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Synopsis

The network segment density () by solvent-swollen compression modulus of gum stocks and
of stocks containing nonreinforcing fillers was calculated to be 6.6093 X 1072 hoS§/$pd? in mmole/m3
of gel at 25°C, where h is the height of the unswollen sample in cm, S is the slope of the height versus
applied weight curve in g per mil (0.001 in.), ¢p is the volume fraction of binder, d is the diameter
of the initial sample in cm, and £ is a factor equal to (1 — ¢s/bp)3/(1 — ¢5)?/3, where g is the volume
fraction of extract. The volume fraction of crosslinked polymer containing nonreinforcing fillers
at equilibrium in a solvent (V3) was determined for the cases where the filler is insoluble and partially
adheres to the binder, where the filler is partially soluble and there is no binder—filler adhesion, and
where the filler is completely soluble in the swelling solvent. The relations were tested and found
to hold for polyester—polyurethane stocks containing plasticizer and soluble and insoluble fillers.
Log V' fell on single straight-line curves with respect to log v, for gum stocks and filled stocks both
when V9 was measured in solvents which dissolved none or dissolved part of the fillers.

INTRODUCTION

Crosslink densities of elastomeric gum stocks have been measured by methods
which depend on the equation of state.! That is, the equilibrium stress in either
tension, shear, or compression is measured at a low strain and equated to a
function of crosslink density. Equilibrium is attained either by swelling in a
solvent or by carrying out the pull, shear, or compression repeatedly to a degree
short of failure until successive values of stress at a given strain do not change.
The first method is the more accurate. Chemical means have also been used.
A known concentration of copolymerizable divinyl monomer may be employed.
Reactions may be carried out with known numbers of functional groups on
polymers or a product resulting from a crosslinking reaction may be measured
or the amount of crosslinker reacting may be determined. These chemical
methods all have the defect that they assume complete reaction or neglect chain
extension and dangling ends. Recently crosslink density has been calculated
from telechelic stock formulations with some assumptions as to extent of reaction
and from sol-gel measurements.2 The latter method required calibration against
crosslink density from the equation of state.

In general, the methods are applicable to gum stocks and if one regards bonds
between rubber and filler as part of the crosslinking system they are applicable
when reinforcing fillers such as carbon black and silica are present. If non-
reinforcing fillers are used, however, either solvent swelling or application of a
stress breaks the rubber—filler bonds, leaving a cavity, and interpretation of re-
sults becomes difficult. The sol-gel method is not subject to this ambiguity but
is inaccurate if high proportions of plasticizer are present.
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In this work a relation is presented between network segment density and
solvent-swollen compression modulus which is applicable to both gum stocks
and stocks containing nonreinforcing fillers such as clay, talc, ammonium per-
chlorate, etc. Expressions are given for equilibrium solvent swelling of filled
stocks under various conditions. Solvent swelling is related to network segment
density, and filled and unfilled stocks are shown to lie on the same curve.

TEST METHODS
Crosslink Density

Crosslink density, or rather network segment density, was determined by the
solvent-swollen compression modulus technique introduced by Cluff, Gladding,
and Pariser.? Their relation between network segment density of gum stocks
and the slope of the sample height-versus-applied-weight curve was given without
a complete derivation. A derivation that has been directed to stocks containing
nonreinforcing fillers is given here in Appendix A. The resulting equation is
applicable to these stocks and to gum stocks but not to stocks containing rein-
forcing fillers. The procedure used in the experimental work was as follows:

The test specimens were cut with a No. 8 cork borer and were 6-10 mm thick.
The height and diameter of the specimens were measured in cm with vernier
calipers to three significant figures. The samples were swollen for one week at
a temperature of 24 to 26°C in containers with ground-glass tops in 35 ml tet-
rahydrofuran which was saturated with the fillers in the sample. Solvent was
changed twice during the week of swelling, on the third and fifth days. After
seven days, the sample was removed and placed in a dish. The dish was filled
with the solvent, covering the sample completely, and placed on the platform
of a micrometer gauge support. ‘

