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ABSTRACT: Measurements of damping function for step shear up to sgrain5 are here reported for two
monodisperse well-entangled polymer melts (polystyrene and polyisoprene). At variance with the classical prediction
by Doi and Edwards, which gives an universal damping function for the class entangled polymers, the two measured
damping functions are different from each other, and both are less strain thinning than the univé&gakDiction.

We compare then our data to a recently proposed theory [Greddaétomolecule004 37, 10079-10088],

explicitly accounting for the equilibrium average numigof Kuhn segments in a subchain. In the new theory,
differentng values lead to different damping functions. It is shown that the independently calcoataldies for
polystyrene ifo = 25) and for polyisopreneng = 51) lead to damping function predictions quite close to
experiments. The number of Kuhn segments between entanglements is then a key parameter to give a consistent
picture of polymer dynamics, as far as the nonlinear stress relaxation behavior is concerned.

1. Introduction ... is not likely to be due to experimental error”, and more recent

Step deformations are a critical test for the rheological WOrk by other authofS’also leads to this same conclusion. Thus,
properties of entangled polymer liquidlét is well-known that, experimental evidence from step shear experiments points out
at sufficiently long times after a step, the stress response of that some r_nodlflcatlon of the orlgl_nal _theory may be required.
these systems invariably indicates tirgrain separability, i.e., [N fact, various attempts of modification have been proposed
factorization of the stress in a strain-dependent factor, which is I the past, but based on additional hypotheses and/or param-
the strain measure tensor, times a time-dependent relaxatiorfters, which is not really satisfactaty.

function. Quite recently, one of us (F.G.) proposed a new calculation
With the introduction of the reptation idéand of the ensuing  for the strain measure tensor of entangled polymeric ligRids.
one-chain-in-a-cage theories of polymer dynardias, under- The basic physical idea that led to such proposal is quite simple.

standing of the phenomena following a step strain has beenSince a subchain between entanglements is an open system made
gained at the microscopic level, at least for monodisperse up of a rather small average numidef “particles” (Kuhn
systems made up of linear chain molecules. TFis&ain segments), fluctuations of this number are large and hence may
separability is seen to be a natural consequence of the “fast’have observable consequences. This is at variance with the
rearrangement of a chain inside its cage, after the latter has beetandard treatmehof a subchain as a system in its thermody-
deformed, and of the (possibly much) slower reptative escapenamic limit, with negligible fluctuations. Instead, a subchain is

of the chain from the cage itself. In this scenario, Doi and g “small” system, which has to be dealt with through a
Edward$ were able to calculate a strain measure tensor that is nonstandard statistico-mechanical and thermodynamical ap-
in good agreement with the available data, with no adjustable proach. Pursuing this approach, and with no additional assump-
parameters. The case of step shear deformations merits to bgjons with respect to DeiEdwards theory, it was demonstrated
explicitly cited, where the good agreement between the predictedthat a new strain measure tensor is obtained and that the resultant

shear damping function (the proper component of the strain shear damping function is in (virtually) full agreement with data
measure tensor) and data extends up to fairly large strains. Therom literature, for both melts and solutiofs.

shear damping function is, together with the steady-state shear . . .

. ) . . Among the predictions of this new approach, of special
viscosity, the most assessed nonlinear rheological property Ofinterest is the dependence of the damping function on the
entangled polymeric liquids. Its proper theoretical determination P ping

is, probably, the most impressive success of -Heidwards equmbr!um average nUmbei, = o of Kuhn segments in-a
original theory. subchain. Indeed, from the new theory, a family of damping

However, some discrepancies with experiments still remain. functic_)ns shou_ld exist,_with varying, rather than an univer;al
Doi—Edwards shear damping function shows excessive straindamplng function, as in .the DeEquards apprpach. Tgstlng
thinning, whereby very large strain data are systematically the new theory, and the just mentioned specific pred_lct|on, are
underpredicted. Above = 3 (say), careful measurements give the main goals of the present paper. After an appropriate choice

ca. 20% up to 80% higher data than predictions. In his classical of two different polymeric me]ts, with differemo, aCC“Fate .
1993 review on damping functions for entangled polymers, measurements of the respective shear damping functions will

