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ABSTRACT

Chemical crosslinking of polymeric binders is possibly the most significant
factor affecting the mechanical behavior of unfilled end highly filled elastomers.
There are basically two physical methods used by various investigators for
experimentally determining the degree of crosslinking in elastomeric inaterials,
These are the swelling method using Flory's equation and the equilibrium stress-
strain method. The procedurc discussed in this report is recommended as a
tentative standard procedure to be followed in the collection of equilibrium
stress-strain data and in the use of these data in the determination of the
effective crosslink density of polymeric binders and composite propellants.
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Section . INTRODUCTION

The requirement for some degree of permanence of structure in rubbery
materials is usually achieved by the introduction of occasional chemical eross-~
links between polymer chains. This results in a three-dimensional network in
which a very large number of polymer molecules are joined together in one
molecule of essentially inifinite molecular weight., The crosslinking or curing
process prevents chain-chain slippage when deforming stresses are applied to
the sample. Most rubber-hased composite propellants are highly filled with
crystalline and metallic particles. Failure in these composite materials
originates at the filler particle or binder molecular level. The stress-strain
response and failure properties of these materials have been shown to be
dependent on the binder characteristic parameters such as crosslink density,
volume fraction of extractables [1], and molecular weight distribution of the
prepolymer used in the formulation [2). The addition of rigid filler particles
further amplifies the complexities of the response mechanism, and the deforma-
tion characteristics reflect the combined influence of both the binder and filler.
Therefore, a structural definition of the binder network would be especially
useful to the propellant technologist if the network's definitive property can be
translated into meaningful ;roperty characteristics in some quantitative fashion.
A method most commonly used to relate the binder network structure to
mechanical behavior involves stress-strain measurements on a solvent-swollen
specimen after equilibrium swelling has heen obtained {3]. Section II contains
the theory underlying the use of equilibrium stress-strain behavior to determine
the crosslink density. In Section III the work of various investigators that have
used this basic method is discussed. Section IV contains the experimental pro-
cedure recommended for adoption as a standard to be used by contractor and
government installations. In Section V the procedure recommended in the
treatment and reporting of the data is discussed, and in Section VI the statistical
variation of some crosslink density data determined from equilibrium stress-
strain measurements is given.
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A method most commonly used to relate the crosslink density of the net-
work structure to mechanical behavior involves stress-strain measurements at
equilibrium condiilons. This method of deterniining the crosslink density may
be related to two different theories. A Gaussian statistical network theory of ~ o
rubber elasticity as proposed by Flory and Rehner [4] resulted in the relation ‘

F _ -2
y veR’I‘(h -A7% (1)
i
where
F = force (g/cm?)
A1 = the initial cross-sectional area of the unstrained specimen (cmz)
R = universal gas constant (8.479 x 10% gm-cm/mole, °K)
T = test temperature (°K)
A = extension ratio.

This same method has been related to a non-Gaussian statistical theory of
elasticity as proposed by Mooney [5] and Rivlin [6] and expressed by the
equation

2C, + 2C,/\ = -AE-/(A - A"y, (2)
i

where C; and C, are independen: parameters. C, has been defined as the
Gaussian term (C, = 1/2 ve/ RT), and C, is related to the internal energy of

the rubber contributed by the non~-Gaussian characteristics. Although the con-
gtant 2C, in Equation (2) has not been given full physical significance, it may be
interpreted as a combination of factors which cause deviation of the real
material behavior from the Gaussian statistical theory predictions, at small to
moderate strains,

It can readily be seen that, when the material behavior exhibits only
Gaussian characteristics, Equaticn (2) reduces to Equation (1) as C, supposedly
approaches zero,
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Equations (1) and (2) apply to the material behavior only in the region of
time-independent response; therefore, one must assume that the experimental
data are obtained under equilibrium conditions and in the absence of any chemi-
cal degradation which occurs in some elastomers and composites at high tem-
peratures. A convenient experimental method used by many investigators to
enhance the equilibrium behavior in an elastomeric material is that of swelling
the elastomer in a nondegrading solvent. The effect of imbedded liquid (in the
swollen material) on Equations (1) and (2) has been accounted for by introducing

1
Vz/ 3 (volume fraction of gel) and basing the stress on the area of the network
structure, An' The resulting expression for Equation (2) is

1/ N

3

X—f;KYJ-:T!-)- = 2C; + 20/)\ (3)
n

where

V, = volume fraction of rubber (gel) in the swollen kbinder

area of the network structure in the unstrained unswollen state

il

h

and the other parameters are as defined previously.