The micrometer gauge was graduated in half-mil divisions with adjustable
zero point and fitted with 1.5-in.-diameter aluminum plates at the top and bot-
tom of the plunger. The plates were of minimum weight and the bottom plate
completely covered the swollen sample. The gauge was mounted on a stand
having a platform verticaily adjustable by a clamp. The platform was raised,
the support was lightly tapped with a rubber hammer, and the gauge dial was
set to zero. Weights were added to the top plate. The increments of weight were
such that five or six additions caused the dial to move from zero to a final reading
of about 20 mil. After the sample had been compressed by 20 mil, the weights
were removed and the procedure repeated once or twice until successive readings
with a given weight gave the same deflection on the dial. The gauge support was
tapped lightly after each addition of weight to prevent the needle from
sticking.

The data were plotted in terms of deflection in mils of the solvent-swollen stock
versus weight in grams added to the gauge platform. Readings before good
contact was made between the sample and the gauge plate were discarded. The
best straight line was drawn visually through the valid readings and the slope
of the line in g/mil was calculated.

The network segment density,

_ 6.6093 X 10~°h S
Te ¢pd?

mmole/m3 of gel (1)
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where £ is (1 — ¢5/¢8)1/3/(1 — ¢5)2/3 for stocks containing nonreinforcing fillers;
h = height of original unswollen sample, in cm; d = diameter of original unswollen
sample, in cm; S = slope of height versus applied weight curve, in g/mil; ¢g =
volume fraction of binder in the stock, calculated from the formulation; ¢, =
volume fraction of sol (extract) = d,,/d. X wt fraction extract; d, = density initial
stock, calculated from the formulation; and d. = density extract, calculated, or
by measurement on a Soxhlet extract.

The network segment density on the binder is v ¢.p and in the whole stock
is

YebgBPB = Yebg

where ¢gp = volume fraction of gel in the binder = (¢5 + ¢y — ¢5)/dp; ¢ =
volume fraction of gel in the whole stock = ¢p + ¢4y — ¢s, and ¢y = volume
fraction of soluble filler, if any.
The crosslink density is related to the network segment density by
Xg = I?‘zg mmole crosslinks/g gel
where F' = network functionality, taken to be 3; d; = density gel = (dp¢p —
d.ds)/ (9B — ¢s); and dp = density binder, calculated from formulation.

Solvent Swelling

Crosslink density by solvent-swollen compression modulus was correlated with
solvent swelling values using as solvents methylene chloride, acetone, and tet-
rahydrofuran (THF) saturated with the fillers in the stocks. Methylene chloride
and saturated THF dissolved essentially none of the filler, and acetone dissolved
all of the fillers except aluminum. The procedure for solvent swelling was as
follows:

Samples of the material to be tested, weighing approximately 1.0 g, were cut
into at least 50 pieces so that no piece weighed more than about 25 mg. The
pieces were placed in an accurately tared weighing dish with a ground-glass
stopper, and weighed to 0.1 mg. Thirty-five ml of solvent was added. Solvent
was changed twice during a week of swelling, on the third and fifth days. After
seven days, the highly volatile solvent was decanted. The inside of the weighing
dish was wiped dry with absorbant tissue taking care not to wipe the sample, and
the lid was quickly replaced on the weighing dish. The swollen sample and the
dish were weighed immediately to the nearest milligram. The solvent was re-
moved under full vacuum for 4 hr in a vacuum oven at 60-65°C. After cooling
to ambient temperature, the sample and dish were weighed again. Three weights
were obtained: the initial weight (I), the swollen weight (S), and the final weight
(F).

From the three weights, I, S, and F, the volume fraction of polymer in the
solvent-swollen gel (V5), the weight percent extract on the sample, and the vol-
ume fraction of gel in the binder (¢4p) were calculated. The quantity V, was
calculated from

]
a—bl—

I
Vo= (2)

REERE
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where a = s, when the solvent dissolves no filler, MeCly; a = s,(¢p + ¢g’)/¢B
when the solvent dissolves part of the filler, acetone; b = s,/¢p; ¢ = sp; d = 85,
e = s; and sp, s, and s, are the specific volumes of the initial stock, the extract,
and the solvent, respectively; s, was calculated from the formulation while s,
was calculated or measured in a pycnometer; ¢g is the volume fraction of binder
in the original stock, and ¢y is the volume fraction of filler soluble in acetone in
the original stock. The derivation of this expression is discussed below and in
Appendix B. Definitions of the coefficients a, b, ¢, d, and e under other condi-
tions are given in Table 1.

