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EFFECTS OF DILUTION DURING
CROSSLINKING ON STRAIN-INDUCED
CRYSTALLIZATION IN CI5-1,4-POLYISOPRENE
NETWORKS. II. COMPARISON OF
EXPERIMENTAL RESULTS WITH THEORY

Jagath K. Premachandra, Chandima Kumudinie,
and James E. Mark*

Department of Chemistry, The University of Cincinnati,
Cincinnati, Ohio 45221-0172

ABSTRACT

Modern rubber elasticity theory was applied to the strain-induced crys-
tallization results summarized for cis-1,4-polyisoprene in the preceding
paper. The calculations adopted the basic assumptions made in the Flory
crystallization theory, in some cases retaining the original affine elasticity
model and in others adopting the new constrained-junction model. Of the
two sets of theoretical stress-strain isotherms thus obtained, those from
the constraint theory gave a good account of the experimental results.
One major accomplishment was documenting the expected decrease in
the constraint parameter x with increase in dilution during crosslinking.
This decrease is due to the fact that the diluting solvent decreases chain
interpenetration, which in turn decreases entanglement constraints on the
junction fluctuations.

Key Words: Constrained-junction theory; Polyisoprene; Entangling;
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INTRODUCTION

Stress-strain isotherms for solution crosslinked polymers have been
successfully interpreted using constrained-junction theory [l1] and con-
strained-chain theory [2], but not for the case of elastomers undergoing
strain-induced crystallization. Similarly, there has been some interpretation
of strain-induced crystallization in networks [3, 4], but not for any that had
prepared in the diluted state and then deswollen. The primary purpose of the
present investigation was therefore to use the constrained-junction theory [5]
to interpret the results on strain-induced crystallization of solution cross-
linked cis-1,4-polyisoprene, as described in the preceding paper [6] and
elsewhere [7].

The increase in modulus at higher elongations in crystallizable networks
is attributed to the formation of crystallites upon the orientation of neigh-
boring chains in the network structure. In order to interpret this behavior,
a theory of strain-induced crystallization was first developed by Flory using a
statistical mechanical procedure [8]. Recently, the application of the con-
strained-junction theory [3, 4] to elastomeric networks undergoing strain-
induced crystallization considerably improved the molecular understanding
of such type of behavior. All of these networks, however, had been prepared
in the dry state.

The purpose of the present investigation was therefore to apply the
constrained-junction theory to the strain-induced crystallization exhibited by
cis-1,4-polyisoprene (PIP) networks formed in solution, and to compare the
results with Flory’s theory of strain-induced crystallization [8] and with ex-
perimental results. Specifically, the experimental data were those on PIP
networks crosslinked at different degrees of dilution and then studied in the
deswollen state [6, 7].

Molecular Theories of Strain-Induced Crystallization

Flory Affine Theory

A statistical thermodynamic theory for strain-induced crystallization
was first developed by Flory [8]. This theory is applicable only under con-
ditions of incipient equilibrium crystallization, and is facilitated by several
assumptions and approximations. It is assumed that the possibly small en-
tropy changes associated with the formation of nuclei are negligible, and that
the crystallites formed are parallel to the direction of stretch. Furthermore,
it is assumed that the chains are Gaussian and deform affinely, and that each
chain traverses the crystallite only once, i.e., there is no chain folding within
the crystallite. This statistical theory of strain-induced crystallization un-
veiled the relationship between the incipient crystallization temperature and
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elongation, the degree of crystallinity o with elongation and temperature,
and the retractive force at crystallization equilibrium with elongation at
constant temperature.

The degree of crystallization [§8] is given by:

o=1-{3/2-¢@)]3/2-0)}" (1)
where:
o) = (6/mn) o /2 + o) /n (2)

and:

()

Here, A is the elongation in simple tension (which is the ratio of de-
formed length to the length at the state of formation of the network), and 7 is
the number of statistical segments in a freely-jointed chain, Hy is the molar
heat of fusion per segment, and T is the incipient crystallization temperature
of the undeformed polymer. The melting point elevation with strain is given

by [8]:
1/Tw =1/Ty — (R/Hp)p() (4)

when the equilibrium degree of crystallinity is very small, at low elongations.
As a result of the approximation in which each chain is assumed to traverse
the crystallite in the direction of the displacement of its ends with respect to
the z-axis, Ty, does not coincide with 72 at A = 1, as it should.