Highly filled systems such as solid propellants present a particularly
difficult problem with respect to crosslink density characterization. The bond
between filler and binder pulls loose when the material is deformed and there-
fore equilibrium measurements are almost impossible to obtain.

The technique of solvent swelling [3] provides a useful method of eliminat-
ing the binder-filler interaction. It has been shown by Bills and Salcedo [7] that
when propellants are immersed in some solvents, the binder swells away from
the filler particles, which are then suspended in a "pocket" of solvent within the
swollen binder. It may be anticipated, then, that swollen stress-strain measure-
ments of solid propellant samples should allow one to evaluate the binder charac-
teristics alone, free from the confusing interaction effects,

In many cuses, the fraction of polymer not connected in the network
structure of the hinder component (sol fraction) and ineffective in supporting
a load may be a significant quantity. Therefore, a correction is required for
both the filler fraction and the sol fraction of the binder in the evaluation of the
volume swelling ratio and the cross-~sectional area of the network structure.
The effect of the sol fraction on the swelling ratio of the gumstock lvz") was
accounted for by Bills and Salcedo {7} with the following relationship:




V +V -V
p st e (4)
vp + vefvb

VQ=

where

volume of the specimen ir. the unstrained unswollen state

<
i

<
"

volume of solvent in the swollen specimen

<
"

volume of extractable polymer (volume of sol) in the specimen

<
u

volume c¢f binder in the specimen.

The volume fraction of rubber in the network structure {gel) is defined by the
following relationship:

Vo=1- oo, (5)

where V, is the volume fraction of network structure in the binder component
and the other symbols have the same meaning as previously defined. The
geometrical equilibrium swelling ratio, Q, is defined by the relationship

V +V,_ -V
p st e

Q=L : (6)
p

and substitution of Equations (5) and (6) intoc Equation (4 with rearrangement
yields the following relationship for the determination of v.:

v2=l’-Q°-. (7)

The geometrical equilibrium swelling ratio may be obtained from the specimen
dimensions with the assumption of isotropic material behavior in accordance
with equation (8):

Q=+ (8)




where hi is the height of the unswcllen unstrained specimen and h is the swollen

unstrained height. Bills and Salcedo have demonstrated that Equation (8) is a
valid estimation for comywsite material when the filler-polymer bond releases
because the filler particles do not then interfere with the binder swelling
behavior. It would then ropear that swollen tensile or compression measure-
ments would allow one to evaluate the binder ¢"1aracteristics without the com-
plicated binder-filler interactions.




Section I, LITERATURE SURVEY

In this section the experimental procedure used by several investigators to
obtain equilibrium stress-strain data which were subsequently used to determine
the crosgsiink density of elastomeric materials is discussed. It is not intended to
be a complete bibliography on the subject but should furnish a starting point for
those investigators desiring an extensive literature survey.

Cluff, Gladding, and Pariser [8] determined the crosslink density of a
polyurethane gumstock from tensile and compression data:

Fquilibrium compression modulus was measured on the apparatus

. which consisted essentially of a micrometer gauge with plates
attached to both ends of the plunger. This assembly was mounted on
a stand by a movabie clamp so the height could be adjusted to accom-
modate samples of varying size. The bottom plate was parallel to the
bottom of the stand. The elastomer used was a polyether urethane
containing carbon-carbon unsaturation and cured with an accelerated
sulfur recipe. Three vulcanizates were prepared, each at a different
state of cure.

Cylindrical pellets (0.5 in. high and 0. 75 in. in diameter) were
allowed to swell to equilibrium in toluene after the dimensions had
been measured accurately. This required about one week. A swollen
pellet was then placed between the bottom plates, and the entire
assembly was immersed in enough toluene to cover the peilet com-
nletely. This prevented solvent from evaporating from the pellets
during the determinations. Weights were placed on the top plate in
increasing amounts, and the deflection from the zero reading was
recorded for each weight,

Equilibrium extension modulus was measured on an Instron
tensile testing machine, Model TT-B (Instron Engineering Corp.).
Measured strips, anproximately 4 x 0.25 x 0,075 in., were allowed
to swell in toluene for six days at 25°C. The degree of swell was
determined gravimetrically, and the strips were then elongated to 50%
at a crosshead speed of 0. 02 in./mirute,

The compression and extension m-thods gave values of effective crosslink
density that agreed within 3 percent. Both methods agreed reasonably vell with
theoretical values calculated from the amount of sulfur used in the vulcanization.




