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4. Further assessment of the slip-link model for chain-entanglement
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The Edwards—Vilgis slip-link model for the chain-entanglement effect on rubber elasticity is
critically assessed on the basis of quasiequilibrium biaxial stress—strain data of end-linked
polydimethylsiloxanéPDMS) networks with different entanglement densities. The PDMS networks
with different entanglement densities were prepared by end-linking end-reactive long precursor
PDMS in solutions with different solvent contents. The slip-link model, in which trapped
entanglement is modeled by fictitious mobile slip-link attaching two entangled chains, satisfactorily
describes the biaxial data over the entire range of deformation for all the networks examined. The
model-specific parameters, i.e., slippage of slip-liglk and inextensibility of networKa), were
employed as adjustable parameters in data-fitting. The fitted valugamd « vary reasonably with

the degree of dilution at network preparation, i.e., entanglement density. With an increase in
dilution, i.e., decrease in entanglement densityncreases, whereas decreases. In addition, the
fitted values ofp and « are in good agreement with the estimates from another molecular approach
independent of mechanical testingg=M./M., where M, and M. are the molecular masses
between neighboring entanglements and between adjacent cross-links, respeativeljy,l’z,
wheren; is the number of Kuhn segments between adjacent elastically effective junctions including
cross-links and trapped entanglements. The satisfactory data-fit with the model parameters of
physically reasonable magnitudes supports the validity of the slip-link model for entanglement
effects on rubber elasticity. @003 American Institute of Physic§DOI: 10.1063/1.1555636

I. INTRODUCTION out any intermolecular interactions, and the Gaussian chain
) . ) ) ) model yields an infinite extensibility of networks. Mean-

High elasticity of cross-linked rubbers is dominantly en- while, the real rubbery network has many chain-
tropic in origin, so that the main aim of molecular theory iS gy nglements due to uncrossability of the network chains as
to con3|der how the number of configurations ayaﬂable to th‘?/vell as a finite extensibility resulting from the full stretching
constituent polymers changes under deformation. On the bas v« hetwork chains. Most of the entanglements in cross-
sis of entropic elasticity of a single Gaussian chain, the Clasﬁnked polymers are permanently trapped due to the presence
sical rubber elasticity theories derived the elastic free energy cross-links, so that the trapped entanglements provide to-
(F) for a network compqsed 9f “ph_antom chains” which pological constraints yielding additional elastic free energy.
may pass freely through its neighbdrs, The finite extensibility effect, which is often recognizable as

FE 1 3 an appreciable upturn of stress at high elongation in the

=== —C( E )\i2—3), (1) uniaxial stress—strain curve, is not described by @Y.

RT 2 ! Modeling of entanglement effects has been a main focus
whereR is the gas constari, is the absolute temperatupe, of modern molecular theories of rubber elasticity, and several
(i=1,2,3) is the principal ratio in thith coordinate direc- different entanglement models have been proposed. Re-
tion, andC is a constant related to network structure such a§€ntly, we have experimentally tested five molecular models
the numbers of elastic chain and cross-link. The system com¥hich employ different treatments of enYtangIement effects
prised of phantom chains is essentially like an ideal gas with(diffused-constraint modélslip-link model! the tube mod-
els of several versiofis'9 on the basis of quasiequilibrium

“general biaxial” stress—strain data for an entanglement-
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mation varying independently each of two principal strainsare modeled by a numbe of fictitious mobile slip-links
(general biaxial strainsis one of the most rigorous experi- which attach two entangled chains. The measure of slippage
mental assessments to identify the models which account faf slip-link, compared to that of a cross-link, is given by a
the entanglement effect most successfully and correctly, beggarameters. In the lower limiting case where the slippage
cause general biaxial strains achieve the whole accessibleecomes zero#{=0), the slip-link acts in the same way as
pure homogeneous deformations for an incompressibléhe cross-link and fully contributes to the network modulus.
material>!? The arguments relying on only simple uniaxial In the upper limiting case where the slippage becomes infi-
deformation are insufficient to distinguish unambiguouslynitely large (=), the constraints by entanglements are
the difference between the models, because uniaxial defoextremely weak and the slip-link does not contribute to the
mation is only a particular one among all the accessible denetwork elasticity.
formations. Among the five theoretical models testethe Edwards and Vilgi§ introduced the effect of finite net-
predictive capability of the slip-link model was obviously work extensibility to the original slip-link mod& on the
superior to those of the other models, and the slip-link modebasis of the primitive path concept. The chain between en-
satisfactorily described the biaxial data using the fitted patanglements is fully stretched long before the single chain
rameters with the physically reasonable magnitudes. between cross-links is taut when the network is deformed. As

