
4356 Macromolecules 1993.26, 4356-4362 

Chain Conformation in Sheared Polymer Melts As Revealed by 
SANS' 

R. Muller,' J. J. Pesce, and  C. Picot 
Institut Charles Sadron (CRM-EAHP), 4 rue Boussingault, 67000 Strasbourg, France 
Received February 8,1993; Revised Manuscript Received April 21,1993 

ABSTRACT Theconformationof polymer chains in themelt duringsimpleshearflowhaa beencharacterized 
by SANS on a narrow molecular weight distribution polystyrene sample. An apparatue has been designed 
which allows one to freeze-in by quenching uniform shear orientations in thick specimens on which the 
scattering experiments can be performed in the three principal shear directions. In the 1-2 shearing plane, 
the orientation of molecular anisotropy with respect to the shear axes is found to depend on the magnitude 
of the scattering vector and therefore on the considered length scale on the chain. A method has been 
proposed to analyze the data in this plane. The chain dimension in the neutral shear direction remains 
unaffected by the flow. The birefringence and extinction angle have been measured and compared to the 
SANS data. Finally, the respective influence of shear stress and shear strain on the chain conformation is 
discussed. 

I. Introduction 

Small-angle neutron scattering is a very convenient 
technique for revealing changes in the microscopic chain 
conformations in a polymeric system under external 
constraints. For rheological studies of polymer solutions 
or melts, scattering experiments contribute valuable 
information about the chain dynamics which, together 
withmacroscopic bulk properties, can help to discriminate 
between competing molecular models?3 

From an experimental point of view, the scattering 
measurements can be performed either directlyonasample 
subjected to deformation or flow during the scattering 
experiment or on quenched samples where the orientation 
induced by the flow has been frozen-in. The former 
technique has been used for rubbers4J and polymer 
solutions in shear whereas the latter is well suited 
to polymer melts with high glass transition temperatures. 
Most scattering data which have been obtained in this 
way for melts concern uniaxially stretched  sample^^,^ for 
which the low thickness of the specimens allows rapid 
cooling and homogeneous deformation within the samples. 

It is the purpose of the present paper to extend the 
quenching technique to samples deformed in simple shear, 
which would allow a three-dimensional characterization 
of the chain conformation with respect to the shear axes 
by performing the scattering experiments on specimens 
cut along the three principal shear directions. 

Preliminary tests have been carried out on samples 
sheared in the parallel-plate geometry of a Weissenberg 
rheogoniometer? but many experimental problems ap- 
peared which made the method difficult to use and may 
even introduce some errors in the scattering data: though 
the surfaces of the plates were grooved, it was difficult to 
maintain the adhesion between the polymer and the 
metallic plates during quenching, due to thermal con- 
traction. Moreover, to minimize the gradient of orientation 
in the sample thickness resulting from the relaxation 
during the cooling stage, the gap had to be reduced to 2 
mm. Consequently, specimens for SANS experiments 
where the neutron beam was in the radial direction were 
very difficult to prepare. Finally, the range of the torque 
transducer was limited and did not allow shear stresses 
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Figure 1. Schematic drawing of the apparatus: (a) specimen; 
(b) oil circulation; (c) water circulation; (d) normal force jack; (e) 
shear force jack. 1,2, and 3 are the principal shear directions. 

corresponding roughly to the Newtonian plateau of the 
polymer melt t o  be exceeded. 

Toovercome thesediffculties,anewapparatushasbeen 
designed which will be briefly described. In particular, it 
will be shown how this device allows freezing-in homo- 
geneous orientation in simple shear for samples with a 
typical thickness of about 5 mm, despite the low thermal 
conductivity of polymer melts. 