The nominal stress /* at equilibrium in a stretched polymer network is
expressed as [8]:

f* = VRT[(e— %) — (6n/m)*0]/(1 - o) (5)

where v is the number of moles of network chains per unit volume.

Constrained-Junction Theory

Recently, the constrained-junction theory was applied to polymer
networks undergoing strain-induced crystallization and the results com-
pared with those from Flory’s theory and from experiment [3]. In this
treatment, the constrained-junction theory was treated in a way similar to
that in Flory’s theory, with the same assumptions. In addition, it was as-
sumed that the parameters k¥ and { remain constant during the strain-
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induced crystallization, in part because their dependence on degree of
crystallization is unknown. The melting point 7}, was not found to be equal
to 7o for the undeformed network in this treatment, as is also true in
Flory’s theory. A similar study was performed using the constrained-chain
theory [4]. These applications of the constrained-junction theory and con-
strained-chain theory to strain-induced crystallization considerably im-
proved the predictions of Flory’s theory for this important reinforcing effect
in elastomers.

Analysis of Strain-Induced Crystallization

The constrained-junction model [1] and constrained-chain model [2]
have been applied to networks crosslinked in solution. These theories are
based on the fact that the deviation from phantom behavior is due to the
severity of the interpenetration or entanglements of the network chains, and
how they change with deformation or swelling [5, 9—11]. In these studies, the
constraint parameter k¥ was found to be related to the volume fraction vy of
polymer chains in the system being cross linked which are successfully in-
corporated into the network structure by:

K= 420, () ©)

where m takes into account the heterogeneities in the network structure.

In these applications of constrained-junction theory, the coefficient A4
was determined to be 2, and the values of m ranged from 2/3 and 8/9,
although the value m =0 is expected from theory [1]. The decrease in «x
with a decrease in vy (increases in dilution during crosslinking) indicates
that the larger the amount of solvent present during crosslinking, the
smaller the chain interpenetration and, thus, the less severe the entangle-
ment constraints. This parameter also decreases with increase in cross-
linking (increase in the elasticity constant 2C;) [7], due to decrease in
interpenetration as the network chain length decreases. In addition, the
heterogeneity parameter { strongly increases with a decrease in vy, pos-
sibly indicating increased heterogeneity in the networks crosslinked in
solution.

The analysis of the same experimental results using the subsequent
constrained-chain model [2] gave values of k that were significantly
smaller than those from the constrained-junction model [1]. Presumably,
this is due to the constraints being imposed along the chains and not
only at the junctions. According to this latter investigation, 4 =2.9 and
m=0.385.
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Present Application of the Theory

The density of the polymer during cross-linking is given by [12]:

M 1
d=(22) (= (7)

Na Vo
where Ny is Avogadro’s number, M. is the number-average molecular weight
of the network chains, and V, the volume of the reference state (i.e., the

volume during network formation). Substituting v =¢/(1 —2/¢) into Eq. 7,
and rearranging [7] gives:

= [(1 E%)] (W) () () ®

where V,; is the volume of the extracted dried network.

In the case of crosslinking in solution, V, is the total volume of the
polymer plus solvent during crosslinking. Therefore, V4, Vo = V/Vy = .
Substituting this into Eq. 8 gives d = d,vy., where d, is the density of the
dried network. Also, the cycle rank density is:

£ 2\ ,Na
o= <1 _(P)ndz (&/Vo)vae 9)

The modulus for a phantom network can be generalized to:

[fonl = (%’i—j) (v2e)*? (10)

for a phantom network crosslinked in solution. In the limiting case of a
perfect network crosslinked in the undiluted state vy = 1. Usually vo5 > vy,
for a real network. According to the Mooney-Rivlin equation, 2C; can be
taken as the phantom modulus at very high elongation («~' — 0). Therefore,
Eq. 10 can also be written

20, = <%T> (v2e)*? (11)

In the theory, the parameter x serves as a measure of the severity of the
entanglement constraints relative to those imposed by a “phantom network,”
where such constraints are absent [13]. If k is taken to be proportional to the
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degree of interpenetration of chains and junctions, then for a tetrafunctional
network [14]:

3/2
K = [(@) M3/2£ (12)
M < Vs

where I is the interpenetration proportionality constant, (r*), the mean
square end-to-end distance of the unperturbed network chains, and M the
molecular weight per skeletal bond. If the molecular weights of the network
chains are not too small, the quantity ((1’2)0/M)3/2 may be taken to be
constant for a given polymer. For a tetrafunctional network [14],
M. = VoNad/2E. Then [7]

K:,Cg%f”Ci?f”Q;;jﬁg? (13)

A0y A (14)

This predicts how k should vary with the concentration of polymer present
during cross-linking. It is advantageous to generalize the above equation to
the form given in Eq. 6 [1].

