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ABSTRACT: The anisotropic form factor of a polymer sample with narrow molecular weight distribution
was measured during simple elongational flow in the molten state. The strain rate range investigated cor-
responded to the linear viscoelastic regime for this polymer system, which allowed the experimental results
to be checked in steady-state flow, and the reliability of the measurements to be assessed. It has been
shown that a previously discussed relationship between tensile stress and recoverable strain allows the
form factor of the chains to be calculated from only two physically meaningful parameters: the macro-
scopic recoverable strain and the number of submolecules between entanglements per chain. The agree-
ment between the model and the experimental data is satisfactory in the molecular and submolecular scat-

tering vector domain.

I. Introduction

Several previous investigations have shown that small-
angle neutron scattering (SANS) can contribute valu-
able information about the dynamics of polymer net-
works or melts!™ with concurrent rheological measure-
ments. Measurement of the anisotropic scattering
correlation function S(§) of a strained polymer sample
under an applied stress provides an efficient method of
ascertaining chain conformation on a molecular level.

The traditional experimental method applied to poly-
mer melts consists of uniaxially stretching a sample in
the molten state containing deuterium-labeled chains and
then freezing in the chain orientation by quenching below
the glass transition temperature, 7.5 Scattering exper-
iments are then performed at room temperature after-
ward. The main difficulty of this method arises from
tricky experimental problems encountered in exten-
sional rheometry of polymer melts.® In particular, the
homogeneity of the sample deformation and of strain rate
in the sample can be affected by gravity, temperature
gradient, or inadequate clamping. Most available SANS
data on melts relate to temperatures and strain rates cor-
responding to rubberlike behavior.5’

In this study, we use a new extensional rheometer spe-
cifically designed to allow fast quenching of stretched
specimens and for which special attention has been devoted
to flow homogeneity and temperature control.® With such
an apparatus, it was possible to perform the scattering
experiments on elongated samples over a wide range of
strain rates including the low strain rate range where the
rheological behavior is linear viscoelastic.

In the present paper, we present experimental results
that have been obtained for polystyrene samples with a
narrow molecular weight distribution in the linear vis-
coelastic range of strain rate. This very simple situation
demonstrates the reliability of the experimental method.

As will be seen, both the rheological behavior and the
scattering correlation function can be accounted for within
the framework of a temporary network model involving
the recoverable strain of the specimen. The idea follows
a previous rheological study® on a series of PS samples,
showing that the true tensile stress in simple elonga-
tional flow can be formulated as a simple function of mac-
roscopic recoverable strain. The results suggest a calcu-
lation of the scattering correlation function of a chain in
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an entangled melt similar to that of a multilinked chain
in a cross-linked network using the samples’ recoverable
strain, instead of total strain, as the entanglement net-
work deformation. The scattering of multilinked chains
in elastomers has been examined by Ullman,!® and the
results of his calculations will be transposed directly to
the case of melts.

II. Experimental Section

1. Experimental Device. All samples have been uniax-
ially stretched with the instrument schematically shown
in Figure 1; a detailed description has been published
elsewhere.® Its main features are the following: (a) sym-
metric stretching at constant strain rate with respect to
the center of the specimen (this allows measurement of
flow birefringence at a fixed point of the sample), (b)
temperature control with a double silicone—oil bath, which
can be removed by vertical displacement. This oven pro-
vides a good temperature control (less than £0.2° gradi-
ent in the whole bath), whereas buoyancy prevents the
specimen from flowing under the effect of gravity. Homo-
geneous deformation is thus achieved even at very low
strain rates for which the time that the specimen stays
in the molten state is longer than the terminal relax-
ation time of the polymer sample. Stretched specimens
are quenched by rapid removal of the surrounding oil
bath.

The linear viscoelastic data of the samples were deter-
mined with a Rheometrics RMS-605 rheometer in the
oscillatory mode using parallel-disk geometry.