To assess further strictly a molecular entanglement result, the network extensibility is much lower than the
theory, it is very important to survey the predictive capability extensibility of a single network chain between cross-links.
for the biaxial data of rubbery networks with different en- The Edwards—Vilgis slip-link model has the singularity in
tanglement densities. Brereten al!® analyzed the uniaxial the chain entropy at the ultimate elongation ratjg,, which
elongation data of cross-linked polyethylenes with differentis given by)\max=njl’2, wheren; is the number of the Kuhn
cross-linking density on the basis of the slip-link model, butsegments between adjacent elastically effective junctions.
their samples had a nonhomogeneous network structure ddée limited network extensibility effect is introduced by the
to cross-linking in the semicrystalline phase. The compli-parametere which is equal to)\,;;x The full expression of
cated structure of the samples as well as the analysis usinbe free energy of the Edwards—Vilgis slip-link model is
only the uniaxial data made their assessment ambiguous. Agiven by
appropriate way to control the entanglement density in the
network is to end-link the precursor polymers in solutionand F 1 {(1— a®) SN} ( ) 2”

: . —==Nj ——=—=+In 1-a?>) \i

vary the polymer concentration. Entanglement density inthe RT 2 1_a22)\i '
end-linked network is significantly influenced by an overlap-

ping degree of precursor chains before end-linkitig® In N EN D N1+ ) (1—a?)

addition, the end-linking system enables us to estimate the 2°° (1+ 7\?)(1— a®2\?)

parameters of the network structure such as the number of

network chains and cross-links independently of mechanical 2 9 g)

testing, on the basis of a nonlinear polymerization thE€ory FIN(L+Ad) +in{1-a 2 M| @

with the data of the soluble fractions. This is advantageous

relative to conventional randomly-crosslinked systemsvhereX denotes the summation forfrom 1 to 3, and\; is

whose structural parameters are obscure. the principal ratio in thath direction. The elastic contribu-
In the present study, we assess further rigorously théion of network connectivityN, is related to the number

slip-link model on the basis of the biaxial data of the end-densities of the network chain) and cross-link(u),?®

linked PDMS networks with four different entanglement

densities which are prepared from the melt and the solutions Ne™ (¥~ hw), )

with three different precursor concentrations. In addition, W&, hereh is an empirical parameter varying from ze(affine

investigate how each of Fhe_ best-fit model parame_ters_dql-mit) to unity (phantom limit which depends on the degree
pends on the degree of dilution at network preparation, i.€.¢ thermal fluctuation of the cross-link. In the casecof 0

entanglement density. The biaxial data of these four PDM%; o “infinite extensibility, Eq. (2) coincides with the free
networks were originally employed in our separ_ate sttidy, energy of the original slip-link model. Furthermore= «
yvhere the fgrm ti was phenomenolqglcally esumqted us- _ yields the classical free energy expressed by(Ex.

ing the two invariants of the deformation tensor as indepen- Theoretical stress—strain relation for a network biaxially

dent var|ab!e§. 'Ijhls.approach is entm_aly phenomenolog|cal, stretched in the 1- and 2-directions4=0) is obtained us-
and the main objective is drastically different from that in theing the following Treloar relation$:

present study.

(i=1,2, 4

2| ,[dF »[ IF
Il. THE SLIP-LINK MODEL Ui_V)\i A (9)\i2 A3 O.mg o
The elastic free energy of the slip-link model consists of '
the two contributions originating from chemical cross-links whereV is the volume of the network, ang is the nominal
and trapped entanglemertdhe expression of the former stress(the force per unit area of undeformed sjdretheith
contribution due to chain connectivity is based on the Gausddirection. The principal ratia ; is automatically determined
ian form which was derived by the classical rubber elasticityby the relation\3=(\; \,) ! due to incompressibility of

theory. The latter contribution due to trapped entanglementthe rubbery network. The expressionaﬁ/ﬁ)\i2 is given by
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TABLE I. Characteristics of end-linked PDMS networks.

Initial conc.
wt. % Wgo Wt % o r GokPa  molm™2  ufmolm= M, 47kgmol*
100 8.76 0.914 1.3 144 5.88 3.71 77.4
70 7.50 0.625 1.3 64.9 3.22 2.04 82.5
50 3.69 0.463 1.3 24.5 3.02 1.90 73.8
30 1.66 0.283 1.3 8.69 2.12 1.32 69.3

% or reactants excluding unreactive dilugimitial conc) +w.=Wgy+ pppomsto Wherew, and pppys are the
weight fraction of cross-linker and the density of PDMS, respectively.

bFrom biaxial elongation experimefiRefs. 20, 21

°From the Miller—Macosko moddRef. 19 for nonlinear polymerization.

