increasihg These effects are reminis- ments of four beads within longer chains as a function of
cent of a nematic coupling effect seen recently in polymersshear rate. Segments in the center of the chains began to
where the orientation of middle segments also relaxed morelongate at the same shear rate where the bulk viscosity for
slowly with increasingN, while the rapid relaxation of ends the given chain length showed shear thinning. However, the

FIG. 8. Mean-square end-to-end distance of four bead segmen

was independent dfl [28]. conformation of the ends remained unchanged until much
higher shear rates. Moreover, the conformation of the ends
IV. SUMMARY AND DISCUSSION was nearly independent of the total chain length and their

shear-thinning behavior was comparable to that for bulk

In this paper, we have examined shear thinning and conchains with length 4. Recent studies of much longer chains
formational changes in the bulk and interfacial regions of ahave used the concept of a position dependent relaxation
phase-separated binary blend of Rouse chains. The bulk bgme to determine the conformation of a single chain in a
havior is consistent with preViOUS studies. The most SUrpriSSoh/ent or ge|[27] Our Study shows that the same Concept
ing result is that pronounced elongation of the chains is obgpplies to polymer melts.
served before there is a noticeable change in viscosity. The
onset of significant changes g seems more closely con-

nected to the cor_ltraction glong the gradient direction, Which ACKNOWLEDGMENTS
becomes appreciable at higher shear rates than the elongation
along the flow direction. Support from the Semiconductor Research Corporation

The changes in interfacial viscosity are consistent with thehrough Advanced Micro Devices Custom Funding and from
prediction[10,1]] that the interfacial viscosity is determined National Science Foundation Grant No. DMR 0083286 is
entirely by the characteristic leng#i of loops that cross the gratefully acknowledged.

021808-6



BULK AND INTERFACIAL SHEAR THINNING OF . .. PHYSICAL REVIEW E 65 021808

[1] W. Carl, Macromol. Theory SimuB3, 705 (1994). [14] P. A. Thompson and S. M. Troian, Natufieondon 389, 360

[2] F. Ganazzoli and A. Tacconelli, Macromol. Theory Simujl. (1997.
79 (1998. [15] K. Kremer and G. S. Grest, J. Chem. Ph92, 5057 (1990.

[3] A. N. Semenov, A. V. Subbotin, G. Hadziioannou, G. Ten [16] G. S. Grest, M.-D. Lacasse, K. Kremer, and A. M. Gupta, J.
Brinke, E. Manias, and M. Doi, Macromol. Symp21, 175 Chem. Phys105 10 583(1996; M.-D. Lacasse, G. S. Grest,

and A. J. Levine, Phys. Rev. Le®0, 309 (1998.

(1997). [17] R. Khare, J. J. de Pablo, and A. Yethiraj, Macromolec2i@s

[4] T. W. Liu, J. Chem. Phys90, 5826(1989.

P 7910(1996.
[5]J. J. Lgez Cascales, S. Navarro, and J. Garde la Torre, [18] A. Jabbarzadeh, J. D. Atkinson, and R. I. Tanner, J. Chem.
Macromolecule5, 3574(1992. Phys.110, 2612(1999.
[6] P. J. Daivis and D. J. Evans, J. Chem. PI@0, 541(1994.  [19] K. B. Migler, H. Hervet, and L. Leger, Phys. Rev. L&D, 287
[7] Z. Xu, J. J. de Pablo, and S. Kim, J. Chem. PH\@2 5836 (1993.
(1995. [20] M. Allen and D. Tildesley,Computer Simulations of Liquids
[8] A. V. Lyulin, D. B. Adolf, and G. R. Davies, J. Chem. Phys. (Oxford University Press, Oxford, 1987
111, 758(1999. [21] M. J. Stevens and M. O. Robbins, Phys. Rev4& 3778
[9] P. Flory, Principles of Polymer Chemistr§Cornell University (1993. ]
Press, Ithaca, 1953 [22] S. S. Sarman, D. J. Evans, and P. T. Cummings, Phys. Rep.
305 1 (1998.

[10] Z‘ .G'Tde Gsnhes’gs%aRi zﬁ)cf?igig: ierB”; Msc'fhys'tcg'm'[zs] E. Helfand and Y. Tagami, J. Chem. Phg§, 3592(1971).
cl. terre Lniver ; F. Brouchard-Wyart, P. 15 0 (i Erukawa, Phys. Rev. A0, 6403(1989.

G. de Gennes, and S. Troiahid. 310, 1169(1990; P. G. de  [25) M. Doi and S. F. EdwardsThe Theory of Polymer Dynamics

Gennes, iPhysics of Surfaces and Interfaceslited by I. C. (Clarendon, Oxford, 1996
SanchezButterworth-Heinmann, Boston, 1992 [26] E. Helfand, S. M. Bhattacharjee, and G. H. Fredrickson, J.
[11] J. L. Goveas and G. H. Fredrickson, Eur. Phys. J2,B79 Chem. Phys91, 7200(1989.

(1998. [27] F. Brochard-Wyart, Europhys. Let23, 105 (1993; 30, 387
[12] S. Barsky and M. O. Robbins, Phys. Rev. @3, 0211801 (1999; A. Adjari, F. Brochard-Wyart, P. G. de Gennes, L.
(2002). Leibler, J.-L. Viovy, and M. Rubinstein, Physica 204, 17

[13] P. A. Thompson and M. O. Robbins, Phys. Rev4A 6830 (1994.
(1990. [28] S. Barsky and G. Slater, Macromolecul&? 6348(1999.

021808-7