2. Samples. Two polystyrene samples having nar-
row molecular weight distributions were synthesized by
anionic polymerization: one a hydrogenated polymer and
the second a deuterated polymer with nearly the same
molecular weight and distribution. Experimental details
concerning the synthesis have been previously pub-
lished.!!

The weight-average molecular weight of the two sam-
ples was determined by light-scattering measurements
in benzene taking into account the refractive index incre-
ments for PSH and PSD. The polydispersity was char-
acterized by gel permeation chromatography using the
universal calibration. The data are collected in Table I.
It is seen that the weight- and z-average polymerization
indices of the two polymers are very close.

© 1990 American Chemical Society
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Figure 1. Schematic drawing of the extensional rheometer:
(a) DC motors, (b) screws, (c) transducer, (d) specimen, (e) laser,
(f) silicone~oil bath, (g) lower position of bath.

A mixture containing 10% by weight PSD and 90%
by weight PSH was obtained from a (5% by weight) solu-
tion in benzene: The solution was thoroughly mixed for
about 12 h, and the solvent was then removed by freeze-
drying. To remove the last traces of benzene, which can
play the role of a plasticizer in the rheological experi-
ments, a further drying of the sample was carried out
under vacuum at 70 °C for 3 days.

The specimens were molded at 160 °C under vacuum
for about 30 min either in the form of disks (25 or 50
mm in diameter, 1.5 mm in thickness) for the oscillatory
shear measurements or in the form of parallelepipeds (50
mm in length, 20 mm in width) for the extensional flow
tests. The initial thickness of each specimen was chosen
(between 1.2 and 2 mm) as a function of the final stretch-
ing ratio, so that the thickness of the stretched specimen
in its final stage remained close to 1 mm. This is the
optimal value for the SANS experiments, below which
neutron absorption is less than 30% and for which no
multiple scattering occurs.

II1. Rheological Behavior

1. Dynamic Shear Measurements. The dynamic
shear storage and loss moduli G’ and G”” were measured
as functions of frequency from 1072 to 10? rad-s™! and at
various temperatures from 120 to 180 °C. Two different
transducers for the torque measurements and two sam-
ple diameters were used to obtain a good precision over
the whole temperature domain. Small values of the strain
amplitude were chosen, for which the rheological behav-
ior was linear viscoelastic: typically 2% in the plateau
zone and 10% in the terminal zone. Using time-
temperature equivalence, master curves for G’ and G”
are plotted: G'(Top,/ Tp) and G (Topo/ Tp) vs war, T, being
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the reference temperature, ay the thermal shift factor
between T and T,, and p the sample density. The tem-
perature dependence of the thermal shift factor satisfies
the WLF equation (T = 100 °C, ¢,® = 13.5, ¢,f = 50°).
Figure 2 shows the master curves for G’ and G when
the temperature of the extensional tests (T, = 123 °C)
was chosen as the reference temperature. The two vis-
coelastic constants of the terminal zone, zero shear vis-
cosity and steady-state compliance, can be determined
from these curves using the relationships

G g = tim 2
w ;) G”(w)2

The experimental values are 7, =~ 3.8 X 10" Pa-s and J,°
~ 107 Pa™l.

2. Elongational Flow. All elongational tests have
been carried out at constant elongational strain rate, ¢
(which means exponentially increasing the stretching veloc-
ity of the sample between clamps).

Several experimental studies®!>'2 have shown that time—
temperature equivalence holds for elongational flow of
polymer melts. For a constant strain rate experiment,
the following equation holds

oy

= lim
o w0

T,
g * (et To) = 8;70‘77 """IE+(€/¢1T,taT,T) (2)

where ng" is the elongational stress—growth viscosity. This
means that if the strain rate is varied over a wide enough
range, the rheological behavior in elongational flow can
be completely characterized at a single temperature.

