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Abstract

The viscoelasticity behavior of the Polydimethylsiloxane (PDMS) rubber blends of high molecular
weight polymer modified by low molecular weight agent has been studied in compression mode by
the stress-strain curves, the creep and step-strain, and dynamic-mechanical experiments.

Elastic behaviors were strongly dependent on the composition: the mechanical experiments in the
field of small strain have shown a maximum of elasticity at 4% of the short chain blending agent.
On the contrary, in the field of large strain, the maximum elasticity of the blends corresponds to the
concentration of 12%. The strain spectra highlight the dynamics of active chains at high frequencies
and of dangling ends in the low frequencies field. At low deformation, the blending agent enhances
the elastic properties by increasing the density of the active chains in the rubber network, in
agreement with the classical theories of elasticity. At high deformation, in analogy with our
rheological studies on similar liquid blends, the Entanglement Locking model has been proposed:
the short chains of the blending agent would be adsorbed on entanglement sites of long dangling
chains, giving effective crosslinks by high entropy dynamics. In this way, the long-term
entanglement locking enhances the density of active chains and elastic behavior.

At high deformation, the Entanglement Locking model enriches the rubber elasticity theories
according to the tube network model and Mooney-Rivlin equation. The models and the chance of
improving the rubber viscoelasticity are valuable attempts for polymer physics and technology and

might be considered as a novelty.
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dynamic-mechanical analysis.


mailto:vincenzo.villani@unibas.it

©CO~NOOOTA~AWNPE

Introduction

Tube models™? and nonequilibrium molecular dynamics simulationst! are the current theories of
polymer melts viscoelasticity. For long macromolecular chains, the model of isolated random-coils
loses its validity due to the entanglement network where the probe chain diffuses in the constrained
tube region determined by the self-consistent field of the neighboring chainst. In the tube model,

the molecular weight Me through successive entanglements forms coils-blobs with mean-squared

end-to-end distance R’ which define the transverse dimension (diameter) of the tubel®®l. The

reptation motions contribute to the longitudinal diffusion of the polymer chain, while only
transversal fluctuations are possible. The relaxation of the whole chain is described by the
disentanglement time zq and the relaxation within the tube by the Rouse time zr. Starting from the
basic models of Doi-Edwardst®, numerous developments have been made as in Slip-Springf! and

Dynamic Tube Dilation model of Marruccil”, in which the disentanglement time r,* <z, is

calculated taking into account a reduced transversal diffusion based on the Marrucci and Graessley

constant z,/z,*=2.5"®. Some of our recent articles related to this work are placed in this

theoretical framework®*%. In our previous article®), it was demonstrated that the polymer melts of
high molecular weight PDMS lightly crosslinked (to weight concentrations of crosslinker <10-%)
exhibit an anomalous reduction of zero-shear rate viscosity 7o and a drop of rheological properties.
This was interpreted by means of the Nanointerface Slipping model, which proposes the formation
of isolated crosslinked nanodomains with an entanglement free interface due to too short dangling
chains; in this way, an unentangled interface volume Viee With only viscous effects (slip-condition)

is realized. We conjectured an Einstein-Batchelor modified equation®! in order to take into

account the decrease in zero-shear rate viscosity 77: for the nano-suspensions.

In the following article™®, the authors demonstrated that a homologous liquid blend based on short
and long PDMS chains behaves as if long chains moved within rigid tubes in which the
entanglement sites were stabilized by the adsorption of the short chains on entanglement site
(Entanglement Locking model). In contrast, the pure component based on long PDMS chains
follows the expected tube dilation model. In the present work the entanglement locking model for
polymer melt will be extended to the rubber network.

The rubber elasticity theory was developed starting from the phantom-chain model of the
pioneering works of James and Guthl?l to the Flory random-coil modell*4*®! in which the
crosslinked active chains are considered isolated. In the Allegra and Ronca®! and Flory™*"l models,

the phantom chains network presents the crosslink bound by a harmonic potential in order to take