Seely and Dyckes [9) determined the crosslink deusity of cellular and solid
silicon formulations with varying concentrations of crosslinking agents and cell
forming compounds:

Cylindrical specimens approximately 0.46 cm. high and
6.5 cm.? in cross section were die-cut from cured rubber slabs.
These specimens wece oven-dried for 2 hr. at 100°C. and then
weighed on an analytical balance. Specimen height was measured on
a Dice elecironic micrometer; six readings were averaged to the
nearest ten-thousandth of an inch.

The weighed, measured samples were placed in specimen jars
and then immersed in selected solvents ... . The samples were
allowed to swell until equilibrium swelling was attained (at least
10 days). The temperature was maintained at 23°C. within =0.5°C,
throughout the investigation, including the period of compression-
deflection work.,

In testing the specimens, a special steel platen tray was mounted
on the compression cell of an Instron Tester. The tray was filled
with the appropriate solvent and the instrument was calibrated. The
swollen specimen was then placed in the tray and subjected to a com-
pression loading at a rate of 0. 05 in./min, The test was discontinued
when the sample had been deflected approximately 10%, This test
was repeated twice after a i.5~min. recovery period for each test,

the method employed here for crosslinking determinations
is suitable for cellular rubber, since the data obtained from toluene-
swollen specimens agrees quite well with theoretical calculations.

Seeley [10] determined the effective crosslink density for four silicon-
filled silicone rubber vulcanizates at different degrees of crosslinking:

Right-cylindrical test specimens were die-cut from vulcanized
rubber sheets. This shape was considered to be less prone to
dimensional measurement errors, and the round cross-section
would tend to minimize any anomalous swelling effects that might
occur at or near the surfaces. The four rubber formulsations used
in this investigation ... were compounded, and vulcanized with con-
ventional rubber-processing techniques and equipment., Three
homologous series of solvents (A. R. grade in most cases) were
selected to give a wide range of swelling characteristics: benzene,
xylene and toluene; acetone, methyl ethyl ketone (MEK), and
methyl propyl ketone (MPK); methanol (MeOH), n-propanol
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{n-PrOH), and n-hexanol (n~-HexOH). Equilibrium swelling was
established (approximately 14 days) at temperatures of 8, 23, 41,
and 60°C. ... The compression-deflection measurements were
made at a rate of 0.05 in./min. on a Model TTB Instron tester with
an environmental chamber attachment. A temperature control of
20,5°C. was maintained during the swelling times to equilibrium,
and the temperature varied no more than 3°C. during the short test-
ing interval at the higher temperatures; the variation was less at the
lower temperatures.

Although the compression-deflection data from solvent-swollen
silicon rubber vulcanizates relate compatibly with a Gaussian
statistical theory, a non~Gaussian statistical approach as proposed
by Mooney for high strains accommodates the data more explicity.
The explicit equations of state derived for each solvent system are
of the Mooney type, involving two independent parameters. Assum-
ing the empirical equations are related to the theoretical Mooney
equations, values for the C, and C, Mooney parameters were deter-
mined. The C, parameter was found to vary with rubber formula-
tion, sclvent action, and equilibriuin temperature. However, at
60°C. the temperature dependence became negligible. The C,
parameter varied with solvent and equilibrium temperature.

Beyer and Carlton [2) used the tensile properties of solvent-swollen pro-

pellant and gumstock samples to determine the average molecular weight
between crosslinks and hence the crcsslink density:

The swollen tensile properties of the propellant samples were
measured with cast oval rings (3/16-in. -sq cross section with a
2-in. -long straight section before swelling). ... The swollen
properties of the gumstock were measured with milled rings (1-in.
diameter with a cross section of 1/10 in. x 1/8 in. before swell-

ing), ... .

This test was performed with cast oval rings ... swollen in ben-
zene for at least 5 days. The rings were stretched at a constant
rate of 0.1 in./min in the multistation tester. The data were
reduced on a computer to give values for the average molecular
weight between crosslinks Mc by the relation

i
M=pv/

3
] 2 RT/ Ge
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where vy is the volume fraction of the gel in either the swollen poly-

mer or the propellant corrected for the sol fraction and Ge is the

equilibrium shear modulus determined from a Mooney-Rivlin plot.