In the present study, a temperature relatively close to
Ta, T = 123 °C, was chosen with the intention of mini-
mizing the relaxation of stress and chain orientation dur-
ing the quenching: the weight-average relaxation time,
Ay of the polymer melt at 123 °C can be calculated from
the values of n, and J.0, A, = 7oJ.° =~ 380 s. On the
other hand, cooling of the stretched specimen occurs by
natural convection, and the actual cooling rate in the cen-
ter of the stretched sample can be estimated for a typi-
cal final thickness of 1 mm: at 123 °C, the temperature
decreases by 10° within a few seconds. Due to the strong
temperature dependence of the thermal shift factor close
to Tg, the time necessary for freezing the chain orienta-
tion will be of the same order, i.e., 100 times lower than
-

For strain rates lower than 8 X 10™ s™?, it was found
that the rheological behavior is nearly linear viscoelas-
tic: Figure 3 shows the time-dependent elongational stress,
o*(e,t) = eng’ (e,t), for three values of € (3.7 X 1074, 5.3 X
1074, and 7.4 X 107 s71); after about 1000 s, the stress
reaches a steady value. For each strain rate, samples for
the scattering experiments were obtained by quenching
specimens at different macroscopic extensions in the
steady-state flow as shown by the arrows in Figure 3.
The recoverable strain was measured on all samples by
cutting off a part of the stretched specimen (of initial
length L,) and annealing it at the surface of an oil bath
at 150 °C for about 60 s. The recoverable strain was
taken to be the quantity (A, — 1) where A, = L/L,, L
being the length after recovery.

Comparison of ¢*(e,t) for different samples stretched
at the same strain rate shows that the reproducibility of
the tests is satisfactory.

From the data in Table II it turns out that, for all sam-
ples, the steady-state elongational stress, o, is almost equal
to 3n, ¢, where 7, is the zero shear viscosity, whereas the
quantity (\, — 1)/ remains close to the steady-state com-
pliance. Both results are expected in the framework of
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Table I
Molecular Weight Characteristics of Samples

sample M, M, M, M, /M, Ip, Ip, Ip, wt fractn in mixture
PSH 80 000 90 000 99 000 1.12 770 865 950 0.9
PSD 81 000 95 000 108 000 1.13 725 850 965 0.1
s b D and H monomer units, m and M are the molar weights
= 138 sﬂ‘ﬂ/ of monomer unit and polymer chain, p is the density, ¢p
& 5 L e aat is the volume fraction of labeled chains, N is Avogadro’s
% number, and P(q) is the form factor of the polymer chain.
= 4r 1. Isotropic Sample. For an isotropic set of identi-
t cal Gaussian coils, the form factor is given by the Debye
if function
2 -
2F 8@ =Sx-1+e”) )
x
{ Lo . L . L i with x = ¢2R,?, q the magnitude of the scattering vector

log(w) rad.s"!

Figure 2. Master curves of ('(w) (O) and G”(w) (&) at T =
123 °C for the PSH/PSD mixture. Determination of J.° from
the behavior in the terminal zone (full lines).
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Figure 3. Stress-growth function in simple elongational flow
at 123 °C. e = 3.7 X 107 574 a, (+), 8, (X), a, (O); € = 5.3 X
1074575 by (©), b, (*), by (A); ¢ = 7.4 X 1074571 ¢, (V), ¢, (W).
Arrows inc}icate the time at which specimens have been quenched
for the SANS experiments.

linear viscoelasticity. Since the experimental values of
A, - 1 are noninfinitesimal, one might prefer to use the
quantity (A2 — A\;"1)/3 as a measure of the recoverable
strain, by analogy with the expression of the Finger strain
tensor in uniaxial extension. Actually, the two expres-
sions do not differ by more than 3% at the highest strain
rate.

IV. Small-Angle Neutron Scattering Results

The neutron scattering experiments were carried out
at the Institute Laue Langevin, Grenoble, France, on two
small-angle spectrometers in the following ranges of scat-
tering vector amplitude: 4 X 102 A1 < g<3 X 102 A
(D11 spectrometer) and 102 A1 < ¢ < 1.2 x 107! A!
(D17 spectrometer).