Osak?p stated that “(he) personally thinks that (this difference) be rep.orted in the following. .Sinceﬂo is, independently
determined (see below), we are in fact testing a parameter-free

) ) o ) ) theory. We can anticipate here that excellent results are obtained
* Corresponding author: E-mail: fgreco@irc.na.cnr.it. f . hich itivel h
t Polimeri Europa Research Center. rom our experllme'nts, whic posnyve y support the new
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2. Theoretical Background

After a step deformation, when timstrain separability holds,
the stress tensof of an entangled polymeric liquid has the
form

T = GQ(strain)f (t) 1)

with G an elastic modulusf, (t) a relaxation function, an@
the strain measure tensor. TendQris calculated from the
microscopic distribution of the subchains. Ltebe the end-to-
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Table 1.My, and Mw/M, by GPC and Ty by DSC of the Samples
Investigated: Density at 200°C (a) for PS and 60°C (b) for PI;
Plateau Modulus at 200°C (a) for PS and 60°C (b) for PI

sample Tg(°C) Myx 1073 My/M, p (glcmd) GY (MPa)
PS 104 330 1.04 0.970 0.208+ 0.006
PI —61 148 1.07 0.862  0.384+ 0.007

monomer,m is the chemical monomer molecular weigbtis
a “geometric” factor (accounting for the zigzagging spatial
conformation of the polymer backbone), aBdis the so-called

end vector of a deformed subchain between two entanglements;‘characteristic ratio” of the polymer, which can be independently

and let us write = ru, wherer is the subchain span ancthe

unit vector giving its orientation in space. By calling= r/rg

the nondimensional subchain spag i6 the sole equilibrium
length), it was shown that

Y y
Q= E(ﬂIJJuEHr 3§EkuuD (2)
with y the function implicitly given by
I /nxd
y=1+§—,mﬁo-$¢;) ®

and with the symboll..Cindicating the average over the actual
(x,u) distribution generated by the deformation. It is readily seen
that the functiory grows from unity to its asymptotic value 1
+ (2/3)In\/n_0 with increasing the strain. The logarithmic terms
in eq 3 come from the fluctuation in the Kuhn segment number
of any subchain, which was mentioned in the Introduction.
Hence,y = 1 is implied in Doi-Edwards theory. By also
(artificially) suppressing the first term on the right-hand side
of eq 2, Doi-Edwards original “rigorous” strain measure tersor
would be recovered. Notice that, with the inclusion of fluctuation
effects, the strain measure tensor dependsydthrough they
function).

To progress from egs 2 and 3, the assumption of “affinity”
of the deformation is made, i.e., that any subchain submicro-
scopic end-to-end vector is deformed by the macroscopic
deformation gradient tens@. So, it isru = roE-up, with ug
the original direction of the given subchain. Notice thiat
E-uo/|E-uo| and thatx = r/ro = |E-up|. At undistorted equilib-
rium, the up unit vectors are randomly distributed. Thus, the

measured or calculatéd!? With ny from eq 5, tensoQ is
parameter-free.

In step shear, leX be the shearing directiolY, the direction
normal to the shear planes, apdhe imposed strain. The shear
damping functiorh(y) is simply defined afi(y) = Qxv(v)/Qxy-

(y — 0). We proceed now to compare predictions and
experimental data.