In the present study of the strain-induced crystallization, incipient
equilibrium crystallization was considered. It was assumed that entropy
changes associated with the formation of nuclei are negligible and the crys-
tallites formed are oriented parallel to the direction of stretch. Each chain is
assumed to traverse the crystallite only once. In addition, the parameters k
and { were assumed to be remained constant during the strain-induced
crystallization.

If a network chain consists of # statistical chain segments, and n number
of segments crystallize due to the stretching, the relative number of segments
left in the amorphous regions of the chain is y = (n — n)/n.

The retractive force for a stretched network at constant y is given by
[3, 4, 7].

oA OA ON2  OA ON, DA O]
S={5) = st 5ot = (15)
oo v 0N oo 8Ay oo, OA; oo ,

Here, A is the free energy of the system with respect to a totally crys-
talline chain, and Af is the microscopic deformation tensor with ¢ = x,y, z.
For the constrained-junction theory Af can be written [15]:

A= (1-2/9)7 + (2/9)1 + By (16)
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where By is given by the general form:

(i — D(1+ 1 —00)

B = ]
(1+g)

(17)
with

gi =Wk + L = 1)] (18)

Also of use will be the derivatives:

B = Bi{[zxi(xi = D] (1= 200) 2% (1 + A = 09)] 7 = 2g(1 +gi)‘1}
(19)

and:

= -g(1-3) (20)

For a uniaxially stretched network, the principle extensions A relative
to the state of reference can be defined [3] in terms of the uniaxial elongation
at by A, = (V/ Vo)l/ 3 o, assuming that the network is isotropic in the un-
distorted state. Here, V is the volume of the initial state before the application
of deformation.

For a network crosslinked in solution and deformed in dried state,
Va/Vo=V/Vo = v, and A = octv;f. For uniaxial deformation in the z di-
rection, Ay = A, = azvéc . Assuming that the volume of the dried network
remains_constant upon stretching, oy = oy = o, Y 2, and b =k =Ay =

ocz_l/zvéf. It follows that:

8_M_2[®_2 2 ] 2/3
oo,

—— 4+ =B |V, a 21
o ¢ 2c ( )

with a similar equation for A, [7], and with A; = A, and Ay = A = A,.

The free energy change of the system with respect to a totally crys-
talline chain is A4 = AH — TAS, and the heat of fusion AH of (n — n
segments of n chains is given by [7] AH = vA¢(n — 1), where /¢ is the heat of
fusion per segment. The total entropy change is AS = AS, + ASp, where
AS, is the entropy change due to the melting of (n — 1) segments of each of
the chains [3], and ASy is the entropy change due to the change in the chain
length distribution in the amorphous regions [as a result of the melting of
the (n —m) segments [3]. These entropy changes are given by AS, =
A(n —m)ss, and:
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2,272
P 2pnl 3
Asb:_vk{nﬁn A m (A +A]+A)) -5

(n=m) w2 @m-m)" 2n-m) 2
(22)
where B = (3 /2n)l/ ?/1, with [ being the length of a segment. Therefore,
n—m 2 n 2(Bn)n n 2 A2 A2y,
AS=vk se— (B/ A, — A AN AHN)+=
Sk e ) A g AT A 4
(23)

Assuming that the change in chain length distribution is not accom-
panied by a change in internal energy,

_ S hf 2 n 2([3111)”
A= V"T[” <%_k_T> O T - ™
n St hf 3
+W(Ai+A§+A§)—n<%—k—T>—§ (24)

This can be written in molar terms as:

2(1=y)° 2(Bm) (1-7)
A =VRT|nb(1 —v) + (B) vy a2y A
PAA Y “ 2

with y = (n —n)/n, and 0 = (s¢/k — he/kT). The molar value of 6 assumes
the form:

4G

Here, Hy is the molar heat of fusion.
Using these relationships [7], the retractive force for the uniaxially
stretched network can be written:

f:vRT{ B /6_n(1—v)A1_1+1] (Mﬁ&)vg@u
Ty I\ o o
! <((p —2) + EBz) véfoc‘z} (27)
T\ e ¢

The force f becomes the stress f/* when v is a density, specifically the
number of B, network chains per unit volume of the dried network.
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The modulus in uniaxial elongation is defined by [f*]=f *v;/ . /
(o — o~2), where v, is the volume fraction of polymer during the deforma-
tion. For a network stretched in undiluted state, v, = 1. Accordingly,

[f*] = WRTV [v(o— o [~ (6n/m) > (1 — ) AT + 1]
X [(@ —2)/9 2/@)B1)a] — [(¢ —2)/9 + (2/@)ByJo> (28)

The condition for equilibrium with respect to the longitudinal growth of
the crystallites can be expressed as (‘3—’;) AAA, = 0. This then gives [7]:

1\ [0A B o/ 1 2(Bln)
<vk_T> <8_Y> AcAy.A, o [ne - (Bin) <F - 1) ; nl/2y2 A

I
t3a (AT + A +A)) (29)

which, on equating to zero gives:

02 + nB (1 — 7%) = O(As, Ay, A2) (30)
where
2B/ Lo 2, a2
(D(AX7AY7AZ> :WAZ_E(AX—FA)/—FAZ) (31)

Substituting p = (3/2n)"/?// into this equation yields:

6\'"? (A +A+A)
DAL, AA) = — A, -3 Z 2
(hth) = () > (32)

Solving for equilibrium value of y then gives [7]

3 - ®(Ax, Ay A
-0

Y= (33)

Finally, the degree of crystallinity of the k chains under consideration is
defined asw =1 — .

This development is reasonably satisfactory for low degree of crystal-
linity. In reality, a given chain may pass through several crystalline regions,
because of the simultaneous occurrence of nucleation and the growth of
already-existing crystalline regions. Generally, these several crystalline re-
gions will not be co-linear, and at relatively high values of o additional x and
y restraints may consequently be imposed. However, the above calculations
should represent useful approximations.
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Flory’s theory is a useful approximation at relatively small values of .
Aty=1, T = Ty, and Eq. 30 can be written:

o= () (L L) Zoan Ay (34)
(%) () ~omen

The dependence of crystallization temperature on elongation can be
expressed as:

1 1 R
_:—__q)AxaA>Az
= g YA AL A (35)

At higher elongations, ®(Ay, Ay, A;) can be approximated as:

O(Ax, Ay, A;) = p— A, — %AZ (36)

For the undeformed network, Ty, is not equal to 7y in the present
treatment of constrained-junction theory as is also true in Flory’s theory,
because ¢(Ax, Ay, A,) is identical to @(y) for the undeformed network.

Numerical Calculations

Theoretical stress-strain isotherms based on the constrained-junction
theory were generated using Eq. 28. The functionality ¢ and the quantity m
were taken to be equal to 4 and 7/9, respectively [1]. For all the PIP net-
works, values of Hy and T2 used in calculations were 1040 cal/mol of repeat
units [16] and 232 K [17], respectively. It was assumed that the number of
statistical chain segments were equal to the number of repeat units, and the
density of the networks were taken as 0.9421 g/cm?. The best theoretical fit
for each experimental stress-strain isotherm was obtained using a global-
search method [18]. In this method, the cumulative squared error between
the theoretical and experimental stress-strain isotherms was minimized by
varying v, ¥, n and A. The values of these parameters which gave this
minimum error were taken as the most reliable values.