Water calibration!* was used to convert the scattering
data to an absolute coherent scattering cross-section, S(q),
with units of reciprocal centimeters. A general result for
all samples of this study is the agreement between the
data obtained on the two spectrometers in the overlap-
ping g-domain (see Figures 5-7).

For a mixture of identically D-labeled chains in a matrix
of H chains with the same polymerization index, S(q) is
given by

S(q) = NPTan“’D - by?ep(1 - ¢p) P(q) =

KMen(1 - ¢p) P(q) (3)
where bp and by are the coherent scattering lengths of

g, and R, the radius of gyration of the chains. If a dis-
tribution of chain lengths is introduced, one obtains in
the Guinier range

2
S )

S -t L 3\ 2
and in the intermediate g-range
12Kep(1 - ¢pim

b2
where b is the length of the monomer unit and M, and
M, are the weight- and z-average of the molecular weight
distribution.

The coherent scattering cross-section was measured for
an isotropic sample molded as described in section 1.2.
For this sample, it has been checked that the scattering
data are correctly correlated to the molecular weight dis-
tribution.

Experimentally, one finds from the Zimm plot (Figure
4) (KM,,)™ = 2.9 X 1073 cm (scattering cross-section at
zero scattering vector) and M,b%/6m = Ry* = 82 A (z-av-
erage radius of gyration). The first value is in good agree-
ment with the one (2.8 X 1073 cm) calculated from M,
m, p, bp, and by. As seen in Figure 5, the experimental
Kratky plateau is of the order of 0.115 cm™! A2, in close
agreement with the value (0.12 cm™ A-2) calculated accord-
ing to eq 6, where b2/m has been determined from R?
and M,. Finally, our results (for the Kratky plateau and
the molecular weight dependence of R,?) are in good agree-
ment with other data published for PSD.11.15

Figure 5 shows the Kratky plot of the experimental
data for the isotropic sample. In the calculated curve on
the same figure, the form factor is the Debye function
(eq 4) with R; = 82 A, and the Kratky plateau has been
taken as 0.115 cm~! A-2. With these values, the model
of identical Gaussian chains fits the experimental data
to a good approximation, which means that there is no
need to consider molecular weight distribution effects in
the interpretation of data for the anisotropic samples.

2. Oriented Samples. The anisotropic conforma-
tion of the chains in the oriented samples can be char-
acterized by the form factor in the directions parallel and
perpendicular to the stretching direction

1
P@)'= -—ZZ(exp(iq“z,-,-))
N5

1
P(g)t = v E Z(exp(iqlx,,» (7)
™5

where z is the stretching direction, x;;, y;;, and z;; are the

q*S(q) = (6)
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Table 11
Stress and Recoverable Strain for the Quenched Specimens

sample € 87! time, s stress, Pa /3¢, MPass recoverable strain A\N2-A"1Y/o, 106 Pat
a, 3.7x 10 1000 44 000 39 1.15 10.3
a, 3.7x10™* 1750 45 000 40 1.17 11.4
ag 3.7x 10 2500 46 000 41 1.17 11.2
b, 5.3 X 10™* 1000 62 000 39 1.25 12.3
b, 5.3 x 1074 1750 62 000 39 1.25 12.3
b, 5.3x10™ 2500 65 000 41 1.25 11.7
c, 7.4%10™* 1000 94 000 42 1.33 10.8
[ 7.4 X107 1750 97 000 43 1.36 11.5
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Figure 4. Zimm plot of the absolute coherent scattering cross- T
section reduced to the concentration of deuterated species: iso- S
tropic sample (O), ¢, in the parallel (+) and perpendicular (X)
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Figure 5. Absolute coherent scattering cross-section reduced =
to the concentration of deuterated species as a function of scat- @
tering vector in the Kratky representation for the isotropic sam- s
ple. Experimental data from the D11 (+) and D17 (O) spec- 00 .07 7,08 .05 0.08
trometers. The full line is the Debye function for R, = 82 A. ' ' ' (-
q