©CO~NOOOTA~AWNPE

into account the entanglement constraints on the active chains. Therefore, Edwards[® applied the
ideas of the tube model to the rubber network: the crosslinked chains fluctuate in a constrained
region by the hindrance of the neighboring chains; then, Marrucci®™ considers the active chains
bound in a tube network with an additional harmonic potential with respect to transverse
displacements from the longitudinal axis of the tube.
From the experimental point of view, random crosslinking produces a wide distribution of chain
lengths of the network, difficult to take into account by the theoretical point of view[?®! and a theory
of real rubber taking into account the network defects is today a hot topic. Monti, Vega et al. (2017)
discuss the contribution of trapped-entanglements in the elasticity of polymer networks by means of
NMR experiments. They conclude that short chains do not give rise to trapped entanglements. The
contribution of trapped entanglements may be equal to the contribution coming from elastically
active chains and is independent of crosslinker functionality?Xl. Cohen et al. (2010) studied end-
linked PDMS: the contribution of the trapped entanglement becomes negligible[??l. Cohen et al.
(2006) prepared an interpenetrating polymer network of long or short PDMS chains. They observed
an elastic behavior analogous to an unimodal rubber network[?®l. In this theoretical framework, the
present work is performed.
From an experimental point of view, the PDMS rubbers have been widely studied*?7,
nevertheless a knowledge gap remains in the development, characterization and modeling of rubber
blends2°282%1 which are considered in this study.
In the Flory model®®3l the affine deformation of the active chains is assumed and a rubber
network in which the mean squared distance between adjacent crosslinks is given by the average
squared end-to-end distance of the prepolymer. The entropy of the random network is independent
of the length of the crosslinked chains and depends only on the density of active chains v =p/M,,
where p is the mass density and My the crosslinked molecular weight. The stress-strain equation
predicted under the affine deformation hypothesis and for engineering stress, reads as:

o =WKTA (1)

that under the incompressibility condition gives:

1
azva(ﬂ—?j 2
In the James and Guth theory (phantom network), the variation of entropy is associated with
fluctuations of junctions. In the stress-strain equation, a modulus that takes into account the density

of the chains and the functionality f of the crosslinks results:

o= (1— %JVkT(Z - %} 3)
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Taking into account that the density of active chains is given by v = f /2 (f >3), where x is the
density of crosslink, we get:

o=(v—ukTA 4)
For a sufficiently high functionality, the two models coincide. In our cases, for the crosslinker it is
estimated up to seven Si—H active sites®2,
In general, for values of A4 <0.7 the compression stress-strain curve deviates from the theoretical
one (Mooney-Rivlin effect)*3. There is today a substantial agreement in identifying the causes of
this effect in optimizing van der Waals interactions through chains under load*®% The ideal
rubber equations are extended by that of Mooney-Rivlin (derived from continuum mechanics

approaches) which takes into account the strain-hardening observed in the compression curve,

o= 2((:1 + %)(1 - %j ®)

where 2C, =1kT (Flory modulus) and 2C,/A is the correction factor of the ideal rubber network

according to the equation:

equations.
A model of rubber deformation that takes into account the role of entanglement is developed by
Marrucci in the assumption that the tube cross section deforms affinely*®l. An elastic modulus
greater than that of Flory G =1KT results:
G=Ava=(2+£)|—°u<T (6)
3 3)a,
where A is the amplifying factor, ao the tube radius of uncrosslinked polymer, ar the tube radius of

undeformed network (a, >a,), r=a2/a> and |, the contour length of the tubes. Then, the
amplifying factor A of shear modulus is closely related to the correction factor of Mooney-Rivlin
equation:

_ 25 +1
KT

Rubinstein and Panyukov (2002) reviewed the elasticity theories and proposed the slip-tube model.

A

(7)

They take into account the trapped entanglements (slip-links) between the network strands. In this
way, network chains are allowed to fluctuate and redistribute their length along the contour length
of their confining tubes. Then, the rubber network modulus is described by two moduli, G¢ and Ge,
that take into account the density of crosslinks (according to ideal model) and trapped
entanglements of chains, respectivelys],

In the present work, due to the high molecular weights of the PDMS, we will have both crosslinked

and entanglement networks, for which we will refer to a rubber tube network model in which there
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will be active (crosslinked), inactive chains (dangling, loops and free chains) and entanglement
network. In particular, we will investigate the role of short chains in stabilizing the entanglement
network as in the previous rheology study on uncrosslinked prepolymers, the Entanglement

Locking model (4,

Experimental Section

The molecular structure of PDMS prepolymers (base and curing agent) used in this work is shown
in Fig. 1.
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Figure 1. Molecular structures of the vinyl-terminated silicone prepolymer (difunctional o,o-
divinylpoly-(dimethylsiloxane), on the left) and hydride-substituted polysiloxane curing agent
(trimethylsilyl terminated poly(dimethylsiloxane-co-methylhydrosiloxane), on the right).