JF 1 (1—2a2+ a*S\?) tanglement densities were prepared from melt and the
N2 ENCRT A2 solutions of the precursor concentrations 70, 50, and 30
: wt. %, respectively. The details of the sample preparation are
1 (1+7)(1-a?) ” a2 referred to in our previous pap&tAfter the end-linking re-
5 A(L+ 702)2 + 1+ g\2 A action, the resulting networks were used for mechanical mea-
: ' surements without removing the diluent. The weight fraction
(1+7)(1- az)az)\izi of the unreacted reactanta/{,) was evaluated by extraction

+ZNRT

2
+2 AZ(1+ 702) 5 in toluene. Volume fraction of the precursor chain incorpo-
™ rated into the network ¢¢g) was calculated by subtracting
whereA=1—a?S\2. W, from the initial precursor concentration.

Equilibrium (small-strain shear moduluss,, of the slip- The molecular parameters characterizing the network
link model consists of the two contributions each of which structure, i.e., number densities of elastic network chéaihs
originates from chemical connectivity and trapped entangleand cross-linkg ), the number-average molecular mass of
ments, elastic chains between cross-linksxcluding any attached

G, 1-2a2+0(a?) dangling ch_ain)s(Mn,eQ, were e_stir_nated_ using a nonlinear

RT- CM—TZ)Z polymeilzanon model for end-linkifg with the w,, data.

The estimated values of these parameters for each sample are
1-2a?+2a?p+2a? 7%+ 0(a%) summarized in Table I.
+Ns 1+ 7)2(1-3a2)7 : (6) As can be seen in Table I, thd,, ., values for the dif-
ferent networks are comparable, which indicates that the de-
Equation(6) is of the Greassley—Langley fofi** where  gree of dilution at network preparation alters the entangle-
entanglement is treated as the localized additional CrOSS-liniﬁent density of the resuiting network without increasing

contributing to the modulus. significantly the network defects such as dangling chains and
inelastic loops: If the degree of dilution increases the net-

IIl. CHARATERISTICS OF THE END-LINKED work defects, the resultiniyl, ; values will not be constant

PDMS NETWORKS againsteg,. The larger values dfl, ¢ relative toM, , is due

to the nonstoichiometric ratior&1) as well as the finite

values ofwg,. Thus a main difference in network structure
The quasiequilibrium stress—strain data of uniaxial ancthetween the networks with differemt, is that of entangle-

biaxial deformations were obtained at 40 °C. The quasiequiment density.

librium stress where the time effect was sufficiently elimi-

nated was measured at each strain by the stress relaxation

method. The details of the methods and instruments are dé¥- RESULTS AND DISCUSSIONS

scribed elsewher@:?!

A. Uni- and biaxial elongation

Four parameterd), Ng, 7, «, are employed as adjustable
parameters in the data-fitting procedure. The best-fit condi-

B. Structural parameters tion was determined so that the erdoiwould be minimum,
The end-reactive linear precursor PDMS used is long 1 n Uimexp_ ol 2) 172
enough to form entanglement couplings before end-linking: A= - B T— ) (7)
2n | i 2m=1 T exp

The number-average molecular mass of the precursor
(M, p=4.66X 10* g/mol) is much larger than the critical wheren is the number of experimental data poinis,, and
molecular mass to form entanglement couplings for PDMSuy, are experimental and theoretical stresses, respectf/ely.
(M=1.66<10* g/mol).?® The molar ratio of functional The fitting procedure yields a unique parameter set which
groups in the precursor to those in the tetrafunctional silanean reproduce the most successfully the experimental data.
(cross-linkey (r) was 1.3 for all the samples. Oligodimethyl- In the minimization ofA, each parameter was independently
siloxane withM =3000 was employed as a nonvolatile dilu- varied in the physically admissible range. Faywithout the

ent. Four end-linked PDMS networks with different en- upper limit, the theoretical value @&, was used as a cutoff
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FIG. 1. _Comparison of the theory _with the quasiequilibrium biaxial stress-g|5 o Comparison of the theory with the quasi-equilibrium biaxial stress-
elongation datéRef. 21 of the end-llnk_ed_PDMS_ netyvork @0:0'914'_)‘1 elongation datéRef. 2J) of the end-linked PDMS network @f,=0.625.\ ,