The first SANS data on samples sheared with this 
apparatus were obtained on a narrow molecular weight 
distribution polystyrene sample, containing labeled deu- 
terated chains with the same molecular weight as the 
nonlabeled chains. The rheological behavior of this 
polymer has already been characterized, and scattering 
data on specimens uniaxially stretched in the melt have 
been published.8 

11. Experimental Device and Rheological Results 
1. Apparatus. Theexperimentaldeviceconstructedtoorient 

the samples in simple shear is schematically represented in Figure 
1. It is basically a shear-sandwich type rheometer, the polymer 
sample being sheared between two temperature-controlled par- 
allelplateswithanareaof125mmxl5mmandgroovedsurfaces 
(depth of the grooves: 0.3 mm). The upper plate is fixed whereas 
the lower plate can be displaced both horizontally and vertically 
with two pneumatic jacks. 

The shearing experiment occurs in the following way: (a)  The 
temperature of both plates is set to ita value during the melt flow 
by a silicone oil circulation. (h) The polymer sample, which has 

0 1993 American Chemical Society 



Macromolecules, Vol. 26, No. 16, 1993 

been molded in the form of a parallelepiped with typical 
dimensions 50 mm X 30 mm X 5 mm, is inserted between the 
plates. (c) During thermal equilibration of the sample, a normal 
force is applied to the lower plate so that the grooved surface of 
the plates will penetrate the polymer melt which will keep the 
sample sticking to the plates during shearing and cooling. This 
compressive force should be low enough (depending on the melt 
viscosity) to prevent the sample from being squeezed, which would 
increase its area. (d) Once thermal equilibration of the sample 
is achieved, the compressive force is removed from the sample 
and the gap between the plates is now fixed by a mechanical 
stop. The orientation which might have been produced by the 
compression of the sample is allowed to relax by waiting several 
times the terminalrelaxation time of the melt at that temperature 
before starting the shearing. (e) A constant shear force F is 
applied to the melt with the horizontal jack during a given time. 
At the same time, the normal force N in the sample is recorded 
with a force transducer mounted below the lower plate. From 
the horizontal displacement measured to a precision of 0.02 mm 
with an LVDT transducer, the shear strain is obtained as a 
function of time. (f') After shearing, the sample is cooled by 
stopping the oil circulation and starting the cold water circulation, 
which is located close to the surface of the plates. Throughout 
the cooling stage, both the shear force F and the normal force 
N are kept constant, the vertical jack being now driven with the 
same compressive force which has been measured during the 
shearing stage. 

Keeping a constant compressive force on the sample during 
cooling allows compensation for thermal shrinkage and, with the 
grooves in the metallic plates, prevents the polymer from slipping 
away from the surfaces of the rheometer. Furthermore, if the 
temperature is assumed to be uniform in each polymer layer (at 
constant height) at any time during cooling (which appears to be 
justified if the area of the plates is large enough compared to the 
area of the polymer sample), each polymer layer will experience 
the same constant shear and normal stresses during quenching. 
This in turn means that if steady flow is reached at the beginning 
of the cooling stage (the curves in Figure 2 show that the shear 
rate becomes constant to within experimental error for shear 
strains of the order of 11, the orientation will be uniform 
throughout the whole thickness of the sample, although the inner 
layers, which will be cooled later, will experience a higher final 
shear strain than the outer layers in contact with the plates which 
are quenched first. Birefringence provides an easy way to check 
the uniformity of orientation in the sample thickness: the 
observation with a polarizing microscope of small strips cut out 
vertically in the 1-2 shearing plane (see Figure 4) shows that 
both the birefringence and the extinction angle (equal to f l  in 
Figure 4 if A and E are the principal directions of the polarizability 
tensor) are uniform throughout the whole thickness. 

The same observation also shows that the thickness of the 
outer layers, where end effects due to the grooved metallic surfaces 
affect the flow homogeneity, is less than 0.1 mm (these layers 
have been reamed away on both sides of the sheared polymer 
plates before cutting the specimens for the SANS experiments). 
Moreover, the effective thickness of the sheared material to be 
taken for the calculation of the shear strain from the horizontal 
displacement of the lower plate of the rheometer is close to the 
gap between the plates. 