3. Experimental Section

3.1. Materials. Two nearly monodisperse linear amorphous
polymers were investigated: atactic polystyrene (PS) (commercial
grade produced by Polymer Laboratories) and polyisoprene (PI)
(grade produced by Polimeri Europa). Both samples were prepared
by anionic polymerization. The chemical microstructure of Pl was
determined using H NMR after dissolution in deuteriochloroform.
The spectra were recorded on a Bruker AMX 300 spectrometer.
The frequencies of the content of thes-1,4, trans1,4, and 3,4
(isopropenyl) additions were 82%, 8%, and 10%, respectively. To
prevent thermal oxidation, polyisoprene was stabilized by means
of two commercially available antioxidants supplied by CIBA
(Irganox 565, Irgafos TNPP). No effects due to thermal degradation
of the two samples were observed over the ranges of time and
temperature used in this study.

Samples are characterized in Table 1. The glass transition
temperatures were determined with a TA Instruments Q1000 DSC
using thermograms on heating at 20 K/min, and the average
molecular weightM,, and first polydispersity inde,/M, were
determined by means of SEC operated at@%vith tetrahydrofuran
as the mobile phase.

Concerning density data at the temperatures chosen for the step
experiments, very accurate density values for polystyrene at 200
°C can be found in the literature. The value used in the present
work was taken from th@olymer HandbooR and is reported in
Table 1. For polyisoprene, the density was determined 4C23y

averages in egs 2 and 3 simply become angular integrationsMeans of a density gradient column (2-propanehter as liquid

[l.[d over the isotropic distribution existing prior to deformation,
i.e., with up = (sin 6 cosg, sin @ sin ¢, cos#), it is

_ 1 = . 27
D..Q—EL/; dosin6 [~ dg ... (4)
Let us now shortly recall howy is determined. The elastic
modulusG in eq 1 is given b§1° G = kgTEp, with ksT the
Boltzmann constant time the temperature ggnthe equilibrium

system, ASTM method 1505). The value obtaineg iss 0.903
g/cre. Using the volume expansion coefficient of Bl € 6.7 x
104 K~1),13the density at 60C was consequently calculated and
is reported in Table 1.

3.2. Rheological Measurements. EquipmentDynamic-me-
chanical analysis (DMA) was performed in shear with a constant
strain Rheometrics mechanical spectrometer (RMS) model 800. The
instrument was equipped with a force rebalance transducer able to
detect torques within the range 0620 N. The actuator was an
air bearing motor with a strain amplitude of 0:6500 mrad and a

number density of subchains. The entanglement molecularrotation angular frequency varying betweeernr3and 16 rad/s.

weigth M is then given byMe = pdZT/G, with p the polymer
mass density and? the gas constant. Hendd is known from

The samples were compression-molded (PS at aboutQ@nhd
Pl at about 8C°C) under a pressure of 20 MPa and recovered as

two independent measurements at equilibrium (density) and in 25 mm diameter disks to fit the RMS tools. The linear viscoelastic
linear viscoelasticity (modulus). The numbep of Kuhn functions have been measured using the parallel plate geometry
segments in between two entanglements (at equilibrium) is (diameter 25 mm and gaps ranging between 1 and 1.2 mm).

finally calculated from the well-established relationship ;S(c;tP:L?Térg%l;sen'?KeSf:nqz (;,\:Z{Srgicg)srrgtzglzvtvri]t?\irnange\E)eertween

the range used in this study. Strain sweeps were previously

M, o2 4 . .
Ny = J_eg_ (5) performed to ensure that the viscoelastic response was linear, and
m C, time sweeps were also performed to test the thermal stability of

the samples. All tests were done under a &mosphere. The

In eq 5,j is the number of carbencarbon bonds per chemical rubbery plateau modulus value was inferred for each polymer f&‘iﬂ‘v
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Table 2. Molecular Weight between EntanglementiVe, Geometric SPC‘%m
Factor g, Characteristic Ratio C», and Number of Kuhn Segments g 10*4 _;_Yj)%
between Entanglementsno for PS and Pl = o 12
g ® =3
sample Me(g/mol) g Co no § o 14
PS 18350t 600 0.83 9.6 25 o =5
PI 6350+ 120 0.80 4.7 51 10°4
'— 0
master curves reduced using both horizontal and vertical density/ T=200°C ¢

temperature shift factors. 1(‘).. 160
Step strain experiments were performed at 200or PS and at time (s)