EXPERIMENTAL AND DISCUSSION

Crosslink densities were measured using the solvent-swollen compression
modulus method described above on the six filled and unfilled stocks listed in
Table II which were prepared at three reactant ratios. The stocks were swollen
in tetrahydrofuran saturated with the fillers in the stocks. Results are given
in Table III in terms of mmole of nétwork chain segments per ml of gel (y,) and
per ml of binder (yg). For comparison g is shown calculated from the ratio
of gel to sol in the reactive portion of the binder using relation?:

ng Wg
YB= YgbgB = 0.0065 ( )¢gB 3)
2 \1-— Wg

where F' = network functionality = 3; d, = density of gel; W, = weight fraction
gel in the reactive portion of the binder; and ¢z = volume fraction gel in the
binder phase.

Solvent swelling measurements were carried out for years in the rubber in-
dustry as a qualitative measure of vulcanization. The Flory—Huggins relation
showed some decades ago that solvent swelling values were related quantitatively
to crosslink density through the polymer—solvent interaction parameter. Such
measurements have been employed extensively for gum stocks and for stocks
containing reinforcing fillers.* It was pointed out by Bills and Salcedo® in 1961
that the polymer in stocks containing nonreinforcing fillers broke loose from the
filler particles during solvent swelling forming cavities which filled with solvent.
This extra solvent is not properly part of the binder phase, and these workers
showed how to correct for it. Their derivation assumed that the filler was in-
soluble and did not adhere at all to the binder. Blackley and Sheikh® found cases
of partial adherence between filler and binder but did not correct for solvent in
cavities.

Properly carried out solvent swelling results are quite precise. Measurements
were carried out eight times on one sample by one operator as shown in Table
IV. The average deviation from the mean value of V3 was only 1.05% of the
mean.

The term Vs occurs in thermodynamic expressions involving polymers in-
cluding the Flory-Huggins equation. It is the volume fraction at equilibrium
of polymer or crosslinked polymer in a single-phase solvent-swollen system and
is the reciprocal of the swelling ratio for solvent-swollen crosslinked stocks. For
gum stocks the term is without ambiguity. However, the presence of filler ne-
cessitates a calculation to present the data in terms of the binder phase only.

In such a case, the filler may or may not release from the binder during solvent
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TABLE II
Formulations Employed?
1 11 111
A B A B A B

Hydroxyl-terminated polyester + 7.8 26.0 6.6 26.4

polyisocyanate
Hydroxyl-terminated polyester + 9.5 31.5

N/CP + polyisocyanate
Plasticizer 22.2 74.0 18.4 73.6 20.6 68.5
Aluminum powder 19.5 18.0 19.5
Oxidizing filler¢ 50.5 57.0 50.5

a Stocks were cured at three NCO/OH ratios.
b Nitrocellulose.

¢ Partially soluble in acetone, slightly soluble in tetrahydrofuran, insoluble in methylene chloride.

swelling and some or all of the filler may or may not dissolve in the solvent. The
expression for the volume fraction of polymer in the solvent-swollen polymer
or binder phase will assume various forms according to the conditions actually
occurring. One may distinguish six conditions which lead to different expres-
sions for V. In all of these expressions some of the binder phase is assumed to

be extracted by the solvent.