2. Sample for the SANS Experiments. The sample used 
in the present study is a mixture of two anionically synthesized 
PS samples, one a hydrogenated polymer (PSH) and the second 
a deuterated polymer (PSD). Both polymers have nearly the 
same molecular weight distribution: M ,  = 90000, Mw/Mn = 1.12 
for PSH and M ,  = 95000, M,/M, = 1.13 for PSD. The weight- 
average polymerization indices are very close for the two 
polymers: N = 865 for PSH and N = 850 for PSD. The same 
sample has already been used in a previous study on chain 
deformation in uniaxial elongational flow: where details about 
blending and molding can be found. 

3. Typical Stress-Strain Curves. To test the reliability of 
the shearing procedure, which may be affected by temperature 
control and end effects at high shear strains (due to the finite 
ratio of length over thickness of the samples), the shear strain 
y has been measured as a function of time for the same shear 
stress TO and at various temperatures. Since each sample uses 
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Figure 2. Shear strain as a function of time at various 
temperatures for the same constant shear stress (TO = 106 Pa) on 
the Lacqrhe 1241H sample: 124 (A), 121 (W), 119 (O) ,  118 (V), 
114 (A), and 112 "C (v). Same data shifted according to the 
reference temperature TO = 118 "C according to eq 1 (+). The 
thermal shift factor is a112-118ec = 3.3 between 112 "C and TO and 
alu41180c = 0.26 between 112 "C and To. 
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Figure 3. Dynamic viscosity q*(w) as a function of wq*(w) for 
the PS sample used for the SANS experiments at 120 (0)  and 
130 "C (W). If the Cox-Merz relation holds, the curves are 
equivalent to viscosity versus shear stress curves (see text). The 
arrows indicate the shear flow experienced by samples I, 11, and 
I11 before quenching (T = 0.06 MPa and T = 130 "C for samples 
I and 11; T = 0.2 MPa and T = 120 "C for sample 111). 

about 8 g of polymer, these preliminary tests have been carried 
out with a commercial PS (Lacqrhe 1241H from Elf-Atochem) 
rather than with the anionic samples containing deuterated 
chains. According to time-temperature superposition,lO the 
various isotherms should superpose according to 

where UT-T, is the thermal shift factor. Figure 2 shows that the 
y ( t )  curves at various temperatures can actually be superposed 
by a shift on the time scale with shift factors close to those 
determined independently by dynamic viscoelastic measure- 
ments. This result indicates a satisfactory control of the 
temperature and of the kinematics of the flow in the rheometer. 
The curves in Figure 2 also show that the shear rate (Le., the 
slope of the curve ~ ( t ) )  becomes nearly constant for shear strains 
higher than 1. Thus, the flow becomes steady state from a 
rheological point of view for relatively moderate strains. 

The values of temperature, shear stress, and shear strain which 
have been chosen for the specimens to be characterized by SANS 
are summarized in Figure 3, where the dynamic viscosity q* = 
( v ' ~  + q''z)l/z has been plotted as a function of the quantity wq* 
at two temperatures. Assuming that the Cox-Merz relation is 
verified (q*(w) = q(y) for w = y) this representation amounts to 
a plot of the viscosity as a function of shear stress. Changing the 
temperature shifts this curve only vertically (according to time- 
temperature equivalence). This means that a given value of the 
shear stress always corresponds to the same part of the curve 
(Newtonian plateau or shear-thinning range) and that the 
temperature only affects the corresponding time scale or shear 
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Table 1. Parameters of the Shear Flow, Characteristic 
Angles of Orientation. and Experimental Mean Square 
Chain Dimensions in the Various Directions (See Text)' 

sample 
I I1 I11 
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Figure 4. Definition of the principal directions of molecular 
orientation (A,  B )  with respect to the principal shear directions 
(1. 21. 

rate. Two values of shear stress have been chosen: one 
corresponding to the end of the Newtonian plateau I T  = 0.05 
MPa) and one corresponding to the shear-thinning behavior of 
the melt 17 = 0.2 MPaL Timetemperature equivalence allows 
one tochoose the temperature so that the time of the experiment, 
which for a given shear strain is inversely proportional to the 
shear rate, remains of the order of a few minutes (T = 120 'C 
for 7 = 0.2 MPa and T = 130 O C  for 7 = 0.05 MPa). In this way, 
the time necessary to quench the sample (between 10 and 20 s) 
remains short compared to the time of the shear flow. For the 
lowest shear stress, two different samples. corresponding to 
different shear strains (7 = 2.8 and y = 4 at the onset of cooling). 
have beenprepared. Table lsummarizes theshearingconditionr 
of the three specimens which will be characterized by SAiiS. 