components of the vector connecting monomer i to mono-
mer j, and N is the number of monomer units per chain.
g" and g+ are, respectively, the components of the scat-
tering vector in the directions parallel and perpendicu-
lar to the stretching direction. Analysis of the scatter-
ing data has been carried out in radial sectors on the
multidetector along both directions. For the samples of
the present study the anisotropy is not very pro-
nounced, and the scattering cross-sections S(q)" and S(q)*
are almost independent of the sector opening angle up
to 30°.

Figure 6 shows the Kratky plots of the scattering cross-
section in both directions for the three series of samples
(a—c). From the Zimm plots in the Guinier range (¢R,
<« 1), it was possible to determine the parallel and per-
pendicular radii of gyration, R," and R,*. In Figure 4,
the Zimm plots for sample ¢; are shown as an example.
The values for all samples are listed in T'able III.

At this stage, several conclusions can be drawn on a
qualitative level: .

In steady elongational flow the anisotropic form fac-
tor becomes time-independent like the stress: The Kratky
plots as well as the radii of gyration are the same for all
samples of a given series (at constant strain rate but dif-

Figure 6. Same representation as in Figure 5 for the oriented
samples. (a) Samples stretched at 3.7 X 107 s71; data from the
D17 spectrometer in the parallel (+, O, A) and perpendicular
(X, m, a) directions; a; (+, X), a, (O, W), a5 (A, A). (b) Samples
stretched at 5.3 X 107* s7!; data from the D11 (+, X) and D17
(O, m, A, A) spectrometers in the parallel (+, 0, A) and perpen-
dicular (X, m, &) directions; b, (+, X, O, W), b, (4, 4). (c) Sam-
ples stretched at 7.4 X 107* s°%; data from the D11 (+, X) and
D17 (o, m, A, A) spectrometers in the parallel (+, O, A) and
perpendicular (X, B, A) directions; ¢, (4, 4), ¢, (+, X, O, H).
The full line is the Debye function for B, = 82 X

ferent macroscopic extensions). This result was actually
expected; it confirms the reproducibility of the scatter-
ing measurements and more generally of the experimen-
tal method (stretching, quenching).

The anisotropy as measured by the gap between g*S(q)’
and ¢2S(q)* in the Kratky plots or by the increase of
the parallel radius of gyration is indeed an increasing func-
tion of the strain rate.

In the perpendicular direction, there is little influence
of the strain rate on the radius of gyration.

V. Temporary Network Model

1. Calculation of the Form Factor. Rheological mod-
els using the concept of a temporary network of entan-
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Figure 7. Data of Figure 6 compared with the form factor cal-
culated from ), and n, according to the temporary network model.
(a) Influence of the number of submolecules for sample a, (A,
= 1.17): (+, X, O, W) experimental data; inner dotted lines, n,
= 3; full lines, n, = 5; outer dotted lines, n_ = 10. (b) Influence
of network extension ratio for sample b, (ne =5) (+,X%X,0M
experimental data; inner dotted lines, A, = 1.15; full lines, A, =
1.25; outer dotted lines, A, = 1.35. (c) Influence of assumption
of dangling or fixed chain ends for sample ¢c; (n, = 5, \; =
1.36): (+, X, O, W) experimental data; full line, dangling end
submolecules; dotted line, constrained end submolecules.