Binder alone present

Vo— Vg
Vo=——
2 v,
Complete binder—filler adhesion
¢8Vo— Vi
Vo=—"—"—7—
2 Ve — ¢0Vo
Partial binderfiller adhesion, filler insoluble
V= Vo— VEe/éB
Ve [1 + ¢ok/¢s]
See Appendix B.
No binder—filler adhesion, filler insoluble
Vo — VE/¢B
Vo=—7T77"—=
2 v,

For derivation see ref. 5.
No binder—filler adhesion, filler partially soluble
V. = (¢ + ¢5)Vo— VE
=
¢B Vg
Vo— (Vg — AVy)/¢B

Vo=
2 Vg

See Appendix B.
No binder-filler adhesion, filler completely soluble
Yo- Vg

Vg =
¢B Vg

(4)

5

(6)

(7)

(8a)

(8b)

@
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TABLE 1V
Precision of Vs Values
Vo Deviation from mean?
0.1246 +0.0002
0.1230 —0.0014
0.1244
0.1222 —0.0022
0.1286 +0.0042
0.1245 +0.0001
0.1231 —0.0013
0.1251 +0.0007
Mean 0.1244 + 0.0013, ¢ = 0.00195

2 The value of the coefficient of variation = 0.0157.

where Vg = initial volume; Vg = volume of extract; V, = volume of solvent
swollen gel; AV = volume of filler dissolved; ¢o = volume fraction of filler in
initial stock; ¢p = volume fraction of binder in initial stock = 1 — ¢q; ¢s = volume
fraction of soluble filler in initial stock; and & = bonding factor. Equations (6)
and (8) are derived below in Appendix B, while eqs. (4), (7), and (9) follow from
eq. (8). Equation (9) follows from eq. (8).

Four premises were used in deriving the relations:

(1) In the absence of external or internal pressure, a hole in a piece of cross-
linked rubber will occupy the same volume fraction of the rubber regardless of
whether part of the rubber dissolves or whether solvent is added to the
rubber.

(2) When a filled stock is swollen to equilibrium in a solvent, if the filler par-
ticles are everywhere broken loose from the polymer, the ratio of the diameters
of the swollen holes around the particles to the original particle diameters will
be the same as the ratio of the swollen linear dimension to the original dimension.
This statement will be true even if part of the binder or part or all of the filler
dissolves.

(3) Because of the pressure of the atmosphere when a solvent-swollen filled
stock is dried, the stock will collapse completely around the spaces occupied by
the filler particles even if some or all of the filler has dissolved.

(4) If the solvent-swollen filled stock exhibits no binder—filler adhesion, the
volume of the swollen holes including filler can be expressed by ¢oV;. See Ap-
pendix B and ref. 5.

The volume of extract, Vg, will be the weight extracted divided by the extract
density. It should be remembered that if some filler dissolves, the dissolved filler
will change the extract density as will degradation of the binder during aging.
Equation (8b) contains the term AV}, the volume of dissolved filler. To deter-
mine this volume, a separate measurement must be made of the proportion of
extract and insolubles using either a solvent known not to dissolve any filler or
a solvent saturated with the filler; AV, then becomes the difference in weight
fraction of insolubles multiplied by the initial weight and divided by the density
of the dissolved filler.

In the case of stocks in a solvent which dissolves some filler eq. (8) would apply,
or if in a solvent saturated with the filler eq. (6) would apply, the value of & being
unknown. However, when Vs is to be used only to calibrate against crosslink
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density, the form of the relation is immaterial. For the purpose of determining
polymer—solvent interaction parameters, however, the true value of V; must be
used.

If a stock is measured in a solvent capable of dissolving filler and also in a
solvent saturated with the filler, V5 values calculated according to eqs. (6) and
(8) should be the same. Expression (6), however, is identical with expression
(7), with the exception of a factor in the denominator:

_ _ _ _exp. 7
Vs = exp. (8) = exp. (6) 15 ak/on oo/ (10)
koo exp.(7)
¢  exp. (8) (11)
¢Blexp. (7)
= 2B|&XP- 10 4 12
dolexp. (8) ] 12

Expressions (7) and (8) can be readily calculated from experimental data. Two
stocks were swollen in THF saturated with fillers and in THF less than saturated
as shown in Table V. No filler was removed by the saturated solvent, but some
was removed by the unsaturated THF. The appropriate expressions (7) and
(8) were used for calculation with the result that essentially the same V3 values
were obtained. That is, &, the bonding factor from eq. (12), was zero. Equation
(7), therefore, yielded correct values of Vy when THF saturated with the fillers
was employed as the swelling solvent. Methylene chloride gave almost complete
binder—filler release, with k being approximately 0.04.