Ill .  Small-Angle Neutron Scattering Results 
1. Principal Directions of Orientation. Figure 4 

defines the principal directions of molecular anisotropy 
( A ,  R, and 0 with respect to the principal directions of 
shear (1, 2, and 3 ~ ,  I being the direction of velocity and 
2 the normal to the plates. Symmetry of the flow leads 
toC =3,and therelativeorientationof(A,R) withrespect 
to (1, 2) is defined by the angle 3. At vanishing chain 
orientation (at either small strains or low shear rates) 0 
is expected to be close to 4 5 O .  whereas for large affine 
chain deformation B tends to 90'. More generally, d 
depends on shear rate or shear stress. It should be 
emphasized that the value of 3 depends theoretically on 
the way the orientation is measured. Birefringence 
measurements where 0 is identical to the extinct ion angle 
may, for instance, give different values of 0 than SANS 
measurements in the range of low scattering vectors (see 
Table I ) .  This can be qualitatively understood in rhe 
framework of molecular models where relaxation mech- 
anisms withdifferent relaxation times are associated with 
characteristic length scales on the chain." It would be 
expected that the molecular anisotropy at  a local scale on 

Figure 5. Isointensity curves of sample I1 in the three principal 
shearingplanes: 1-2 (a); 1-3 (b); (2-3) (c). Allisointensitycurves 
are fitted with ellipses. In the 1-2 plane, the minor and major 
axes define the scatteringvectors qAand qa, and their orientation 
with respect to the shear axes defines @. In the 1-3 and 2-3 
planes, the axes of the ellipses coincide with the shear axes. 

the chain is lower than the anisotropy of the end-to-end 
vector or radius of gyration. In the particular case of a 
shear flow, this will result in an orientation with respect 
to the shear axes which is also depending on the considered 
length scale; in other words, 19 in a scattering experiment 
may depend on the magnitude of the scattering v e ~ t o r . ~  

2. SANS Measurements and  Analysis of Data. 
From the sheared and quenched polymer plates, l-mm- 
thick specimens were cut in the principal shearing planes: 
in planes 1-2 and 1-3 for samples I and I11 and in all three 
planes (1-2. 1-3, and 2-3) for sample 11. The SANS 
experiments were carried out a t  the Laboratoire Leon 
Brillouin, Saclay, France, on a small-angle spectrometer 
(PAXY) equipped with a two-dimensional multidetector. 
The range of the scattering vector amplitude was 5.2 X 
10-3 < q < 5.5 X 10-2 kl. Water calibration was used to 
convert the scattering data to an absolute coherent 
scattering cross-section, S(q), with units of reciprocal 
centimeters. The radius of gyration of an isotropic sample 
was determined from the Zimm plot in the low scattering 
vector range. The obtained value of 82 8, is in very good 
agreement with that determined in a previous study on 
the same sample at the D11 spectrometer of the Institut 
Laue Langevin in Grenoble.* 

Figure 5a shows typical isointensity curves on the 
multidetector for a specimen in the 1-2 shearing plane 
(for the sake of clarity, only three curves have been plotted). 
According to the above comments on a possible q depen- 
dence of the chain orientation with respect to the shear 
directions, the scattering data were analyzed as follows: 
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Figure 6. Variation of angle j3 with the square of the scattering 
vector in direction A.  

each isointensity curve was fitted with an ellipse using a 
least squares program which determines for each curve 
both the minor and major axes (which are the scattering 
vectors q A  and q B  along directions A and B, respectively) 
and their orientation with respect to the shear axes. For 
the data of the present study, the shape of all isointensity 
curves was almost elliptical, so that the fit was possible 
to a good approximation (see Figures 5a and 8). 