The end-linking polymerization, catalyzed by a Pt complex included in the PDMS base, is shown in
Fig. 2. The vinyl group at prepolymer ends reacts with the methyl-hydrogen-siloxane monomer in
the curing agent: the reaction gives at the beginning a polymer grafted, then branched structures and

finally, the crosslinked network (Fig. 2).
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Figure 2. The vinyl-terminated chain of liquid silicone base (1) reacts with the monomethyl
siloxane chain of end-linker (2) to give grafted and branched prepolymer chains (3) and finally the
rubber network (4).




©CO~NOOOTA~AWNPE

Liquid silicone rubbers at Low- (L) and Medium-viscosity (M), as defined in the previous
papers® have been considered; Low/Medium homologous rubber blends (L/M) at different L/M
ratio have been prepared and cured by means of the medium component crosslinker at 30 °C for at

least 3 days in a molding scaffold.

Sylgard® liquid silicone rubbers (Dow Corning) were used. The low-viscous liquid elastomer LE-
(L) shows a zero-shear viscosity 7o = 4.5 P; the medium LE-(M) 7o = 51 P. In the previous paper™®,
we estimated number average molecular weights of Mn(LE-(L))=15,300 unified atomic mass unit
and Mn(LE-(M))=43,100. Then, for low LE-(L) Ma<M; (M¢ = 21,000 — 33,000 is the critical
molecular weight for the PDMS entangled chain), so LE-(L) is an unentangled liquid prepolymer
with n = 113 and the end-to-end distance Dee = 12.2 nm; conversely, LE-(M) is in entangled state
with n = 309 and Dee = 20.3 nm(*Y],

For the PDMS, the entanglement molecular weight M is related to Mc as M, = 2.4M, ¥, Then,

according to the freely-jointed model, the end-to-end distance of the blob is Dee = 13.5 nm, similar
to the value of the short chain random coil™!],

The Low-in-Medium rubber blends (L/M20) at 20% of curing agent were prepared at weight
LE—(L)
LE—(M)

samples are summarized in Table I.

percent ratios p,,, = 100=1.9,4.2,6.2,8.2,12.0% of LE-(L) respect to LE-(M). The

Therefore, the L/M10 at 10% of curing was prepared at only pum = 2.1%: at this content of curing
agent, a sticky rubber is obtained, and then this formulation has no longer been thoroughly
investigated.

The medium pure components at 10% (M10) and 20% (M20) of curing agent were considered as

reference rubbers.

Label | L2/M10 | L2/M20 | L4/M20 | L6/M20 | L8/M20 | L12/M20
PLuWt% | 2.1 1.9 4.2 6.2 8.2 12.0

Table 1. The rubber blends samples at different concentration pum of blending agent. In Lx/My, x
stands for weight percent ratio puwm of the blending agent in the rubber, and y is the weight percent
ratio of curing agent in the rubber.

The Dynamic-Mechanical Analyzer Q800 (TA Instruments) in compression configuration (rubber
dishes of 12.67 mm diameter, obtained by means of TA utility, between plates of 15 mm) has been
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used. The isothermal experiments at 30 °C were performed.

Pure components and their blends have been characterized in monotonic and oscillating regime.
Accurate stress-strain curves at 5-10°* min! strain rate, up to the maximum instrumental static force
of 18 N, have been performed. By linear fitting of stress-strain curves, the modulus is estimated at
low (close to zero strain) and large deformations.

We investigated the compliance J(t) by creep experiments using 30 kPa constant stress and E(t) by
stress-relaxation experiments applying 1% constant strain. The strain spectra from 200 to 1 Hz at

0.05% amplitude have been carried out.

Results and Models

In Fig. 3 the stress-strain experiments in compression mode are reported. The L/M blends varying
the low component from 2 to 12% with the curing agent concentrations considered at 10 or 20%. In
order to evaluate the elasticity of materials, in Fig. 6 the Young modulus as a function of blending
component concentration is reported. The values are determined at the origin (close to 0% strain)
and at ultimate deformation, from curves of Fig. 3, by means of the linear fitting of one hundred
points. In Fig. 7 the stress at the strain value ¢ = 0.75% (small deformation) and the strain at the
stress value ¢ = 3.6:1072 MPa (large deformation) from Fig. 6 are plotted in function of the low

component concentration.