Polyester—polyurethane stocks shown in Table II were each prepared at three
NCO/OH ratios with and without filler. Part of the filler was soluble in some
organic solvents and the remainder, aluminum powder, was not. A high pro-
portion of plasticizer was present. Solvent swelling was carried out in acetone,
which under the conditions of test dissolved all of the filler except aluminum,
in methylene chloride in which the fillers were essentially insoluble, and for most
of the stocks in tetrahydrofuran (THF). When filled stocks were used, the THF
was saturated beforehand with the filler.

Results are shown in Table III. The swelling tests were carried out so that
all solubles were extracted. Extract contents found for stocks IB and IIB are
listed but are too low. Either the stocks were mixed incorrectly or plasticizer
was lost from them before the measurements. The V; value in methylene
chloride was calculated using expression (7) above for the filled stocks and ex-
pression (4) for the gum stocks, both modified as in eq. (1) and Table I. Inace-
tone, expressions (8a) and (4) were used, and in THF expressions (7) and (4) were
used, all in the form of eq. (1) using the coefficients in Table 1.

TABLE V
Effect of Dissolving of Filler on Calculated V3 Value
NCO/OH Solvent Insolubles, % Vs
0.75 sat., THF 78.1 0.1022
unsat., THF 73.5 0.104P
0.85 sat., THF 77.3 0.1242
unsat., THF 72.8 0.125P

a Using expression (7).
b Using expression (8).
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VZ’ Methylene Chloride

) — 1 L
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Fig. 1. Solvent swelling in methylene chloride and acetone: (®), stocks I and II, A and B; (0),
stocks II1, A and B.

Figure 1 compares V3 on the various stocks swollen in methylene chloride and
in acetone. The filled and unfilled stocks lie on the same curves. Stocks III,
having a different composition, lie on a separate curve from stocks I and II. Vo
was correlated with crosslink density, using not the Flory-Huggins relation itself
but the approximation derived from it:

(xc = x)V§

v, (13)

Ye =

where x = polymer-solvent interaction parameter, x, = polymer—solvent in-

teraction parameter at phase separation, V; = molar volume of swelling solvent,

and n = approximately 5/3, so that log v, varies directly with log V5 and the curve

can be characterized by the coefficient and exponent. Such curves are shown

in Figures 2-4. Filled and unfilled stocks lie on the same curve showing that.
dividing the expression for crosslink density of the filled stocks by the volume
fraction of binder as given in Appendix A is correct. It was also found that stocks
III and stocks I and II gave a single curve when V, was measured in methylene

chloride. In order for this situation to occur, the (x. — x) term in eq. (13) must
be the same for all the stocks in methylene chloride.

Figure 5 compares the network segment density in the binder obtained by
solvent-swollen compression modulus and by the sol-gel method of eq. (3). It
is evident that the proportions of extract found from which the gel and sol con-
tents based on reactives were calculated must be fairly correct. Agreement
between the two methods is to be expected since eq. (3) was obtained using a
calibration against compression modulus results.?
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Fig. 2. Network segment density versus equilibrium swelling in acetone. For legend, see caption
in Fig. 1.

CONCLUSIONS

Since log V3 of both gum stocks and filled stocks falls on single straight-line
curves when plotted against log 7v,, the values for the filled stocks are contin-
uations of those for the gum stocks and the expressions leading to Vz and v, for
the filled stocks are probably correct. That is, the result of Cluff, Gladding, and
Pariser3 for v, by solvent-swollen compression modulus must be divided by the
volume fraction of binder and corrected for binder—filler release and change in
dimensions during swelling as shown in Appendix A. Furthermore, the modified
equations for Vo, eqs. (6-9) give true values for Vs for stocks containing non-
reinforcing fillers under the various conditions of binder—filler adhesion and filler
solubility.