as a function of the 
minor axis q A  for the isointensity curves of sample 111. 
Despite some scatter in the data (which could be reduced 
by increasing the time of measurement), it  ap ears that 
for low q values (typically q A  < 2.5 x 10-2 1 - 1 ,  which 
corresponds to QB < 5.5 X levels off to a value 
60 of the order of 71". This angle can be compared on the 
one hand to the extinction angle Pan of birefringence and 
on the other hand to the orientation Paff of the principal 
directions of the Cauchy deformation tensor, which would 
correspond to a molecular deformation purely affine with 
the macroscopic deformation shear strain. For a simple 
shear deformation 7, the Cauchy deformation tensor is 
given by 

Figure 6 shows the variation of 

A-l) 

(3)  

It  appears that for sample I11 the value of PO determined 
from the SANS isointensity curves in the low q range is 
higher t hanph  and close to @aff (see Table I). Furthermore, 
Figure 6 clearly shows that decreases with increasing 
magnitude of the scattering vector, thus confirming the 
idea that the direction of molecular orientation in shear 
flow depends on the considered length scale on the chain: 
the overall chain orientation is closer to that of an affine 
deformation than the local chain ~r ien ta t ion .~  The 
extinction angle of birefringence should then represent 
some average of 0 over the whole q range. Since for the 
highest q value of the present set of experiments p is 
roughly equal to /3h (see Figure 61, this should be confirmed 
by complementary measurements in a higher Q range, 
where it is expected that P will take values below Pa,,. 

The same analysis has been carried out for samples I 
and I1 a t  lower shear stresses. As can be seen in Figure 
8, the anisotropy of the isointensity curves was lower for 
these samples, with the consequence that the error on the 
determination of /3 was significantly higher (of the order 
f3" instead of f1" for sample 111). The average of P was 
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around 63" for both samples I and I1 with no clear q 
dependence, due to increased scatter on the data. It can 
nevertheless be noticed that the values determined from 
SANS data for samples I and I1 are (a) close to each other 
and lower than for sample I11 and (b) closer to PAn than 
to Paff (see Table I). 

For all three samples, it can be assumed that P becomes 
independent of q in the low q range ( P  = PO). As a 
consequence, one can determine a mean square dimension 
of the chain in the direction of Po and in the perpendicular 
direction PO + a/2 from a Zimm plot of the scattered 
intensity as a function of q A  and q B ,  respectively. More 
precisely, the form factor in the Guinier range can be 
written as12 

(4) 

where N is the number of scattering units per chain and 
X A , , , ~ ,  XB,nm and XC,nm are the coordinates in three per- 
pendicular directions of the position vector between two 
scattering units n and m. In this expression, X A ~ ,  X B ~ ,  
and Xc2 represent the mean square distance between 
scattering units in the directions A,  B, and C, respectively. 
For the particular case of an isotropic distribution, X A ~  
= Xg2 = Xc2,  and 

where R, = ( X A ~  + Xg2 + Xc2)lI2 is the radius of gyration. 
Anisotropic systems are analyzed with the scattering vector 
along various directions (A,  B, and C). For the sake of 
comparison, characteristic mean square dimensions RIr4, 
Rg$, and R,c in these directions are introduced which 
reduce to the radius of gyration in the isotropic case: R g ~ 2  
= 3xA2, RgB2 = 3xB2, Rg,c2 = 3Xc2. A relation similar to 
eq 5 then holds in each direction. For instance, in the A 
direction 

since in the Guinier range qRg << 1. Figure 7 shows as an 
example the Zimm plot of sample I11 obtained by plotting 
(for each isointensity curve in the 1-2 shearing plane) the 
inverse of the normalized scattering intensity as a function 
of 4.4' and 48' ( q A  and q B  being the minor and major axes 
of the ellipse fitted to that isointensity curve). By 
comparing Figures 7 and 6,  it appears that in the low q 
range where the Zimm plots become linear ( q A 2  < 5 x 10-4 
A-2 or q B 2  < 2.5 X A-2) P can also be considered as 
q-independent, which means that R g , A  and RgB determined 
from the initial slopes according to eq 6 actually represent 
a mean square chain dimension in the directions PO and 
Po+?r/2. The data for R g , ~  and Rga for the three samples 
are given in Table I. 