Stress, kPa
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Figure 3. Stress-strain curves in compression mode for L/M rubber blends varying the
concentration of low molecular weight blending and curing agents. In (A) is shown the plot up to
the maximum instrumental force value of 18 N. In (B) the zooming of (A) up to 1% and in (C) up to
4% of strain.

From the analysis of Figs. 3, 6 and 7, it is evident that the mechanical performance of the rubbers as
the blending varies depends on small or large deformations. In fact, at low deformations, the 4%
blend is the stiffest, even greater than the medium component. The curve of the elastic moduli (Fig.
6) at low deformations shows an increase up to the maximum at 4% and the subsequent decrease.
This behavior is confirmed by the corresponding stress curves for ¢ = 0.75% (at low strain) in Fig. 7

which clearly shows the maximum trend described.
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The trend of the high deformation moduli shown in Fig. 6 shows a decrease in the values with
respect to the pure component, with a minimum at about 6% of the low component and a
subsequent increase up to the composition of 12%. This minimum trend is confirmed by the
deformation curves for ¢ = 3.6-:102 MPa (at high stress) (Fig. 7).

We analyze the possible molecular picture to take into account the behavior at small or large strains
varying the blending component. In agreement with the theories of the ideal rubber, the entropic
elasticity is proportional to the temperature and the density of active chains: in this way, the
network of low or high components plays a different role.

For the rubber network of the pure component, as the crosslinker concentration increases (from 10
to 20%), a corresponding variation in the elastic modulus is observed. For a perfect network without
dangling chains (at stoichiometric concentration of 10% crosslinker), in agreement with the ideal
elasticity theories, it is necessary to admit that with increasing crosslink density x there is a

corresponding decrease in functionality f to give the density of active chains v = uf /2.

On the contrary, for a real network, an increase of x would have a decrease of the concentration of
defects (dangling chains) and a corresponding increase in the density of active chains.

The rubber at 20% crosslinker (at excess concentration of curing agent) would be at low density of
dangling chains (Scheme 1A). At low blending concentration, the short chains are likely to saturate
the available crosslinker —Si—H sites. The achievement of the maximum active chain density and
functionality of the crosslinks would account for the maximum elasticity at 4% of the blending
component at small strain (Scheme IB).

As the concentration of short chains increases, the long and short chains compete in the binding to
the crosslinker, causing an increase in the concentration of dangling chains with the consequent
decrease in the density of active chains that would determine the subsequent softness observed at
low deformation for concentrations higher than 4% (Scheme IC).

At high deformation, the rigidity reaches the minimum at 6% of the low component. This,
according to the theory of elasticity of real rubber, confirms the role of inactive dangling chains at
high deformations. Nevertheless, the increase in elasticity for pum > 6% up to the maximum for pum
= 12% is unexpected. This effect cannot be due to trapped entanglements, whose density decreases
as the concentration of short chains increases. On the contrary, this could be the case with the
Entanglement Locking model (Scheme ID).

As discussed in the previous work[', the entanglement locking is a complex dynamical effect: the
short chains cannot give entanglement, but because of their nanometric size, analogous to the blobs
of the tube chains, they interact with the entanglement of the long chains by a many-body dynamics
that stabilizes entanglements, increasing the lifetime and the entropy of the network.
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The proposed conceptual model is based on the increase of the rubber elasticity at large strain and
high blending concentration: the locking would behave such as effective junctions, increasing the
active chain density and therefore explains the solid-state viscoelastic behavior of elastomeric

materials.