60 °C for Pl using the same rheometer equipped with the cone and _. . . .

plate geometry (diameter 25 mm and cone angle 0.1 rad). With F|g3rei 2. I}ngesar(y = O'Og) %nzcélgolnng?mlz 1_t'5) Stretsls relax?nqn
; - : modulus o measured a . In (b), relaxations at large strains

this cone _angle, the maximum angular dlsplacement_of the actuatory o been shifted onto the linear relaxation curve.

(0.5 rad) in a stress relaxation test allows step strain experiments

up to 5 strain units to be carried out. The nominal strain was

. . h " . (Z = My/M, = 18) to establish a fully entangled network and
carefully examined during the imposition of the step deformation ¢ that tal and t inal relaxati I
to check the strain profile during the very short transient leading 0 ensure that segmental and terminal rélaxalions aré we

to the desired deformation. It was verified that the ideal step strain S€Parated. Finally, using eq 5, and wgtk= 0.83 andC., = 9.6

is replaced, in the real case, by a strain profile of the actuator which (see refs 12, 16, and 17), a numiogr= 25 of Kuhn segments
reaches the final strain in a finite, although very short, time interval between entanglements was calculated for PS, as reported in
At. It was found that at worst (the case with= 5) the transient Table 2.

lasts less than 0.1 s. The damping function was measuredup to  In Figure 2 some of the stress relaxation modulus curves
= 5 three times at each strain value investigated. For each strainmeasured in step strain experiments are reported as a typical
valye, the mean of thg three measurements was taken as the be%txample. The sample was prepared inside the rheometer
estimate for the damping function, and the standard deviation Wasaccording to the usual procedure applied when the cone and

taken as the best estimate of the error on the mean. A new samplepla,[e geometry is used and let stand to equilibrate atZD0
was used for each stress relaxation test. for 15 min. Stainless steel tools supplied by Rheometrics were
4. Experimental Results used. It was verified that the curve measured when a strain value
) equal to 0.05 was applied lies in the linear viscoelastic regime,
4.1. Monodisperse Polystyrenen = 25).To calculate the  an( this was taken as the reference curve for the vertical shift
plateau modulus of PS, the linear viscoelastic functions were of the other stress relaxation curves (see Figure 2b). It can be
measured at different temperatures as a function of frequency,seen thatG(t) can be factorized at “long” times, after fast
and the master curve reported in Figure 1 was constructed. Theye|axation processes are fully relaxed, as the product of the linear
_reduct|on temperature is equal to that chosen during the part of the response (the curve measureg at 0.05) times a
isothermal step strain experiments (280). Measurements  gamping function, according to the timstrain separability rule.

were carried out from 160 to 23W every 10°C. According  From Figure 2b, an equilibration time for PS at 18D can

to a well-established procedut!® the plateau modulu&y (conservatively) be inferred agq ~ 0.3 s.

was taken as th&' value measured at the angular frequency — The experimental damping function values together with the
value at which the minimum of tad was recordeddmin = error bars are reported in Figure 3. Other data present in the