The author wishes to thank those who helped in the work: Dr. Henry Marshall, Dr. Kenneth
Hartman, Mr. George W. Nauflett, Mrs. Irene Mosher, Mr. Billie Weedon, Mrs. Susan Peyton, Mr.
Dorn Carlson, and Dr. Randall Frost. The opinions or assertions made in this paper are those of
the author and are not to be construed as official or reflecting the views of the Department of the
Navy or the naval service at large.
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Fig. 3. Network segment density as function of equilibrium swelling in methylene chloride. For
legend, see caption in Fig. 1.

APPENDIX A
Swollen Compression Modulus of Filled Stocks
Deformation of a Swollen Network

Flory,! p. 492, eq. (B-4), gives
RTvV3%3
y=—_2
Vs

where 7 = force per unit area after swelling referred to the swollen, unstretched cross section; v =
network segments in a volume, V;, of solvent-swollen stock; o = stretched length/unstretched length;
and V3 = volume fraction polymer in solvent-swollen gel. This equation was derived in terms of
the dimensions of an average tetrahedral cell in the swollen state as compared to dimensions of the
unswollen polymer network and the V; term is on the binder phase only and excludes filler. It was
derived by Flory and Rehner? and by James and Guth® for a gum stock. The relation between the
variables in eq. (14) may be determined for a filled stock by introducing into the beginning of the
derivation of eq. (14) the equation of Bills and Salcedo® for V5, the volume fraction of binder in a

solvent-swollen gel in a stock containing nonreinforcing fillers. Their equation is

(@ —a?) (14)

_ vol stock -~ (vol extract/¢g)

vol solvent-swollen stock
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0.04-

0.03.

Yg» M. mole/ms X 108
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Fig. 4. Network segment density versus equilibrium swelling in tetrahydrofuran: (@), stocks
IA and IIA; (O), stocks I1I, A and B.

In the absence of extract,

_ vol stock
2 vol solvent-swollen stock

Letting cy, ay, and «, represent the dimensional changes due to swelling of the filled stock,

vol solvent-swollen stock 1

vol stock Vo
which is identical to a;ay o, for gum stocks. Because of this identity, further development as on
page 492 of Flory’s textbook! leads to eq. (14) so that eq. (14) is correct for filled stocks with 7, v,

and V3 having values appropriate for these (extracted) stocks. The network segments per unit
volume of swollen extracted stock are

O Qly Oy =

LA %4
Vs RT(a~ a2
It should be observed that the “front factor” (8-12) was not introduced into eq. (14). This omission
was deliberately made by the author, since he regards the existence of the front factor as doubtful.

A possible exception would be the ratio of the mean-square end-to-end distance in the undeformed
network and the free network segments.®® This ratio, however, probably has a value close to 1.

(15)
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Fig. 5. Comparison of binder network segment density by compression modulus and sol-gel
methods. For legend, see caption’in Fig. 4.

If the sign of the denominator is reversed in eq. (15), i.e., (a™2 — &) instead of (« — a™2), it is also

valid when « is the compression ratio, defined as h/h, where h is the height of the compressed swollen
sample and h; is the height of the swollen uncompressed sample. Making use of the approxima-

-4

_ 3 —h)_38h

1 l] (16)
o

it can be shown that

-2 _ a7
a a . hs )
or
ro_ Th V3 18)
Vs 3RT Ah

Approximation (16) is sufficiently exact if 1/« is between 0.9 and 1.1, that is, for 10% compression
or less. Some other workers!314 have not used this approximation, but according to results of Melley
and Stuckey!® more exact expressions yield results which differ negligibly from those obtained
employing the approximation and which are used here and by Cluff, Gladding, and Pariser.?

7 and Ah in Terms of Compression Modulus of Extracted Stock

7 is the weight on a unit area of the swollen stock from which the extract has been removed. In
terms of the dry extracted stock

T= T(I)V%/a
SAh
Al

=
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where 7} = weight per unit area of unswollen extracted stock; A! = area of sample after swelling and
drying, and S = slope of the weight vs. Ah curve.

_SAh vis
A
from which
v Sh,V§?
V., 3RTA!