Long chain Short chain

[—3

Crosslinker Crosslinker

L/:'Nmrﬂg lement

Short chains P

Effective factive chain
4 N\

Dangling long chain

Crosslinker

Crosslinker

Scheme 1. The Entanglement Locking model. The picture highlights the structural changes to the
increase in the concentration of the short chain blending agent (in blue) in the rubber blend: in (A)
we have the reference rubber network of long chains (in red) and crosslinker (in black); in (B) the
short chains are grafted onto the crosslinker; in (C) the short and long chains compete in the
saturation of the active sites on the crosslinker, generating long dangling chains (marked by a red
star); in (D) at high concentration (greater than 12%wt), the short chains give rise to the
Entanglement Locking of the dangling ends (marked by a green circle) giving to effective
elastically active strands (in green line).
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Figure 4. Fitting of the stress-strain curve for the sample L2/M10 by ideal elasticity equations (2-
4). The fit curve F1 (in black) is computed on the whole experimental field; the fit curve F2 (in
blue) refers to the strain range from 1 to 0.99.
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Figure 5. The Mooney-Rivlin fitting of stress-strain compression curves for pure rubbers and
blends are reported. The matching is discussed in the text.
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In Fig. 4, the fitting of the stress-strain for the rubber blend L2/M10 by means of the ideal rubber
elasticity equations (2-4) is performed. A badness of fit on the whole experimental field is obtained
(R? = 0.800), conversely a goodness of fit is obtained in the strain range up to 4 = 0.99 (R? > 0.968).
Similar behavior has occurred in all other cases. To improve the agreement with the theoretical
models, the hyperelastic Mooney-Rivlin model will be considered.

In Fig. 5, the fitting of the stress-stretching ratio curves o = f(/i) for pure rubbers and blends is
performed by means of the Mooney-Rivlin equation (7), which takes into account deviations from
the ideal rubber theories of equations (3), (5) e (6). The coefficient of determination R? > 0.996 in
all cases (except for M10) shows an excellent matching between the experimental data and the

theoretical curve. The optimized C, and C, parameters are summarized in Table 1.

L2/M10 M20 L2/M20 | L4/M20 | L6/M20 | L8/M20 | L12/M20
C, | 280.780 | 1807.153 | 1219.459 | 403.880 | 297.242 | 325.797 | 905.779

C, | 273.254 | 1780.634 | 1203.972 | 399.899 | 292.314 | 319.005 | 890.284

Table Il. Mooney-Rivlin parameters of the stress-strain compression curves for pure and blend
rubbers. C, and C, values are reported in kPa.

The stress-stretching ratio curve for pure rubber M10 has an R? = 0.981 due to the inflection point
that requires a Mooney-Rivlin equation with a number of parameters n > 2.

The goodness of fit highlights that the rubbers present the deviation from the ideal entropic
behavior, which takes into account the role of entanglements predicted in Marrucci tube rubber
theory by the amplification factor A in equations (8) and (9). The goodness of the fitting for blends
L8/M20 and L12/M20 confirms the formation of an effective network by the Entanglement locking
mechanism.

The badness of fit for the pure rubber M10 would be due to the presence of network defects

corresponding to the high concentration of dangling chains.
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Figure 6. Elastic moduli for rubber blends of Fig. 3. The values at the origin (lower curves) and of

6.75% (upper) are reported. The concentration of the blending agent is reported on the abscissa.
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Figure 7. From Fig. 3 the plots of stress at low strain ¢ = 0.75% (A) and strain at high stress ¢ =
3.6:1072 MPa (B) are constructed, as a function of the blending concentration. The concentration of
the blending agent is reported on the abscissa.
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Figure 8. Creep experiments for Low/Medium rubber blends varying the concentration of the Low
component and of the curing agent. The constant stress of 30 kPa has been applied.
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Figure 9. The ultimate strain values of creep deformation for the rubber blends from experiments of
Fig. 8. The concentration of the blending agent is reported on the abscissa.

In the creep tests of Fig. 8, the constant stress of 30 kPa, corresponding to a high strain in the stress-
strain curves, is applied. The compliance experiments and the compliance values reported in Fig. 9
confirm the trend described by the stress-strain curves of Fig. 3. In fact, for the 20% curing agent
L/M blend, the maximum softness (minimum stiffening) is achieved at the 6% composition of the
low molecular weight LE-(L) component. Furthermore, blends at concentrations of 8 and 12% show
growing stiffening. A similar amplified result is observed for the 10% blend of curing agent for low
blending concentrations, as the density and functionality of crosslinks increase.

Therefore, the creep behavior confirms the locking mechanism to the wide deformations previously

proposed.
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Figure 10. Stress-relaxation experiments for Low/Medium rubber blends varying the concentration
of the Low component and of the curing agent. A constant deformation of 1% has been applied.