762 rad/s). The value oGﬁ is reported in Table 1 (last literaturé (to the authors’ knowledge the most recent data set
column) together with an error estimated by taking into account available for monodisperse PS melt) are reported for comparison.
the twoG' values measured at angular frequencies right above It can be noticed that the agreement between our data and those
and belowwnin. This value is in excellent agreement with the from Urakawa et al. is excellent, which is quite positive, as
values found in the literature for atactic polystyréfé> Using Urakawa et al.’s dafavere obtained at a quite lower temperature
the density value for PS at 200 reported in Table 1, the (160 °C). From Figure 3, it is seen that the new damping
molecular weight between entanglemeltswas calulated by  function with ng = 25 convincingly better conforms to the
means of the classical equatidfe = pSY}’T/G%. The value experimental data than the-fE one. To further stress this result,
obtained forM, together with the estimated error is reported in  the region between 3 and 5 strain units has been enlarged in
Table 2. It should be noticed that the valuebf is large enough Figure 4. This strain region is the most significant one in orgﬁ)rv
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Figure 3. Damping function of PS: experimental data (black solid
symbols) with the error bar, experimental data from Urakageaen
symbols), universal BE prediction (dotted line), and Greco prediction
for PS (o = 25, solid line).
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Greco (n =25)
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Figure 4. Damping function of PS between 3 and 5 strain units:
experimental data (black solid symbols) with the error bar, universal
D—E prediction (dotted line), and Greco’s prediction for P& 25,
solid line).
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Figure 5. PI master curve reduced at 6G. The arrow indicates the
plateau modulus identified through the angular frequency at which the
minimum of the tand data occurs (admin = 10538 rad/s).

to highlight the differences betweenHE and Greco’s predic-
tions that we are comparing in this paper. Figure 4 unambigu-
ously proves that the new damping function is able to predict
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Figure 6. Linear (¢ = 0.05) and nonlinear(= 5) stress relaxation
modulus of PI measured at 8C after different adhesion times

Measurements were carried out froal0 to 80°C every 10

°C. Using the same criterion previously reported for PS, with
the minimum of tand at wnmin = 10538 rad/s, the plateau
modulus G = G'(wmin) Was calculated and is reported in
Table 1 (last column). The value obtained lies in the range found
in the literature for polyisopren€:1° Using the density value

for Pl at 60°C also reported in Table 1, the molecular weight
between entanglemenit4 was calculated. The obtained value
of Me is reported in Table 2. Also for PI, the value bf, is

high enoughZ = My/M. = 23) to establish a fully entangled
network and to ensure that segmental and terminal relaxations
are well separated. Using eq 5, then, wgtk= 0.80 andC., =

4.7 as reported in Table 2 (see refs 12, 16, 17 and the Discussion
and Conclusion section), a number of Kuhn segments between
entanglementsy, = 51 were calculated for PI.

Ouir first attempts to perform step strain experiments at 60
°C using the conventional procedure previously adopted for PS
failed, most probably because of wall slip. Indeed, we always
measured a physically meaningless too low stress relaxation
modulus at large strains, a feature commonly taken as a signature
of wall slip?® A possible way to overcome these difficulties
became clear after observing that, when stuck on a metal surface
at room temperature, the polyisoprene shows bad adhesion, but
if left on the metal surface for a sufficient long time (typically
some hours), it strongly adheres to the surface. Thus, the
polymer-wall adhesion strength is time-dependent and increases
with increasing adhesion time. In addition, adhesion was found
to be better when disposable aluminum parallel plates were used.
Very likely this happened also because the surface of these plates
was not mirror polished like that of stainless steel parallel plates.
Following these observations, step strain experiments on Pl
samples were then performed using the aluminum plates and
by preparing the sample at 8Q and leaving it in the rheometer
for more than 5 h. Time sweeps were performed to check the
thermal stability of the sample over this quite long time interval.

The effect of the adhesion time on the stress relaxation
modulus can be appreciated in Figure 6. Here, several stress
relaxation curves measured after different adhesion times
imposing a strain equal to 5 are reported. The linear viscoelastic
stress relaxation modulus is also reported=0.05). It can be

the results of nonlinear step strain experiments on PS betternoticed that the stress relaxation modulus curve shifts up with

than the D-E universal damping function does.
4.2. Monodisperse Polyisoprenenp = 51). To calculate the

increasing the adhesion time. From Figure 6 it can also be
noticed that the curves measured after d &t are very similar.

plateau modulus of PI, the linear viscoelastic functions were Further stress relaxation curves measured waiting more than 3
measured at different temperatures as a function of frequency,h were similarly undistinguishable, revealing that no more

and the master curve reported in Figure 5 was constructed. Asadhesion time effect was present. As a result, the measured
in the case of PS, the reduction temperature is equal to thatdamping function was found to be adhesion time dependent, as
chosen during the isothermal step strain experiments (g0 shown in Figure 7 for the maximum imposed strgirs= 5. It CDV
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waiting time had been imposed before the step deformation.