(19)

Vs for a Filled Stock

Up to this point with development has been for a swollen and extracted stock. The variables will
now be placed in terms of an unswollen stock containing plasticizer. V. is the volume fraction of
insoluble binder in the solvent-swollen gel exclusive of filler. The fillers are assumed to be non-
reinforcing and the ideas of Bills and Salcedo® would hold:

1 extract
initial vol filled stock — —————xoct
vol fraction binder

V2 = (20)
vol solvent swollen stock

For a gum stock the volume fraction of binder is 1.0.

Let V¢ = initial vol stock, unswollen = h}; V} = Vol dried stock after swelling = (h})3; Vg = vol
of sol (extract); V¢ = vol of filler; V,; = vol of solvent swollen stock = h2; ho = initial height of un-
swollen stock; h§ = height of dried stock after swelling; h, = height of solvent-swollen sample; ¢,
= vol fraction sol (extract) in initial stock; ¢sg = vol fraction sol (extract) in binder; and V} = V,
X vol fraction gel and filler in initial stock = Vg (1 — ¢,). Then

(h)? = h {1 — ¢5) (21)
Substituting symbols in eq. 20 for Vs,
Vo — (VE/dB) Vo( Ve ) Vo (hoj?’
Vy=s—2 —EPB 0 _E 20 ) = (L — & 22
2 V. V. Voo V. (1 — ¢s8) B (1 — ¢sB) (22)
from which
Vv
Ve =—X1 - ¢,5) 23)
Va
he = 221 = gyp)18 (2

Vé/a

Correction for Change in Dimensions

The area of the dry extracted sample in terms of the initial area is A(1 — ¢)%/3, Making this change
and substituting eqs. (23) and (24) in eq. (19) we obtain

v _ Sho(1 = ¢sp)'73

Vo1 — ¢s8) 3RTA(L - ¢,)2/3
Now »/V, is v, the network chain density of the initial filled stock. It is equal to ¢ads = dgpdB7Y,
where g and 7y gare the network chain densities of the binder and gel and ¢gg is the volume fraction

of gel in the binder, or (1 — ¢;p).
Therefore,

__heS (1-¢sp)'s
3RTA¢p (1 - ¢5)??

For convenience ¢sp may be replaced by ¢,/¢5.

Ye (25)
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Collection of Terms

In terms of the diameter of the sample, d,

4hoSf
=Nl 2%
Ve S RTrd%sg (26)
6093 X 10-%0S,
- 66_0_[ 27

¢pd®
where v, = network segment density, mmole/m3 of gel; ho = height of original unswollen sample,
cm; S = slope of height versus applied weight curve, g/ml (0.001 in.); R = 84780 g-cm/K-mole; T =
298.2 K; ¢ = vol fraction of binder in original stock = 1.0 for gum stocks; ¢s = vol fraction of sol
(extract); d = diameter original unswollen sample, cm; and f = [(1 — ¢s/¢a)1/3)/[(1 — ¢,)¥/3).

APPENDIX B

Equilibrium Solvent Swelling of Filled Stocks*

A known amount of a crosslinked binder stock or filled stock containing no reinforcing filler is
swollen to equilibrium in several changes of a good solvent for the noncrosslinked binder. The weight
of the swollen stock is measured. The solvent is removed and the amount of dry stock remaining
is determined.

Volume of Swollen Holes and Bonding Factor

Define the following quantities: lo = dimension of stock in dry condition, | = swollen dimension,
ag = filler particle diameter, a = diameter of swollen hole around particle, n = number of filler
particles in a unit vol, & = binder-filler bonding factor, V, = initial vol of stock, V, = vol of swollen
stock, Vg = vol of dried stock after swelling, Ve = vol of extract, ¢o = initial vol fraction of filler,
¢4 = vol fraction filler in dried stock after swelling, and V3 = vol fraction of polymer in the swollen
gel.