Kelly [11] used tensile and compression measurements on the solvent-
swollen material to determine the crosslink density of polyurethane, polybuta-
diene, and PBAN propellants:

Wooden tab end-bonded samples were used exclusively for these
measurements, [t was found, upon swelling in various solvents,
that in many cases the propellant-tab bond was not destroyed, but,
in fact, remained stronger than the swollen propellant. Tensile
measurements could then be carried cut in the swollen state by
attaching hooks to the wooden tab ends of the samples and applying
the loading device directly through the tabs,

The sample is suspended in a solvent-containing cylinder in a
thermostated bath. A chain is attached to the hook at the top end
of the sample and also to the scale-pan assembly on a tripie beam
laboratory balance ... . The other end of the sample is hooked
to a rod which extends to the bottom of the cylinder. The rod is
rigidly held in place by a ring stand which rests on a laboratory
jack.

The load is applied to the swollen sample by moving the riders
on the balance, and the laboratory jack ie adjusted te zero the read-
ing on the scale. Elongation is measured by a cathetometer which
follows the displacement of small bench marks obtained by imbedding
short pieces of fine wire in the sample of swollen propellant. The
samples reached equilibrium elongations within a few minutes of load
application and readings were taken at 10-gram increments, Cross-
link density is then determined by utilizing the two constant empirical
Monney-Rivlin relationships.

The experimental determination of v_ was acccmplished by

2
linear measurements of samples submerged in solvent for at leaat
four days with a subsequent change in fresh solvent at successive
2-day irtervals until equilibrium measurements were obtained,
Extraction of thin slices of prcpellant in a soxhlet apparatus was
attempted with varicus solvents until a system was achieved which

did not degrade the network. This determination was made by plotting
weight extracted against extraction time, and the attainment of a
reasonably level plateau was taken to indicate complete extractior:

it S i xid 33l s
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without degradation, Ethylene chloride was adopted as the most useful
golvent for the swelling and extraction procedures. Since the ammo-

, niumm perchlorate filler was somewhat soluble in ethylene chloride, a
water wash was applied to the extract before filtration and separation
of the organic phase. The extracted polymer solution was then con-
centrated and dried to constant weight in a small rotary evaporator.

Several preliminary attempts to determine cross-link density
by swollen compressiontechniques as described by Cluff, Gladding 4
and Pariser [8] on unfilled rubbers and by Seeley and Dyckes [9] ‘ ‘
on ceilular foams showed fairly good agreement with tensile tests
in some cases, but the scatter was generally greater for the filled
systems.

Landel and Tschoegl [12] utilized the tensile and compression data on
swollen SBR samples to determine the equilibrium modulus of SBR rubber:

Rings were cut from SBR sheets ... and were swollen in
toluene. The diameiers of each individual ring were measured with
a traveling microscope. The swollen rings had outer diameters of
about 2.5 inches and inner diameters of about 2. 2 inches. The
thickness and the width of the swollen rings were both about
0.3 inches providing a virtually square cross section. The tests
were made in the Instron tester at room temperature with the rings
fully immersed in the solvent at all times, At least two, but in
some cases more, rings were pulled at crosshead speeds of (. 02,
0.1, 0.2, 0,5, 1,0, 2.0, 5.0, 10,0, and 20. 0 inches per minute,

Data were obtained in uniaxial compression on swollen SBR
cylinders of about 1.5 inch diameter and 1. 5 inch height in the
swollen state., The test specimens were molded separately and
had parallel end faces. The tests were made at room temperature
and at crosshead speeds of ¢.02, 0,05, 0.1, 0.2, 0,5, 1.0, 2.0,
5.0, and 10, 0 inches per minute. The specimens were fully
immersed in the toluene during the compression.

The equilibrium modulus was determined from plots of nominal stress
versus the corrected neo-hoockean strain and from plots of Mooney stress,
/(A - A7?) versus 1/A, Although different values of equilibrium modulus were
obtained from compression and tension data, from the results presented it can
be concluded that the behavior of the swollen rubber in both uniaxial tension and
compreseion is neo-hookean up to break. The absence of any systematic effect .
of the extension rate on the measurements over three decades of crosshead
speeds indicated the mechanical and ultimate properties of the swollen rubber

10




are independent of time within the experimental error. The only effect of tem-
perature was found to be that predicted by the kinetic theory of rubber elasticity.