and )‘? alre the larger and smaller p;rlnupa_l raltlos in bla_X|aLstretch|ng, "®-and X\, are the larger and smaller principal ratios in biaxial stretching, re-
spectively, andr, () gndaz (b) are the nominal stresses in the correspond- spectively, andr; (a) ando, (b) are the nominal stresses in the correspond-
ing directions. The Er;gngular and rectangular symbols stand for the data fof, qirections. The triangular and rectangular symbols stand for the data for
the umgmal do=N; _ gnd o,=0) and eqU|b|aX|aI_stretch|ng):(1:>\2), the uniaxial Q\z=)\Im and o,=0) and equibiaxial stretchinghg=»x,),
_respgctlvely. The solid _Ilnes represent the t_heoretlcal sweds=1,2) at respectively. The solid lines represent the theoretical siseg$=1,2) at
identical A\, as a function ofA,. The best-fitted parameters akg/N. identical X, as a function ofx,. The bestfitted parameters aka/N,
=8.98,7=0.105,0=0.178,h=0. =7.68, 7=0.120,a=0.160,h=0.

condition: When the difference between the theoretical angboints, although the error bars are not shown in the figures in
experimental values d&, exceeds 10%, the corresponding order to avoid overlapping. The good agreements are also
value of Ny is discarded before fitting to the stress—strainconfirmed by the small\ values: The differences between
data. the data and the theoretical predictions are less than 8%. The
Figures 1-4 display the comparison of the biaxial stresstheoretical values o5, calculated from Eq(6) with the
elongation data with the best-fit theoretical predictions forbest-fit parameters, shown in Table Il are also in good accor-
the end-linked PDMS networks prepared from melt, 70, 50dance with the experimental values listed in Table I. Thus the
and 30 wt. %, respectively. The uniaxial déthown by tri-  predictions of the slip-link model successfully fit the biaxial
angular symbolsare also included in the figures. The solid data as well a$5, for the end-linked PDMS networks with
lines represent the theoretical stress as a function,oft  different entanglement densities. We discuss below how each
constant\;, where\; and \, are the larger and smaller of the best-fit parameters depends on network concentration.
principal ratios in biaxial stretching, respectively. The values  The best-fit value of was zero for all the networks. The
of each parameter anl obtained in the best-fit procedure condition h=0 corresponds to full suppression of thermal
are listed in Table Il. As can be seen in Figs. 1—4, the theofluctuation of cross-linKaffine limit). Patelet al?’ reported
retical curves satisfactorily agree with the experimental datdn=0 for the melt-end-linked PDMS networks irrespective of
over the entire deformation range for all the samples. Thentanglement density on the basis of the dependen€g, of
stress-strain data involve the experimental error=d§%.  on v, which accords with the result obtained here. According
The fitted curves lie within the error bars for most of the datato the principle of end-linking, the molecular mass between
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FIG. 4. Comparison of the theory with the quasiequilibrium biaxial stress—

FIIG' 3. _Cogwpans?nzof t?ehtheocriyl_wll(thdtl;%ﬂﬂusa&equ|I|Enum7lg)|ezggl)\stress-elongation dat@Ref. 20 of the end-linked PDMS network @f,=0.283.\;
elongation datéRef. 20 of the end-linke network af,=0.463.1, and\, are the larger and smaller principal ratios in biaxial stretching, re-

and \, are the larger and smaller principal ratios in biaxial stretching, re'spectively, ands, (a) anda, (b) are the nominal stresses in the correspond-

isnpegtiir\(/eeclt)il(’)ﬁgd'rrlh(ea)tr?;r? szla(rbzaﬁ(rier;h;amoTligfIsS:%SoslzSsigr:zef(;:rotrr:?(‘j);)tgdf-oipg directions. The triangular and rectangular symbols stand for the data for
the uniaxial fo=Ap 2 and ~0) and cquibiadal stretchingyg—h,), € uniaxial §;=2y %% and 0,=0) and equibiaxial stretchingi( =1,),

- 2=Ay Al o d - . 2n respectively. The solid lines represent the theoretical swwegs=1,2) at
respectively. The solid lines represent the theoretical streés=1,2) at an

L . . identical \; as a function ofA,. The best-fitted parameters /N
identical \; as a function ofx,. The bestitted parameters ala/N.  _; = nzlo 299 @=0.195.h=0 P /N

=2.62,7=0.169,0=0.134,h=0.