From specimens cut in the 1-3 and 2-3 shearing planes, 
mean square chain dimensions similar to R g , ~  and R g ~  can 
also be determined in the principal shear directions 1, 2, 
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compared to the values calculated from Rga, Rga, and Po 
according to eq 9. The observed agreement indicates that 
the q dependence of a t  local scales as shown in Figure 
6 has little influence on the mean square chain dimensions 
R g , ~  and R,$. As a matter of fact, these quantities are 
determined in the low q range and involve mainly large- 
scale position correlations for which the principal direc- 
tions of orientation are indeed equal to 00 and P o + r / 2 .  

Another interesting result is obtained from the com- 
parison of the scattering of the sheared samples in the 3 
direction to that of an isotropic sample. Figure 7 shows 
the Zimm plot of sample I11 in the directions 1 and 3 for 
a specimen cut in the 1-3 plane. The corresponding curve 
for an isotropic sample, which has also been plotted in the 
same figure, is found to be identical to within experimental 
error to the curve in the 3 direction. This result indicates 
that the position correlations within the chain in the 
neutral direction of the shear flow are not affected by the 
flow, at least up to the values of stress and strain used in 
the present study. In particular, Table I shows that the 
mean square chain dimension in that direction, Rg,3, which 
has been determined either in the 1-3 or in the 2-3 planes 
for the various samples, is found to be equal to the radius 
of gyration of an isotropic sample to within experimental 
error (Rg,3 = 82 f 1 A). The same result has been found 
by Lindner in dilute  solution^.^^ 

0 1 ,  i 
0 0  0 4  0 8  I 2  1 6  20. 2 4  

1OOOxq' (A') 

Figure 7. Zimm plot of the absolute coherent scattering cross- 
section reduced to the concentration of deuterated species for 
sample 11 in the direction of q A  (A) and of q B  (A) and in the 
directions 1 (0)  and 3 (m) compared to the isotropic sample (x). 
The curves extrapolated at zero q are found to intersect the y-axis 
at the same value. From their initial slope, one can calculate 
Rgn, Rg$, and Rg,3. 

and 3. Typical isointensity patterns in the three shearing 
planes are shown in Figure 5 for sample 11. It  can be seen 
that the shape of these curves in the 1-3 and 2-3 planes 
is nearly elliptical like in the 1-2 plane. However, due to 
the symmetry of the shear flow, the 3 direction is a principal 
direction for molecular orientation a t  all scales, and the 
major and minor axes of the isointensity curves are indeed 
found to be parallel to the (1,3) and (2,3) directions. 
Therefore, the analysis of the scattering data in the 1-3 
and 2-3 planes has been carried out by fixing the direction 
of the axes of the ellipse (to 0' and 90') in the least- 
squares fit program. The major and minor axes of these 
ellipses then define the scattering vectors q1, qz, and q 3  in 
the principal shear directions and allow calculation of the 
mean square chain dimensions Rg,l, Rg,2, and Rg,3 (see Figure 
7). 

3. Relationships between the Mean Square Chain 
Dimensions in the Different Directions. Obviously, 
Rea and Rga are not independent of R,1 and Rg,2. From 
the relations between XI, x2 and X A ,  X B  

xl. = X A  sin Po - X B  COS Po 

x 2  = x A  COS Po + xB  sin Po (7) 

the following relations between the mean square coordi- 
nates are obtained: 

( X I 2 )  = 
( x A 2 )  sin' p0 + ( x , 2 )  COS' p0 - 2 ( X A x B )  sin p0 cos p0 

( x , 2 )  = 
(x,') COS' So + ( x ; )  sin' Bo + 2(xAxB) sin Po cos Po (8) 

If the principal directions for the chain orientation were 
j30 and Bo+n/2 a t  all scales, the mean value of the product 
XAXB would be zero (due to the symmetry of the confor- 
mation distribution with respect to the A and B axes). In 
this case, the following relations between the mean square 
chain dimensions would hold: 