Martin [13,14] utilized the tensile and compression measurement on both
filled and unfilled PBAA and CTPB fomulations to determine the crosslink

density:

Specimens of each formulation ... were allowed to swell in ben-
zene for several days. The specimen dimensions were measured
periodically to determine when equilibrium swelling was obtained.

The geometrical swelling ratio was determined, and the assumption
of isotropic swelling condition was verified, The compression deflec-
tion and tensile deflection measurements were made on an Instron
Model TTB Tester at displacement rates of 0. 02 inch per minute,

The compression specimens were approximately 1/2-inch cubes in
the unstrained unswollen state,

... The binder stress-strain characteristics were determined using
a cast ring approximately 1 inch in outside diameter, 3/8-inch wide,
and 1/8-inch thick. The stress-strain characteristics of the com-
posite material were determined using die cut ring specimens
approximately 1 inch in outside diameter, 1/4-ipch wide, and
1/4-inch thick ... in the unstrained, unswollen state. The speci-
mens were submerged in the solvent during the test,

Plots of Mooney stress versus the reciprocal of the extension ratio were
then used to determine the crosslink density.

The methods of determining the equilibrium stress-strain behavior of
gumstock and propellants at equilibrium swelling conditions discussed in this
section are basically divided into two types. The method of placing or hanging
a dead weight on the sample and waiting for equilibrium deformation to occur is
both cumbersome and tedious. The method of measuring the compression and
tension properties of the swollen material at a constant low rate of deformation
seems to be more desirable since it eliminates the possibility of damaging the
swollen network structure by removing or placing weights on the sample by

hand.

11
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Saction IV. EXPERIMENTAL PROCEDURES

In this section is discussed the recommended experimental procedure
including the sample preparation, swelling measurements, and the physical
properties measurements at equilibrium swelling conditions. Perhaps the most
difficult experimental problem invelves the handling and clamping of the fragile
swollen network in preparation for tensile and compressive stress-strain mea-
surements. The sample configuration and technique described here eliminate
most of this difficulty.

l. Sample Preparation

The tensile stress-strain properties at equilibrium swelling conditions
for gumstocks and composite propellants are determined by using either cast,
milled, or stamped ring samples. The gumstock sample should be approximately
3/4 inch outside diameter, 1/2 inch inside diameter, and 1/4 inch wide in the
unstrained, unswollen condition. The composite samples should be approximately
1. 0 inch outside diameter, 1/2 inch inside diameter, and 1/4 inch wide in the
unstrained, unswollen condition. The compression force-deflection measure-
ments on gumstocks and composite propellants at equilibrium swelling conditions
are made on either cast, milled, or stamped right circular cylinders. Both the
gumstock and propellant sample dimensions should be right circular cylinders
approximately 1/2 inch in diameter and 1/2 inch high in the unstrained, unswollen
state, The area and height of the specimens do not restrict the use of the
Mooney relation for calculating the crosslink density at least for reasonabie
dimensions. However, the specimen height-to-diameter should be smaller than
a one-to-one ratio to prevent skewing under compression which would yield
unrealistic compression-deflection data.

2. Solvent Selection

While no one solvent is used by all investigators in the swelling of
polymeric material, benzene and toluene appear to be the solvents most com~
monly used. However, one should choose a solvent that will not degrade the
cured network. Preliminary extraction experiments on thin slices of the gum-
stock in a soxhlet apparatus using various solvents will allow one to determine a
system that will not degrade the network of the cured material. The cured
material is periodically removed from the soxhlet apparatus, dried in an oven,
and weighed. A plot is then made of extracted weight versus the extraction time.
The attainment of a reasonable level plateau in extracted amount should then
indicate that complete extraction may be obtained with the solvent without
degradation to the network structure.