adjacent cross-links is unaltered by dilution at preparationgpy explained by the quasiplateau modulus of uncrosslinked
ConsequentlyN. is expected to vary linearly vynbbo,.when entangled PDMS melB0(=2.0x 10° Pa) (Ref. 30 together
the degree of thermal fluctuation of cross-linke is not \\ith the consideration that the unreacted reactants act as di-
altered by dilution. In Fig. 5, the best-fit valuesf appear |, ent in network preparatiorG?(0.92¢~ 1.6x 10° Pa.
to depend linearly o, which agrees with the expectation.  gjg e 6 illustrates the best-fit values gfas a function
Figure 5 also shows the double Iogant?zmc plotsNaf ¢ s “As ¢, decreases, i.e., entanglement density decreases,
VS ¢o. The least square method yieldls~ ¢q". Entangle-  ,, pecomes larger. This tendency accords with the intuitive
ment co_uplmg(sllp-llnk) originates from the binary interac- expectation from the physical meaning gf 7 is a measure
tion, which suggests that thé, der\;aegdence o %%eys &  of slippage for slip-link. An increase in the distance between
power law with an exponent of W0 or about 2.3° The  haighhoring entanglements increases the freedom of the mo-
experimental exponent is slightly larger but close to the eX3jgn of slip-link. The quantitative relation of with network

pected values. The ratis/N, represents the elastic contri- ¢t cture is unknown at present, but Vilgisal3! proposed
bution of entanglements relative to that of cross-links. As cany,g following rough estimate:

be seen in Table IINg/N. decreases with decreasing dr

as a result of the reduction in entanglement density. The large  5~M /M., (8)
values ofNg/N, for the networks ofpy=0.625 indicate that

the networks are entanglement-dominated. Actually, thevhereM.andM. are the molecular weights between neigh-
magnitude ofG, of the melt-end-linked network is reason- boring entanglements and cross-links, respectively. We em-
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TABLE II. Best-fit parameter values and estimated values from molecular approaches.

Aa NC NS GO,caIe/
do % h  /molm3 /molm3 Ng/N, 7 Test  Test a Qesd kPa
0.914 7.84 0 5.88 52.8 8.98 0.105 0.111 0.141 0.178 0.199 147
0.628 3.58 0 3.22 24.7 7.68 0.120 0.130 0.194 0.160 0.161 67.0
0.463 4.10 0 3.02 7.91 2.62 0.169 0.382 0.293 0.134 0.116 24.9
0.283 6.75 0 212 3.33 1.57 0.799 0.637 0.510 0.125 0.0880 8.96

#Defined by Eq(7).

PEstimated from Eq(9).

‘Estimated from Eq(10).

YEstimated from Eq(11).

Calculated from Eq(6) with the best-fit parameter values.

The values of the best-fit parameters for the sample are slightly different from those published preé®efisly
11) due to the difference in the best-fit procedu(Bef. 26.

ploy the following two methods for the estimation of crease in the number of entanglements increases the length
Mc/M.. As is evident from the definitionsM./M. is  of the network strand between neighboring entanglements,
equivalent toN/Ng, which increases the extensibility of network. The primitive

=M /M. =N, /N.. © path conceptderivesh =N\, whereN; is the number of

the Kuhn segements between topologically adjacent cross-

Table Il tabulates they values calculated from Eq9) with  links or entanglements where cross-link and entanglement
the best-fit values oN. and Ng. In the other approach, are not distinguished. The expression feiis obtained by
M¢/M. was evaluated usinil =M, meibo - (Ref. 28 and  using the relation betweeN; and G, *

Mc=Mpq as B N i 1/2_ Gomp| 12 w
7'/mMelMczMe,mell‘lso /Mn,el- (10 @= Nj | cRT '

The 7 values calculated by EQ.(10) and Memer  wherem is the molecular mass of a repeating upitis the

=10000 g/mol for PDMS(Ref. 30 are listed in Table Il.  nuymber of the repeating unit per one Kuhn segement,cand

The values estimated from Eq9) and (10) are slightly s the network concentration. For PDM&= 74 g/unit and
different but comparable. The agreementsjrbetween the =g 53 The values ofx calculated from Eq(11), shown in
best-fit values and the estimates from E).or (10) is more  Taple |, are fairly close to the best-fit values. The accordance
or less tolerable in view of the accessible rangeyd0<7  petween the best-fit values and the estimates fron{Biis
<) as well as the roughness included in the estimation. considered satisfactory in view of the accessible range of
The ¢, dependence of the best-fit valuesmfs shown 4 (0<a<).
in Fig. 7. Thea values decrease with decreasingdip, i.e., Thus the slip-link model satisfactorily describes the bi-
entanglement density. This trend is physically reasonable begial stress—strain data of the end-linked PDMS networks
causea is a measure of inextensibilitya(=1/Ana): A de-  with different entanglement densities. Each of the best-fit
model-specific parameterdNg,Ng,7,«) depends on net-
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FIG. 5. The best-fitted values df. andNg as a function ofg, . FIG. 6. The best-fitted values of as a function ofg, .
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