R,,' = R,,' sin2 Po + RgB2 cos2 Po 

R,,' = R,,' cos2 Po + RgB2 sin2 Po (9) 

In Table I, the experimental values of R J  and Rg,2 
determined in the 1-3 and 2-3 shearing planes are 

IV. Discussion 
1. Influence of Shear Stress and Shear Strain on 

the Chain Conformation. At a stress level of 0.05 MPa 
(samples I and 111, the creep curves y ( t )  become linear to 
within experimental error after a time roughly equal to 
the terminal relaxation time of the polymer melt a t  the 
temperature of the flow, which corresponds to a shear 
strain of the order of 1. Although the flow appears to be 
steady state from a rheological point of view, the data in 
Table I show that the mean square chain dimensions Rga 
and Rg$ still slightly increase between y = 2.8 and y = 4, 
whereas the direction PO of the overall orientation of the 
chains seems to level off to a constant value. Even if the 
differences between the scattering data of samples I and 
I1 are not very pronounced (see Figure 81, it turns out that 
the chain conformation as characterized by SANS in the 
low q range is more sensitive than the creep behavior to 
determine if a steady flow is really attained. 

The influence of shear stress at a given shear strain is 
visualized in Figure 8 by comparing the data of samples 
I and I11 and is found to be very pronounced both on the 
chain anisotropy and on the principal directions of 
orientation. For sample 111, the creep curve appears to be 
steady state for about the same value of the shear strain 
(y = 1) as for samples I and 11. But here, this level of 
strain is reached after a time which is 1 order of magnitude 
below the terminal relaxation time of the melt at the 
temperature of the flow (120 "C). SANS data at various 
strains for that value of stress would certainly be helpful 
to better understand this result. 

2. Calculation of Ban from a Giesekus-Type Con- 
stitutive Equation. As can be seen in Figure 3, the shear 
stress for samples I and I1 has been chosen low enough so 
that the viscosity of the melt is very close to the zero-shear 
viscosity at that temperature. Therefore, it could have 
been expected that the principal directions of orientation 
remain close to that of a Newtonian liquid (i.e., 0 = 45"). 
However, the experimental values of both 00 and PA,, are 
much higher. To clarify this point, the extinction angle 
of birefringence has been calculated from a constitutive 
equation by assuming that the stress-optical law is linear.14 
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Figure 8. Isointensity curves in the 1-2 shea 
three samples. 

ingplaneo - ..e 
For a discrete relaxation spectrum (Gi, Xi), the Giesekus 
constitutive equation can be writtenl5Js 

67i 

'6t = G, = - 
CY X . 2  + ~i + - T ~ O T ~  = 2GiXiD - 

where 6/at is the upper convected time derivative, D - is the 
strain rate tensor, and CY is an adjustable paramete;. The 
value of a which gives the best agreement for the viscosity 
data is close to 0.5 (see Figure 9). A relaxation spectrum 
with n = 13 relaxation times (two per decade) has been 
determined by adjusting the experimental G' and G" 
master curves a t  130 oC.8 The n differential equations 
have then been solved for a steady shear flow a t  a given 
shear rate. After summation of the - ~i in the different 
modes the principal directions of 1 canbe calculated. The 
corresponding angle fl (which is also the extinction angle 
of birefringence for linear stress-optical behavior) and the 
steady-state shear viscosity have been plotted as a function 
of shear streas in Figure 9. The experimental data of Figure 
3 for the dynamic viscosity a t  130 OC have also been 
reported and show that the Giesekus model satisfactorily 
describes the shear-thinning behavior of the melt. On the 
other hand, the value of 0 calculated for a shear stress of 
0.05 MPa is close to 57*, which is below the experimental 
values around 6 5 O .  I t  is nevertheless interesting to notice 
that the values of p calculated from the model rapidly 
increase above 45O in a range of shear stresses where the 
viscosity is still very close to its low-shear limiting value. 