We think that these photos, together with the plots reported in
0.20+ Figures 7 and 8, indicate that the experimental difficulties
0.184 //’f—_. encountered when a short thermal equilibration time is chosen
016 can be overcome using the procedure adopted by the authors.

fi ’ It should yet be said that, although gross wall slip phenomena
= 0.144 were almost certainly avoided through the procedure described
0.124 above, it cannot be completely excluded that some smaller level
of slip occur inside the material, during the step-strain experi-
0104 ments. However, direct visual inspection did never reveal any
0.08 T=60°C kind of irregularity in the strained sample. The observed strict
0.06 . . . reproducibility of data in our experiments (see below) should
0 50 100 150 200 also be considered: inner, randomly localized slips would most
time (min) likely result in irregular variations of the measured stress in

Figure 7. Adhesion time dependence of the damping function of PI different experiments. All of these evidences, therefore, do

measured at 60C andy = 5. Theh(y = 5) values were calculated ~ Support the reliability of our own relaxation data. (For further
using the stress relaxation modulus curves reported in the previousdiscussion see below, in the final section of the paper.)

figure. In Figure 10, some stress relaxation data sets at large strains
180 . are reported, vertically shifted onto the linear relaxation curve,
'w so as to verify the timestrain separability of Pl. In fact,
170 superposition of the relaxation curves is excellent throughout
' the time window examined (see Figure 10b). An equilibration
§ 160+ time 7eq ~ 0.2 s can then be estimated for Pl at €D
< 1504 The experimental damping function values together with the
S ' R .
2 error bars are finally reported in Figure 11 together with
g 1407 theoretical predictions. Like for PS, it can be noticed that the
Z.s 130 new damping function fits the experimental data much better
Te23°C than the B-E one. Again aty = 5, for example, the datum is
120 hexe = 0.17, undistinguishable from the new prediction, whereas
110 : : i i : i hpe = 0.13. The ca. 30% discrepancy with-E theory (at this
0 50 100 150 200 250 300 350

strain) has thus been completely removed.
adhesion time (min)

Figure 8. Adhesion time dependence of the peel strength of P on - Discussion and Conclusion
aluminum measured at 2&. Let us start discussing the above-reported step experiments,
. ) . now with specific emphasis on the time scales involved. Longest
can be seen that aft& h at 60°C the damping function has  g|axation timerqy of the two polymer melts investigated can
practically reached its plateau. These observations led to thepe (oyghly estimated from their linear viscoelasticity master
choice of a waiting time 05 h at 60°C inside the rheometer -, es (see Figures 1 and 5),@8 »~Y|a(w)=c'(). This gives
as the time after which a complete adhesion can be obtained.rd ~ 0.3 s for PS (at 200C) andzq ~ 0.1 s for Pl (at 60°C).

To confirm (if indirectly) that the phenomenon involved is  gjmjlar values for are obtained from the often used Menezes
an adhesion problem, some peel tests were performed at rooMgyaessley formufd for the Rouse timew

temperature after different adhesion times. The time-dependent

bonding of polyisoprene on aluminum measured at’@3is noMy[2M, )24
reported in Figure 8. This result is in agreement with the known Tp ™~ o W( e) (6)
fact that the peel strength develops with time by first-order pAT\Myy