RESULTS AND DISCUSSION

Figures 1 through 4 show some comparisons among stress-strain iso-
therms based on the constrained-junction theory, Flory’s original theory, and
experiment [6, 7]. Additional results are shown elsewhere [7]. Comparisons
between Fig. 1 and Fig. 2 show that the isotherms are only slightly changed
in going from the lowest degree of crosslinking to the highest, in the case of
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Figure 1. Comparison of stress-strain isotherms obtained from the constrained-junction
theory (@) and Flory’s theory (O) with experimental results ((J) for the cis-1,4-polyisoprene
sample cross linked at the dilution v, = 1.0 for 1 hour.
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the chains crosslinked in the unswollen state. On the other hand, Figs. 3 and
4 shows similar results for the networks prepared at the highest degree of
dilution, vos = 0.4. As expected, both Flory’s theory and the present appli-
cation of the constrained-junction theory showed upturns in modulus at high
elongations. There is a downturn in modulus just prior to its upturn in the
isotherms based on Flory’s theory and the constrained-junction theory. The
corresponding experimental stress-strain isotherms do not exhibit such
downturns, which is consistent with previous experimental stress-strain iso-
therms obtained for peroxide-cured networks at low temperatures [19, 20].
According to the previous experimental studies [19, 20], a downturn in
modulus in the linear portion of the stress-strain isotherms appeared only at
moderate temperatures for peroxide-cured networks. This behavior was ex-
plained by the fact that there was straightening and aligning of the network
chains [5], due to strain-induced crystallization. This would cause decreases
in the deformation in the remaining amorphous regions, with corresponding
decreases in the modulus [19, 20]. In addition, increases in modulus from the
reinforcing effects of the crystallites are apparently not very large during this
downturn.

Upturns in the stress-strain isotherms from the constrained-junction
theory appear at higher elongations than those from Flory’s theory. This is
due to the fact that the microscopic deformation Az in the constrained-
junction theory is less than the macroscopic deformation Az. Stress-strain

1.6 —— - T T T T T 1
1.4 F ]

12 F ]

08 |

[f*] (Nmm )

0.6 [ ]

0.4 [ N

| Smees e UEE T 3 7 oD

Figure 3. Same as Fig. 1, but for v»s = 0.4 and 3 hours.
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Figure 4. Same as Fig. 1, but for v,s = 0.4 and 7 hours.

isotherms obtained from Flory’s theory are higher in modulus compared with
the corresponding experimental stress-strain isotherms. This is due to the fact
that Flory’s theory for strain-induced crystallization is based on the affine
theory and calculated values of the modulus according to this theory cor-
respond to the affine limit.

The stress-strain isotherms for the networks crosslinked at different
dilutions show that the present application of the constrained-junction theory
is in at least qualitative agreement with the experimental results. The upturns
in the theoretical stress-strain isotherms in the present study also appear at
higher elongations than those in corresponding experimental stress-strain
1sotherms, however. This is attributed to the fact that these theories are based
on Gaussian chains. Furthermore, the minima in the resulting theoretical
isotherms appear at elongation ratios smaller than the maximum elongation
ratio omax for freely-jointed chains (otmax o 7'/2). Accordingly, it can be
concluded that these theoretical upturns in the modulus are probably due to
strain-induced crystallization. However, a theory based on a non-Gaussian
distribution should yield better agreement with the experimental results.
Specifically, the non-Gaussian effects caused by the shortening of the net-
work chains from the strain-induced crystallization should affect the ex-
perimental results.

In Flory’s theory and in the present application of the constrained-
junction theory, the incipient crystallization is assumed to occur under
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equilibrium conditions, which would correspond to the network being
stretched above its T, and then slowly cooled to temperatures below T,
(without further stretching). Under these equilibrium conditions, the
development of crystallinity results in a reduction of the tensile force by an
amount greater than that predicted from rubberlike elasticity theory [5]. It is
important to emphasize here that the experimental stress-strain isotherms
used in the present investigation were obtained by a step-wise stretching of
the networks at a constant temperature of 5°C, which is higher than Ti,.
Therefore, the incipient crystallization occurs under non-equilibrium condi-
tions. According to Flory, under non-equilibrium conditions, { increases with
increase in heterogeneity in the network structure [13], but is generally quite
small [14, 21]. Interestingly, in the present investigation the values for  in all
the samples were found to be equal to zero.

Results shown in Table 1 and Fig. 5 document the dependence of ¥ on
vae, specifically showing that k decreases markedly with increase in vy, as
expected. This is mainly due to the fact that crosslinking in solution decreases
the chain interpenetration and, hence, decreases entanglement constraints on
junction fluctuations [5]. Accordingly, the value of ¥ should be decreased [14],
and the present results establish the magnitues involved. This conclusion is
also supported by the observation that the average value of 2C,/2C; de-
creased with decrease in vy, due to decreases in chain entanglements.