In the stress-relaxation experiments of Fig. 10, an instantaneous and constant deformation of 1% is
applied, corresponding to a low deformation in the stress-strain curves of Fig. 6. The trend of Eo
reported in Fig. 11 does not correspond to the elastic modulus E obtained from the stress-strain
curves at the origin, but rather corresponds to a strain of about 3%. The differences are due to the
instantaneous deformation imposed in the step-strain experiment and to the slow (delayed)
deformation in the stress-strain experiment. The trend of the values of Eg, being fundamental for all
the viscoelastic properties of the polymeric materials, must be placed at the base of the proposed
interpretative model.

The reference medium component of 20% of curing agent has the highest value of Eq observed;
however, the 4% concentration blend of low component has a relative maximum comparable to the
absolute maximum obtained from the stress-strain curves in Figs. 6 and 7. For greater values, from
6 to 12%, an almost constant behavior is observed with a slight increasing trend. On the contrary, as
regards the blend of 10% crosslinking and 1.8% of the low component, we observe an increase of
Eo compared to the reference medium component, which confirms the trend of the corresponding
stress-strain curve. Substantially, for the 20% crosslinking blend, we observe lower values than the

reference component and the maximum at 4% previously described.
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The interpretative model of the increase in active chain density and functionality at low

deformations takes into account the observed trend.
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Figure 11. The instantaneous modulus Eo from stress-relaxation experiment reported in Fig. 10.
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Figure 12. Dynamic-mechanical strain spectra of storage modulus E' and loss modulus E" for the
59 pure rubbers and blends varying the concentration of curing agent or blending component. The
60 amplitude of 0.05% is applied. Two runs are carried out in order to verify the experimental
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reproducibility. The linear frequency spectrum used is helpful in the discussion of the entropic
mechanism (see text). A three-point moving average has been applied to spectral curves.

In Fig. 12 the storage modulus E' and the loss modulus E" are reported in the whole instrumental
frequency range from 1 to 200 Hz for the blends with different contents of the short-chain blending
component. The reference rubbers with different contents of curing agent are also reported.

In the high-frequency field, fast relaxations of active chains are observed: in the field of low
frequencies the slow relaxation of the dangling chains!***! and of the locked chains, according to
the proposed model.

The storage modulus E' of the 20% crosslinking rubber predominates in the high frequency field,
confirming the prevalent contribution of the rigid active chains in the elasticity of the network. As
the frequency decreases, inversion points are observed between the considered samples, interpreted
as relaxations of the dangling chains. In fact, for frequencies lower than 60 Hz, the storage modulus
at blending less than 6% tends towards zero. Conversely, for frequencies lower than 30 Hz the
contribution of E' of the blends greater than 6% remains significant. These relaxations at higher
concentrations of blending would be associated with the reduced mobility of locked entanglements
stabilized by the adsorption of free short chains on the overlapped dangling chains (Scheme I). In
this way the locked entanglements participate in the elasticity of the rubber network as effective-
crosslinks, in agreement with the observed elasticity of the stress-strain curves and the compliance
at high deformations and highest concentrations of blending component.

This trend would highlight the low concentration of dangling chains in the reference rubber (ideal
rubber) and in the blends at the lowest concentration of the short-chain component.
In the high-frequency field, the high E' values of the blends at 12, 6 and 4% confirm the models of
the maximum functionalization of the crosslinker (for low concentrations of blending agents) and of
the effective-crosslinks in which the short chains give rise to locked dangling chains (at the highest
concentration of blending).

The performance of the dissipative module E" in Fig. 12b shows the high values associated with the
active chains of the pure or slightly modified rubbers at 2% and of the dangling locked chains of the
blend at 12%. Significant differences in the values of E' in the blends at intermediate composition
are not observed.

In the picture of Scheme IlI, a dynamical locking entanglement mechanism is proposed. The
vibrational modes of nanosized coil of the short chain among the blobs of entangled chains would
give rise to a chaotic dynamics of indefinite period: the fluctuations of interacting particles cannot
be in-phase and give the geometrical frustration effect°]. In the past, one of us (Villani) has

proposed a mechanism for the entropic elasticity of elastin (the structural protein responsible for the
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elasticity of vertebrate tissues) based on chaotic molecular dynamics of the secondary
structurel®®#1In the present work, the chaotic dynamics of interacting random coils of locked
entanglements matches the broad linear spectra of E' and E" observed at lowest frequency (Fig. 12).
According to the Marrucci elasticity theory and Mooney-Rivlin correction, equations (8) and (9),
the tube of network chain deforms affinely, in which at the longitudinal stretching factor A the
transversal factors 1/ Ja correspond. Then, the gyration radii of tube blobs between the
entanglements, corresponding to the cross section radii, change affinely becoming isomorphic to the
random coil of free short chains, until they give rise to the entanglement locking by means of the
entropic frustration mechanism proposed. The onset of the entanglement locking should correspond
to the trend inversion in the stress-strain curves of Fig. 3 at & = -1.0 for the L8/M20 and ¢=-3.5%
for L12/M20 blends.