kinetics?! It should be emphasized that the peel test discussed

right above only gives indirect information on deformation and (with 7o the zero-shear viscosity) plus the well-known relation-
fracture mechanisms. Even if it is usually assumed that the peelshipty = 3Zrr. By means of the master curves, the zero-shear
strength is synonymous with the adhesive strength, a detailedviscosity needed in eq 6 was calculated as the limiting value at
analysis of peeling experiments reveals that several deformationlow shear rates of the complex viscosity. (The lower angular
and failure processes have to be taken into acc®ufhis frequency limit reached by the master curves was low enough
prevents from a quantitative correlation between the measuredto reach a clear Newtonian plateau of the viscosity.) The values
peel strength and the stress level developed during step strairpbtained arejo = 36 500 Pss for PS at 200C and = 28 500
experiments. Figure 8 is here reported just with the aim to further Pas for PI at 60°C. With My, Me, andp taken from Tables 1
show that, in the step strain experiments under examination,and 2, we therefore calculatg ~ 0.9 s for PS andy ~ 0.33

we are facing an adhesion problem.

Another convincing evidence that a long waiting time (inside
the rheometer) neatly improves the polymerall adhesion is
given in Figure 9. Two photos are reported in this figure,

s for PI, consistent with previous estimates. By looking at the
time window of our relaxation experiments, then, we find that
the observed timestrain separability is around the longest

relaxation timery, hence at times much larger thag as often

showing the difference in unloading the polymer sample after reported in the literature.’

a step experiments without (a) and with (b) having previously

imposed an appropriate waiting time (5 h). It is apparent that,

In considering step-strain experiments, Menezes and Graess-
ley2® and, more recently, Veneridproposed some simple time

in moving apart the cone-and-plate fixtures, the polymer sample scale separations criteria to be satisfied to avoid spurious results
only adheres to the cone in one case (no waiting time), whereasfrom finite strain imposition time. Specifically, by calling

it “sticks” on both the cone and the plate when a sufficient

the strain imposition time, Menezes and Graessley requireéPﬁ}
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Figure 9. Photos of unloading of the Pl sample after a step experiment, without (left) and with (right) having initially imposed a waiting time (5

h).

a Polyisoprene I_

time (s)

b Polyisoprene I_

h(y)G() (Pa)

time (s)

Figure 10. Linear (» = 0.05) and nonlinearn(= 2—5) stress relaxation
moduli of Pl at 60°C. In (b), shift of the nonlinear relaxations has
been imposed onto the linear viscoelastic curve.

h(y) 1.07 Polyisoprene
‘ e experimental data

0.8 ........ D-E
Greco (n=51)

0.1 T=60°C

0.0 T T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 40 45 5.0
Y

Figure 11. Damping function of PI: experimental data (black solid
symbols) with the error bar, universalHE prediction (dotted line),
and Greco prediction for Ph§ = 51, solid line).

60 °C. On the other hand, Venerus himself, in his careful
analysis of published data, reports that for several among the
examined cases it isr <7j, but anomalous relaxation was not
observed, and that in fact (verbatim fréfn“interfacial slip is

the most likely explanation for anomalous step strain experi-
ments”, i.e., when anomalies are found. These conclusions might
indeed apply to our own experiments. For PS at 2G0no
anomalous relaxation was ever observed, and the obtained
damping function is in absolute quantitative agreement with
previously published data (at 18C, Urakawa et af) and lies
above the DotEdwards prediction. For Pl at 61 slip and
anomalous relaxation were found, which were afterward avoided
by increasing the residence time inside the rheometer before

7d/ti > 1, and Venerus suggests the much stronger condition performing the experiments. With this simple procedure, the
7r/Ti > 1. In this respect, it has to be mentioned that our samples resulting damping function is well above Bdtdwards predic-
do not appear to fully meet these criteria. Indeed, from the tion for the PI sample, too.

estimates given above, and by considering thain our
apparatus is below 0.1 s, we infer that the Menezgsaessley