12
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3. Swelling Ratio

After a suitable solvent has been chosen the gumstock and composite
material is allowed to reach equilibrium swelling conditions in the solvent.
Prior to placing the specimens in the solvent, they are weighed and measured.
The weight in grams should be recorded to the fourth decimal place. The speci-
men measurements should be recorded to at least the nearest one-thousandth
of an inch. The measurements should be taken with use of dial gage, cathatom-
eter, or similar instruments. The specimens are to be swelled preferably in
a dark place at a controlled temperature of approximately 75°F, The specimen !
dimensions are to be determined each day and recorded. The solvent should be f
replaced with fresh solvent at two-day intervals until equilibrium sweiling is 3
obtained. Equilibrium swelling is assumed to be obtained when the specimen
dimensions are the same for three consecutive days.

AR 18 S T i

é The geometrical swelling ratio of the specimen is then determined as : v
follows: ,
Q=373 (9)

i

where

Q = geometrical swelling ratio

h

i unswollen, unstrained height

h

swollen, unstrained height.

The volume fraction of extractable polymer in the binder is approximated as

- V & ———m—— . (10)

= volume fraction of extracted polymer

<
{

initial dried weight of suu:ple

£
f

final dried weight of sample

%
u

initial weight of binder in the sample.

€
H
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The volume fraction of binder in the swollen network structure (gel phase), V,,
is given by the relationship:

= - . 1
Vos1-V, (11)

Therefore, the equilibrium swelling ratio for the binder is

1.9
v =< (12)

where V,”! is the equilibrium swelling ratio of the binder.

The cross-sectiocnal area of the network structure is then

- avhs
A = AiVo , (13)

where

A_ = cross-sectional area of network structure in the specimen in the
unswollen, unstrained state

At = cross-sectional area of the specimen in the unstrained, unswollen
state.

4. Force-Deflection Measurements

Various investigators have used different apparatus for determining
the force-deflection measurements on swollen polymeric material. The recom-
mended method for determining the force-deflection measurements is the use
of the apparatus given in Figures 1 and 2 in conjunction with an Instron or
similar type testing machine. The apparatus used for the swollen tensile tests
is presented in Figure 1 and consists of a glass cylinder fitted with closures at
both ends with a suitable seal at the bottom for the pull vod. The bottom rod is
fastened to the crosshead; the top rod is fastened to a load cell, The swollen
ring is placed over the fixtures as shown and the cylinder is filled with the
solvent. The compression tests are conducted with the setup shown in
Figure 2. A flat plate is attached to a load cell mounted on the bottom of the
crosshead of the Instron machine (Figure 2). The swollen specimen is placed
in the position shown and the pan is filled with the solvent. As the crosshead
moves down compressing the sample, the force on the sample is recorded on
the Instron chart,

14
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Both the tensile and compression measurements are obtained at crosshead
displacement rates of 0, 02 inch per minute. When the crosshead displacement
rate and the chart speed are known, the force~-deflection measurements are
obtained from the Instron load~time chart, It is important that the specimen be
submerged in the solvent during the tests to prevent surface cracks from form-
ing on the specimen during the test due to solvent evaporation,

16




Section V. CRUSSLINK DENSITY CALCULATIONS

The Mooney-Rivlin expression for describing the equilbrium stress-strain
behavior of polymers was given by Eguation (3) as

1
__EYJ.{S__T = 2C, + 2Cy/A (3)
A (A -2 ! :

2

Equation (3) indicates that a plot of K_(%Yz——ﬂ versus 1/A will yield a

n
straight line of zero slope provided C, — 0. However, C, is not always zero
for all swollen polymeric materials but in most cases Equation (3) can still
closely approximate the material's stress-strain behavior, The crosslink
density is then determined from the intercept of 1/A = 0 and the straight line
drawn through the experimentally determined points.

The equilibrium stress-strain behavior of a CTPB formulation will be used
to illustrate the crosslink density calculations. Some representative Mooney-
Rivlin plots for several CTPB gumstock and composite formulations swollen in
benzene are presented in Figures 3 and 4. The compression-deflection data

(-}1: > 1) yield a straight line of zero slope as expected, However, for the
1
. 1 - Fv,’’
tensile-elongation data {— < 1}, the initial value of ——=2—=~ was lower
A An(l - A7)

1
than the compression-deflection data near e 1 but tended to approach the

values obtained ‘rom the compression data at higher elongations. The tensile
data, treated in this way, yielded a straight line with a negative slope. Since
straight lines through both the tensile and compression data have the same

1
intercept at—h- = 0, both tensile and compression data indicate the same cross-

link density values.