Scheme I1. The dynamical locking entanglement picture: the random-coil of short chain is adsorbed
on entanglement site of dangling chains (see Scheme 1) and by means of many-body interactions it
gives a high entropy dynamics. The arrows indicate the frustration effect among three
isodimensional coils rotating in incompatible way.

Conclusions

In our previous work we have shown that a homologous PDMS liquid blend consisting of
unentangled short chains in long entangled ones presents an anomalous enhancement in rheological
properties: increase in viscosity 7o, relaxation modulus Eo, dynamic moduli E' and E" and decrease
in compliance J(t). The rheological increase was interpreted by means of locking mechanism in

which entanglements are constrained by the absorption of short chains: a target was to verify if the
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entanglement locking mechanism played also a role in the homologous rubber blends of short
chains in long chains.

The stress-strain curves, the creep and step-strain, and dynamic-mechanical experiments showed a
complex behavior of the PDMS rubber blend formulations. The key findings from this study are as
follows:

(@) The pure rubber networks of reference are made by a set of predominantly active chains, which
takes into account both the density of the crosslinks and their functionality.

(b) In the mechanical experiments, the behavior at small strain can be interpreted on the basis of the
classical rubber theory taking into account the increase of the density of the active chains as a
function of the concentration of the short chain blending agent. The set of stress-strain curves with
different composition of the blending agent shows a behavior depending on the degree of
deformation. In particular, for ¢ < 0.01 the 4% sample in blending component has the maximum
elastic modulus; for 0.01 < ¢ < 0.04 is the pure component to be the most elastic; the elasticity
decreases with the increase of the minor component and is reversed starting from a 6% composition.
(c) At low concentration of blending agent, the most likely event is the formation of short active
chains, which leads to an increase in the density of active chains. This will result in a corresponding
increase in the elastic modulus (in the field of small deformations) according to the theories of the
ideal rubber elasticity.

(d) As the blending agent concentration increases, the formation of dangling chains increases to the
detriment of the concentration of active chains, giving the decrease of the elastic modulus.

(e) At a sufficiently high concentration of blending agent, the crosslinkers will be saturated by long
and short dangling chains. This will correspond to a minimum in the elastic properties of the blend.
(f) At higher concentrations of blending agent, we have the adsorption of short chains on
entanglement sites involving long dangling ends. In this way, the entanglement locking gives rise to
the formation of effective crosslinks involving the dangling-active chains or long-long dangling
ones. The phenomenon of entanglement locking corresponds to high entropy dynamics of chains,
the increase of active chain density and crosslink functionality with the improvement of elastic
modulus of the rubber, according to Marrucci tube network theory and Mooney-Rivlin correction.

(g) At large strain, the pure component turns out to be the most rigid (high modulus E, Eo and low
compliance to equilibrium J?) followed by the 12% one and therefore by those with a lower
concentration of blending agent. The increase in elasticity at low blending concentrations and high
deformation cannot be interpreted in terms of trapped entanglements, in fact the density of these
defects should decrease as the concentration of active short chains increases, therefore the role

could be played by the proposed Entanglement Locking model.
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(h) The entanglement locking involving dangling chains and active chains enhances the relaxation
times and increases the effective crosslink density, justifying the maximum elasticity for the blend
to 12%. The proposed mechanism of locked entanglement would be consistent with the maximum
of the viscoelasticity at small strain and low concentration of the minor component, and with the
maximum elasticity at large strain and high concentration of the blending agent. The broad spectra
of E' and E" at the lowest frequencies of the dynamic-mechanical experiments would be due to the
high entropy chaotic dynamics of entanglement locking.

The role of Entanglement Locking in the unique viscoelasticity at high deformation is a possible
advancement of rubber elasticity theory, and opens to both modelling and application developments

of polydimethylsiloxane elastomers.
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