When a filled stock is swollen to equilibrium in a solvent, if the filler particles are everywhere broken
loose from the polymer, the ratio of the diameters of the swollen holes around the particles to the
particle diameters will be the same as the ratio of the swollen linear dimension to the original di-
mension, i.e.,

alag = 1/ly (28)

even if some or all of the particles dissolves. However, if some bonding of filler particles to polymer
remains, the statement will not be true and a “bonding factor” will be introduced. Let

alag = (1 — k)3 (I/lo) (29)

where k may vary from zero for zero bonding to possibly as high as 0.9 but cannot reach 1 for complete
bonding.

volume of filler = ¢ol§ = nwal/6 (30)
ao/ly = (Bgo/nm)1/3 (31)
volume of swollen holes including filler = nwa3/6 (32)

l 13
a=(1- k)l/sﬂ = (1 — k)1/3 l(%) . (33)

lo nw
nwa?
= (1 —k)¢pol® = (1 — k)poV (34)
If part of the filler dissolves, £ = 0 and

volume of holes, including remaining filler, = ¢oV, (35)

* This section owes much to a paper of K. W. Bills, Jr., and F. S. Salcedo.?
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General Expression for Vg

initial filler volume = ¢oVy
final filler volume = ¢4V4
volume polymer after swelling and drying = Vo — Vi — ¢aVg = (1 — ¢4)(Vo — VE) (36)
It is assumed that the holes collapse around the filler particles on drying:
volume solvent in swollen holes = ¢oVy — ¢aVa = ¢oVe — ¢a(Vo — VE)

volume solvent in swollen polymer = V, — (Vo — Vg) ~ [¢poVg — ¢a(Vo— Vg)] = Vg = Vo + VE
— ¢V + daVo — ¢aVe

_ (1 — ¢a)(Vo~ Vg) _ (0 =¢a) (Vo= VE)
(1 - ¢a)Vo—VE)+ Vy = Vo+ Vg — ¢oVy + ¢aVo — ¢aVE (1 - ¢o) Vg

The (1 — ¢4) must be expressed in eq. (37) in terms of the filler that dissolves. The filler that
dissolves may be known accurately in cases where there is a filler or mixture of fillers, one or more
of which dissolves completely in the solvent. In the general case the filler that dissolves must be
determined by a separate experiment using another solvent known not to dissolve any filler.

Let ¢4 = volume fraction of filler in initial stock which dissolves. By definition,

ba = (o — ¢p) Vo
N Vo— Vg

Vs (37)

and since (1 — ¢g) = ¢85,

Vo= (¢ + ¢g)Vo— Vi (38)
¢BVg

Replacing Volumes by Weights

Let I = initial weight, S = equilibrium solvent swollen weight, F = final dry weight after swelling,
sp = specific vol of initial stock, s. = specific vol of extract, and s, = specific vol of solvent. Sub-
stituting these in eq. (38), dividing numerator and denominator by I, and noting that V, is the actual
volume of the solvent-swollen gel and is the initial volume of the sample minus the volume of extract
and plus the volume of solvent in the sample, (S — F)/d;, we obtain

Sp(th*’M_&(I—F\
B ¢n\ T )
Vz—

When the proportion of filler dissolving is not known, a separate experiment using a solvent in
which the filler is insoluble would have to be carried out. Insuch a case ¢zV is the volume of filler
dissolving which can be expressed as

57 (5

where sy = specific volume of filler dissolving and the primes refer to the case where the filler is in-
soluble. Then eq. (38) becomes

L[58 2{E=E)
°P ¢B(se s;)( IF) ¢B\ It

so 5. P -5 (5]

Here (1! — F1)/I' will vary with the state of cure and cannot be regarded as a constant. The calcu-
lated values of V5 from this equation are quite sensitive to the value of (I* — F1)/I'! used.

(39)

(40)
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Partial Binder—Filler Adhesion

If none of the filler dissolves and there is some adhesion between the binder and filler in the
presence of the swelling solvent, then k in eq. (34) is not zero. As a result, eq. (37) becomes
1- VoV
V, = (1~ ¢q) (Vo — Vg) @1
[1-(Q—k)¢o Vg

Making use of the relations

Vo— Ve=Vy
and
¢aVa = ¢oVo
Equation (41) may be transformed to
\%
Yo7 E¢ )
Vpm 42)
[1 P
(1 = ¢o)

From the general case of partial filler solution, eqs. (38) and (39), the other cases given in the text
above may be derived except that for complete binder—filler adhesion.
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