Table II1
Radii of Gyration in Directions Parallel and Perpendicular
to the Stretching Direction for Oriented Samples

R A R, A L( o )

sample exptl caled exptl caled oRT 7\,2‘>\,_1
ay 91.5 90.6 76.5 78.2 2.6
a, 91 91.7 75.5 77.8 2.4
a5 91 91,7 75.5 77.8 2.4
b, 95.5 96.5 75 76.2 2.2
b, 95.5 96.5 74.5 76.2 2.2
by 95 96.5 76.5 76.2 2.3
c 102 101.3 74.5 747 2.5
Cy 100.5 103.1 75.5 74.2 2.4

glements have been very successful in describing the rheo-
logical behavior of polymer melts*® and especially the
“strain-hardening” effect in elongational flow.l” How-
ever, the assumption of affine displacement of tempo-
rary junctions with respect to macroscopic deformation
leads in most cases to an overestimation of the stress.!®

In a previous study® on un-cross-linked polystyrene
melts, we discussed the following relation between the
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tensile stress in simple elongational flow and the recov-
erable strain, A,

a(et) = o (et) + Gl&) O\2- N (8)

The first term on the right-hand side of eq 8 reaches a
steady value at short times (typically for Hencky strains
of the order of 0.5). Hence, the stress plotted as a func-
tion of the quantity A,2 - \,”* leads to a straight line of
slope G(¢). Experimentally, one finds that this slope
increases with strain rate. For high enough strain rates,
G(e) is close to the plateau modulus, G,° (2 X 10° Pa for
polystyrene'®). The idea of relating recoverable strain
directly to the stress has been incorporated into a model
proposed by Leonov.2’ This approach differs from that
of the conventional temporary network (or a rubberlike
liquid model) where the recoverable strain is found by
solving an integral equation.?

By analogy with the well-known stress—strain relation-
ship of the classical theory of rubber elasticity, one may
assign the second term of the right-hand side of eq 8 to
a Gaussian network with a number of moles, » = G(¢) /RT,
of elastic strands per unit volume and supporting a defor-
mation that is exactly the macroscopic recoverable defor-
mation. In the frame of the temporary network model,
this means that (a) the effective deformation experi-
enced by the entanglement network is the macroscopic
recoverable deformation and (b) the number of effective
entanglements per unit volume is, in general, a function
of strain rate.

With respect to the scattering experiments, the above
picture is of particular interest since it suggests that the
calculated form factor of a labeled chain in an oriented
entangled melt is the same as for a labeled path of iden-
tical length going through several covalent cross-links in
a network stretched by an amount A,. The number of
network strands to take into account on this path corre-
sponds to the number of effective submolecules between
entanglements on the chain, n.. In these conditions, the
relation between n, and the shear modulus takes the form

My MGG
e-—/)_— oRT 9

where M stands for the molecular weight of the chain
and p is the density of the polymer. If G(¢) = Gp°, n, is
equal to the ratio M/M,, where M, is the average molec-
ular weight between entanglements determined from the
plateau modulus (M, = 18 000 g/mol).

The scattering of a labeled multi-cross-linked path in
a strained network has been examined by Ullman.!® This
author has calculated the anisotropic form factor (eq 7)
by assuming that all subchains between cross-links obey
Gaussian statistics and have the same length. Chain ends
are not connected to the network and are not con-
strained by the network deformation. The calculation
needs to distinguish the various ways in which the pair
of scattering units  and j can be distributed on the mol-
ecule (i and j on the same or on different end submole-
cules, { and j on the same or on different internal sub-
molecules, or i on an end submolecule and j on an inter-
nal submolecule). Moreover, Ullman considered the
general case (phantom network model) where the cross-
links are allowed to fluctuate around mean positions
affinely transformed in the macroscopic strain; the result-
ing scattering law therefore depends on network func-
tionality, f.

In the present study, we assume that the junction points
do not fluctuate, which amounts to taking f as infinite.

n
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The numerical computation of P(q)' and P(q)~+ involves
the number, p, of scattering units per submolecule, the
number, n,, of submolecules per chain, the extension ratio,
A, of the entanglement network in the conmdered direc-
tion (A, or A,%®), and the radius of gyration, R.°, of the
chain in the undeformed state. The recoverab gle strain
is known from experiment, p is related to n, through the
polymerization index of the chain (p = Ip/n,), and n,
will be considered as an adjustable parameter, whose value
is expected to lie around M/M,,.