For formulation no, 7 of Figure 3, | .'h the compression and tensile data
i
FV /s 2
A—Z—FT=1000 gm/cm?,  From Equation (2),

indicate an intercept of 1 = 0 at

A An(
2C; = 1000 gm/cm? The term C, is defined as the Gaussian term in Flory's
equation, and

_ 2Cy

Ye " RT ' (14)
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where

v, = effective crosslink density (moles/ em®)
2C, = 1000 g/cm?
R = 8.479 x 10%(g-cm/mole, °K)

T = T77°F = 295°K,
With these values substituted into Equation (14),

- 1000 g/cm?
e (8.479 x 10° g-cm/mole-"K) (295°K)

v = 4,0 x 107% mecles/cm® .

The plots in Figures 3 and 4 are offset by the amount A for convenience in pre-
senting the data. Crosslink dens..y determinations should be conducted on at
least four different samples of each formulation tested and the average reported.

20




Section VI. CONCLUSIONS

The method of determining crosslink density ccnsidered in this discussion
minimizes the difficulty inherent in the determination of the effective crosslink
density without sacrificing the reliability of the resulis obtained.

It is of interest tc also examine the statistical variation of the crosslink
density data determined from stress-strain measuresments on solvent swollen
samples., Very little information could be founc in the literature that indicates
the variations of crosslink density values observed by the investigators using
this method. Table I presents the variations observed by Martin, * Landel {12],
andSeeley [10]. Martin's data (material No. 2-11) were obtained on PBAA
gumstock and composite formulations. The data reported were obtzained on four
different samples, two swollen in benzene and two swollen in methylene chloride.
The coefficient of variation observed on gumstock formulations (No. 2-7)
runged from 2.3 to 9, 8 percent. The coefficient of variation cbserved for PBAA
composite formulations (No. 8-11) ranged from 3. 8 10 10.5 percent, Landel's
duata were obtained on SBR samples swollen in toluene. Crosslink density values
‘'were determined from the equilibrium modulus data reported. Different mean
values were obtained by Landel from tension and compression measurements.

A coefficient of variation of 8.1 percent was observed in the data from tensile
measurements and a coefficient of variation of 5. 8 percent was determined for
the data from compression measurements.

Seeley's data (No. 13 and15) wereobtained on two formulations of silicone
rubber. At least four determinations were made on samples swollen in benzene,
toluene, and methylethylketone. The coefficient of variation determined from
Seely's data ranged from 3. 0 to 11, 2 percent.

The data presented in Table I indicate that variations in crosslink density
values determined from stress-strain measurements on solvent swollen samples
should be within +10 percent of the mean value. This fact indicates the
importance of obtaining crosslink density values on at least four different
samples of each formulation investigated. Increasing the number of samples
will be desirable and should increase the confidence in the mean crosslink
density value obtained.

*Martin, D. L., Jr., Laboratory Investigation — Unpublished Results,
Army Propulsion Laboratory and Center, U. S. Army Missile Command,
Redstone Arsenal, Alabama, 1968.
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TARLE I, CROSSLINK DENSITY DATA
Coefficient
v Mean Standard of
Material e Deviation | Variation Solvent
(moles/cm® x 10%) (%)

PBAA-2 4,26 0.237 5.6 Benzene and CHCly
PBAA-3 2.05 0.047 2.3 Benzene and CHCly
PBAA-4 3.02 0.158 5.2 Benzene and CHCly
PBAA-5 6.71 0.655 9.8 Benzene and CHClg
PBAA-6 2.37 0.134 5.7 Benzene and CHCl4
PBAA-7 1.20 0.074 6.2 Benzene and CHCly
PBAA-8 9.93 1,041 10.5 Benzene and CHClq
PBAA-9 6.25 0.235 3.8 Benzene and CHCly
PBAA-10 3.86 0.277 7.2 Benzene and CHCl,
PBAA-11 1.14 0.117 10.3 Benzene and CHCl,
SBR-i2-T 2.84 0.229 8.1 Toluene

SBR-12-C 3.53 0.206 5.8 Toluene

Silicone 13 3.42 0.281 8.2 Benzene

Silicone 13 3.26 0.365 11.2 Toluene

Silicone 13 3.20 0.214 6.7 MEK

Silicone 15 4.41 0.314 7.1 Benzene

Silicone 15 4,54 0.136 3.0 Toluene

Silicone 15 4,09 0.352 8.6 MEK
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