Table 1. Network Characteristics and Constrained-Junction Theory
Parameters for the Interpretation of the Experimental Results

Sample K A
B-1 3.48 1.6
B-2 3.76 1.8
B-3 3.65 1.8
S.8-1 3.21 3.0
S.8-2 3.00 2.6
S.8-3 3.09 2.8
S.8-4 3.03 2.8
S.6-1 1.65 3.0
S.6-2 1.81 3.0
S.6-3 1.84 3.0
S.6-4 1.72 3.0
S.6-5 1.53 3.0
S.4-1 0.279 1.0
S.4-2 0.273 1.0
S.4-3 0.267 1.0
S.4-4 0.251 1.0

S.4-5 0.239 1.0
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Figure 5. The dependence of k on vy, obtained from the constrained-junction theory for PIP
networks crosslinked at various dilutions. The set of values of « that are the highest are for the
B series, the next highest for the S.8, series the next highest for the S.6 series, and the lowest for
the S.4 series. Detailed specifications are given in Table 1.

As shown in Table 1 and Fig. 6, k strongly decreases with increase in
network chain density (degree of crosslinking). This reflects the fact that
increases in v/Vy4 correspond to decreases in network chain lengths, which
decrease chain interpenetration and thus lower the values of k. These varia-
tions in k are consistent with the previous experimental results [16]. It should
be mentioned here that the crystallites being formed in a crystallizable net-
work upon stretching may also increase the constraints on junction fluc-
tuations, leading to higher values of «.

The dependences of the degree of crystallinity @ on « calculated from
the constrained-junction theory are shown in Figs. 7 and 8, and elsewhere [7].
All the networks cross linked at the various dilutions show an increase in ®
with increase in o. The elongation for the onset of crystallization based on the
constrained-junction theory is higher than that in the experimental results.
This is not surprising, since the constrained-junction theory assumes that the
network chains are Gaussian. The dependences of the melting temperature
calculated according to constrained-junction theory are shown in Figs. 9
and 10, and additional similar results are shown elsewhere [7]. The Ty,
increases with increasing elongation in all cases.
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Figure 6. Same as Fig. 5, but showing the dependence of k on v/Vjy.
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Figure 7. The dependence of the degree of crystallization on elongation obtained from the
constrained-junction theory for PIP networks cross linked at vo5 = 1.0, for 1 hour ([(J), 2 hours
(#), and 3 hours (O).
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Figure 8. The dependence of degree of crystallization on elongation for vos = 0.4, and 3 hours

(), 4 hours (@), 5 hours (O), 6 hours (<), and 7 hours (A).
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Figure 9. The dependence of crystallization temperature on elongation obtained from the
constrained-junction theory for PIP networks cross linked at v,; = 1.0, for 1 hour (), 2 hours

(#), and 3 hours (O).
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Figure 10. The dependence of crystallization temperature on elongation for vy, = 0.4, at
3 hours (0OJ), 4 hours (@), 5 hours (O), 6 hours (<), and 7 hours (A).

There is no correlation between the quantity A (Table 1) and the value
of vy, and the average value of A calculated for these networks was found
to be 1.95.

The present analysis is thus seen to give a very reasonable interpretation
of the experimental results on how crosslinking in solution affects strain-
induced crystallization.

This experimental and theoretical study of crosslinked elastomers
should encourage similar studies of other unusual network structures,
for example those prepared by crosslinking chains in the deformed
state [9].

CONCLUSION

Stress-strain isotherms generated for crystallizable networks cross
linked in solution using the constrained-junction theory and standard as-
sumptions from Flory’s theory of strain-induced crystallization are in a
satisfactory agreement with experiment. The parameter k¥ measuring the
severity of constraints of chain entanglements on junction fluctuations de-
creased with increase in the dilution at which the networks were formed,
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as expected. This is mainly due to the fact that the higher the dilution at
which the networks were formed, the fewer the chain entanglements. The
present treatment of the constrained-junction theory considerably improves
the theoretical analysis of strain-induced crystallization in elastomeric net-
works, particularly those cross linked at different dilutions. However, a non-
Gaussian theory which takes into account the shortening of network chains
due to the formation of crystallites should give even better agreement be-
tween theory experiment.
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