The complete expressxon for P(q, Ding MR °) has been
given by Bastide et al.?2 in the case of constrained end
submolecules. These authors considered a path of high
molecular weight containing about 50 submolecules, so
that the contribution of dangling end submolecules could
be neglected. This is not the case for the polymer melt
of this study, for which the expected number of submol-
ecules is of the order of M/M, ~ 5. The experimental
data were therefore analyzed by writing out the expres-
sion of P(q)" and P(q)* for unconstrained end submol-
ecules.

2. Comparison with Experimental Results. For
each strain rate (series a—c), we took the corresponding
value of A, known from experiment, and determined the
number, n,, of submolecules leading to the best agree-
ment for P(q)! and P(q)~. The adjustment was carried
out on the Kratky plots in the g-range (0.02-0.08 A™Y).
For the three series of samples, the best agreement is
obtained for a value of n, close to 5 as seen in Figure 7.
Comparison of data and model in the Guinier range is
readily performed on the parallel and perpendicular radii
of gyration. According to the network model, one finds

R"—R[1+ -1)(1—l—i+—3—é)]°‘5
ne 271 n,
(10)

and a similar expression for R,* by taking A, ® instead
of A,. Table III shows that the experlmental data for
R.' and R are in good agreement with eq 10 for the
value of n, (=5) adjusted from the Kratky plots (A, being
taken as before as the experimental value).

It has to be mentioned that one can also determine a
number of effective subunits between entanglements per
polymer chain from the rheological data. If the equiva-
lent shear modulus, o/(\,%2 - \,™!), determined from the
experimental data for the stress and the recoverable strain
is inserted in eq 9, a value close to 2.5 is obtained for all
samples. Since no contribution to the stress arises from
the dangling end submolecules, this value should be com-
pared with n, - 2 = 3, where n, is the number of sub-
units determined from the scattering data.

Finally, we tested the sensitivity of the calculated form
factor to the various parameters involved in the model.
In the scattering range investigated (g < 0.08 A™?), the
number, p, of scattering units per submolecule has almost
no influence on the form factor as soon as the molecular
weight of one scattering unit is taken to be lower than
200 g/mol. Figure 7a shows the influence of n,, the num-
ber of subunits per chain, on P(q)" and P(q)* at fixed
value of A,. It appears that n, can be determined with a
relatively good precision from this type of measurement.
The sensitivity of the calculated form factor to the exten-
sion ratio of the entanglement network is shown in Fig-
ure 7b, whereas Figure 7¢ compares the calculation with
the assumption of dangling end submolecules and con-
strained end submolecules (for given values of n, and
A;). It appears that the difference cannot be neglected
for small values of n,.
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VI. Conclusion

The aim of this study has been to establish a reliable
relationship between the macroscopic deformation of a
polymer melt and the molecular deformation as revealed
by SANS. In the simple elongational flow geometry that
has been investigated, the proposed model of a tempo-
rary network leads to a satisfactory description of the
experimental results for P(q)" and P(q)* both in the inter-
mediate scattering vector range and in the Guinier range.
When the assumption of dangling end subunits is used,
the best agreement between the scattering data and the
entanglement network model is obtained for a value of
the average molecular weight between entanglements close
to M, (~18 000 g/mol). The number of elastic strands
per chain determined from stress and recoverable strain
data leads to approximately the same value.

Our present data, restricted to the range of small strain
rates, show that both the stress and the chain conforma-
tion are closely related to the macroscopic recoverable
strain. The conventional rubberlike liquid model or the
Doi-Edwards model would presumably do just as well in
the range of linear viscoelasticity. The limitation of the
proposed model has to be examined by carrying out exper-
iments at higher strain rates and molecular weights. This
will be the object of a future study, which should allow
us to discriminate between the competing models.
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