- 
1 .OES 

I d E 4  1 .dES 

u s v * ( u )  (Pa) 
Figure 9. Data at 130 OC of Figure 3 (H) compared to the steady 
shear viscosity calculated as a function of shear rate (full line) 
according to the Giesekus model (see text). Orientation angle 
with respect to the shear axes of the principal directions of the 
stress tensor calculated with the same model in steady shear 
flow. 

At least qualitatively, this result is in agreement with our 
SANS data on samples I and 11. 

3. Estimation of Rfd and &,E from a Simple 
Network-Type Calculation. In a previous paper on 
uniaxial chain deformation, we proposed a simple model 
to calculate the anisotropic form factor of the chains in a 
uniaxially deformed polymer melt.8 The only parameters 
are the deformation ratio X of the entanglement network 
(which was assumed in ref 8 to be identical to the 
macroscopic recoverable strain) and the number ne of 
entanglements per chain. For a chain with dangling end 
submolecules17 the mean square dimension in a principal 
direction of orientation can be written 

1 7  R;(X) 

where X is the network deformation ratio in that direction. 
The number of entanglements per chain is given to a first 
approximation by 

MG,O n H- 
e -  pRT 

where M is the molecular weight of the chain and GNO is 
the plateau modulus. For the sample of the present study 
we get from eq 12 ne zz 5 .  A molecular deformation ratio 
X in the directions A and B can be estimated in the following 
way: the difference Au between the principal stresses in 
the 1-2 plane can be readily calculated from the bire- 
fringence An (measured parallel and perpendicular to the 
direction of extinction) and the stress-optical coefficient 
C for molten polystyrene1* (C = 4.8 X 

Au = An/C (13) 
According to the classical network theory, the stress tensor 
is proportional to the Cauchy deformation tensor, which 
means that the network deformation along the principal 
directions of the stress tensor are X and 1 / X ,  where 

Pa-'): 

The values of X calculated from eq 14 are given in Table 
11. I t  should be pointed out that the classical rubber theory 
does not of course account for a dependence of molecular 
orientation on the considered length scale, as found for 
sample I11 in Figure 6. Therefore the simplistic approach 
presented here should in principle be restricted to samples 
I and I1 for which the principal directions for the low-q 
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Table 11. Extension Ratio and Mean Square Dimensions in 
the  Principal Directions of Stress Calculated from the  

Network Model (See Text) 
SamDle 

I I1 I11 
1.08 X 
66 
2.3 X lo6 
1.32 
0.76 
101 
69 
99 
69 

3.8 x 10-3 

8.1 x 105 
67.5 

2.07 
0.48 
148 
56 
143 
41 

SANS data ( A  and B )  are close to the principal directions 
for the refractive index. The data in Table I1 actually 
show a satisfactory agreement between calculated and 
experimental mean square chain dimensions for samples 
I and 11. For sample 111, the agreement is less satisfactory 
in the direction perpendicular to the chain elongation, 
but one must be aware that for this sample the directions 
in which Rgd and Rg$ have been measured are different 
from those corresponding to the calculation of eq 14. 

V. Conclusion 
One of the objectives of the present study was to improve 

the preparation of sheared specimens for a complete 
characterization of the chain conformation by SANS 
measurements with the scattering vector in the three 
principal shearing planes. The apparatus which has been 
specifically designed for this purpose actually allows one 
to quench thick specimens with homogeneous orientation 
in simple shear throughout the thickness. 

The data obtained with the scattering vector in the 1-2 
shearing plane confirmed that the principal directions of 
orientation depend on the magnitude of the scattering 
vector and therefore on the considered length scale on the 
chain. On the other hand, the position correlations with- 
in the chain in the neutral direction of the flow have been 
found to remain unaffected by the shear deformation. 

An important result was the good correlation between 
the mean square chain dimensions determined in the 
different shearing planes, which confirms the reliability 
of the SANS experiments. Sections IV.2 and IV.3 illustrate 
how SANS data in simple shear can be used to discuss the 
validity of rheological models, but it also appeared how 
important it was for such data to have good statistics for 
the scattering, which means increased counting time. 
Further experiments will be necessary to analyze the time 
evolution of the chain conformation during a creep test at 
high shear stress. 
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