To better highlight how the new damping function proves
capable of describing the experimental data, the reduced chi-

criterion is matched by the two polymer melts investigated, squaredy? was calculated for the set of experimental data
whereas the Venerus criterion is not, and especially so for Pl atobtained for both monodisperse PS and Pl and the tErIS%
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Table 3. Reducedy? Calculated Fitting the Experimental Data to the
D—E Universal Damping Function and to the New Damping
Function with ng = 25 (PS) andno = 51 (PI)

sample 7% (D—E) %2 (ng = 25) %2 (ng=51)
PS 6 0.38 1
PI 34 5.3 053

predictions forh(y) considered in this work: universal Doi
Edwards (B-E), new damping function witmy = 25 (case
predicted for PS), and new damping function wigh= 51 (case
predicted for P1). The reduceg calculation was based on the
following well-known equation:

N y; — h(y)]?

2
Oj

~2= 1
N — p&

)

in which N is the number of experimental poingsmeasured
together with their error bargi, h(y;)) the corresponding
predicted values, ang is the number of parameters in the
theoretical damping function under scrutiny. (Itps= 0 for
D—E universal form. For the sake of prudence, we here ke
= 1 for the new damping function because ofi¢glependence,
but in factng is not an extra parameter.)

The %2 values reported in Table 3 definitely prove that the
D—E universal function is not able to capture fine details of
the physics of step strain experiments of linear flexible polymer
melts (% > 1). On the other hand, the new damping function

gives really excellent results (see the underlined entries in Table

3). Moreover, theg? values reported in Table 3 prove that the

Stress Relaxation of Molten Polymer$937

Polyisoprene

e experimental data
D-E

0.11 T=60°C

0.0 n =41
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Figure 12. Damping function of PI: experimental data (black solid
symbols) with the error bar, universalHE prediction (dotted line),
and Greco predictions fat, = 41 andny = 61 (see text).

2; i.e., we consideng = 51 + 10. It should be immediately
emphasized, however, that this is an extremely cautious estimate.
In Figure 12, our damping function data for Pl are shown
again, together with the predicted damping functionsnor
41 andny = 61, and the universal BE curve. The calculated
72 values are 1.4 (fong = 41) and 0.48 (fony = 61), both of
them much lower tha?2 = 34 from D—E theory. It is clear
that, in any event, the new damping function performs much
better than B-E one and that the obtained improvement is a
robust result.
In conclusion, we have shown in this paper that accurate
measurements of damping function for polymer melts in step

experimental data obtained for monodisperse PS better conformshear are very well described by a recently proposed ttfeory,

to the prediction for P8, = 25 than to the prediction far, =

explicitly accounting for fluctuations in the average numigr

51 and, vice versa, that the experimental data obtained for of Kuhn segments in a subchain. In particular, differ@ntalues

monodisperse Pl better conform to the prediction fongP+
51 than to the prediction withy = 25. In all cases, the new
damping function leads % values lower than those from-EE

theory and, correspondingly, much better describes the experi-

mental data.

There remains to show how much the just-stated conclusion

depends on the adopteglvalues. To this aim, let us write down
explicitly the formula forng that we used here:

i\2M
Ny = sm(/g =W e

R Gy

(compare with eq 5). In eq &,is the average backbone bond
length in the chemical monomer, ari®f is the melt state
(unperturbed) chain dimension, most reliably measured via
small-angle neutron scattering (SANS). In the case of PS, all
quantities in eq 8 are very precisely known. The monomeric
termlg is taken from Flory2®> and for the (intrinsic) chain term
it is R%/My = 0.434, as reported in ref 17, independent of
temperature in the range 16@50°C. Thus, we calculatay =
25 + 2 (at most) for PS.

In the case of PI, a somewhat larger uncertainty rfgis
expected. Indeed, the geometric fagias different for different
monomer conformation®, hence, an averagg must be

8)

lead to different damping functions, at variance with the classical
result by Doi and Edwards. It so appears that the number of
Kuhn segments between entanglements is a key parameter to
give a consistent picture of polymer dynamics as far as the
nonlinear stress relaxation behavior is concerned.
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