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ABSTRACT: Fracture of a network under threshold conditions, i.e., fracture at infinitely long time, is
governed by the length of some characteristic elastically active strand. The threshold fracture energy, r,,
is related to this strand length through 7, « {!/2, where { is the number of units in the strand. Measure-
ments of 7, for a poly(dimethylsiloxane) (PDMS) network gave { ~ 143 monomer units. This strand
length compares well with the entanglement spacing for PDMS (M, =~ 135 monomer units). Characteriza-
tion of the network with statistical theory indicated that the average length of a strand between active
chemical junction points was 1900 monomer units. Therefore, approximately 14 entanglement couplings
were trapped between active chemical junctions in the network. Our results show that entanglement cou-
plings dominate the process of fracture under threshold conditions for a network with a relatively large

number of trapped entanglement interactions.

Entanglements have profound effects on the viscoelas-
tic response of polymer systems.! They are found in sys-
tems of long linear chains, where neighboring molecules
permeate regions occupied by other chains in the sys-
tem. Overlapping chains physically entangle with each
other and restrict the relative motion of large segments
of neighboring chains. Chain reconfiguration for lengths
greater than a critical scale, defined as the entanglement
molecular weight (M,), is retarded to longer times due
to the physical entanglements between neighboring chains.
Relaxations on scales smaller than M, are apparently unaf-
fected by the presence of the entanglements.

Several accounts of the nature of entanglements have
appeared in the recent literature.>* The most satisfy-
ing idea treats the restrictions imposed by entangle-
ments in a distributed fashion. That is, the entangle-
ments do not act at specific locations along the chains
in the system. Rather, neighboring chains are thought
to form a mesh, or tube, that restricts lateral movement
and allows one-dimensional diffusion in the tube as a mech-
anism for relaxation. This theory, and several of its
modifications,® appears to capture the essential features
of experimental observations.

Recent theoretical and experimental work has also shown
that entanglement couplings can dominate the small-
strain equilibrium modulus of a cross-linked rubber
network.®™® The network is formed by covalently link-
ing together the chains of an entangled, linear system.
In the process, a fraction of the entanglements present
in the linear system before cross-linking are trapped
between the chemically bound junction points in the net-
work. Statistical theories have been developed to calcu-
late the fraction of entanglements that are trapped in
this process and to help quantify the contribution of
trapped entanglements to the equilibrium modulus.!®11

Other ideas on network elasticity have treated the effects
of junction fluctuations on the elastic modulus.’®>*? Topo-
logical constraints only help suppress junction fluctua-
tion in these theories while the reduced configurations
available to entangled chains is specifically neglected. Suit-
able choice of a parameter governing junction suppres-
sion can model elastic properties in tension and com-
pression.’* However, studies using theories that empir-
ically allow contributions from junction fluctuations and
entanglements show that entanglements can account for
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20% to almost 90% of the linear elastic modulus, depend-
ing on the degree of entanglement in the system.®™

In our work, we try to understand the role of entan-
glements in the threshold fracture of a rubber network.
In the process of fracture, segments of network chains in
the path of an advancing crack are extended to rupture
at some characteristic rate. The length of the chain seg-
ment that spans the plane of the crack ought to reflect
the time available for chain reconfiguration during crack
propagation, much like the chain reconfigurations observed
in small-strain mechanical testing. In fact, master curves
of fracture (or tearing) energy can be constructed with
the same shift factors that are used to superpose small-
strain mechanical properties.’®!® Drawing an analogy
between fracture and small-strain mechanical proper-
ties, we expect only local chain reconfigurations over the
time available for crack propagation during rapid frac-
ture. For slow fracture, we expect that large segments
of chains will be able to reconfigure over the longer times
that are available to the system. Consequently, entan-
glement couplings should have a strong influence on the
process of slow fracture through the rubber network.

Here, we focus on the length of chain segment respon-
sible for fracture under threshold conditions. This amounts
to studying fracture at infinitely long time, where all losses
associated with chain deformation are neglected. As such,
threshold fracture reflects only the extension to rupture
of elastically active segments in the network. In our work,
we compare the average chain length extended to rup-
ture with the entanglement spacing of the system (M,)
and with other structural features of the network to deter-
mine the role of trapped entanglements in the process of
threshold fracture.

Threshold Fracture Energy. We use a theory pro-
posed by Lake and Thomas!” to relate threshold frac-
ture energy to the structural features of the network. This
is analogous to theories that connect the small-strain equi-
librium modulus to the number density of elastically active
strands, v, and the number density of elastically active
junctions, u. Following Lake and Thomas'” and refer-
ring to Figure 1, we consider an elastically active strand
that spans the plane of the crack. This strand is { units
long, where a unit can refer to a main-chain bond, and
each unit stores its dissociation energy, U. The length,
¢, is left unspecified at this point. It follows that the
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Figure 1. Schematic of an extended chain in the path of an
advancing crack.

total energy required to rupture the strand is (U, since
each unit in the strand must be strained to rupture before
the strand will break. For a sufficiently long strand (obey-
ing Gaussian statistics), the end-to-end distance of the
strand is 3¢/2l, where [ is the step length and 8 accounts
for deviations from a freely jointed chain. The number
of strands that cross a unit area in the network is y8¢'/2/2.
Thus, the threshold fracture energy, 7,, defined as the
stored energy released per unit area of crack surface cre-
ated is

7o = (O (1)

Specific definitions of { lead to relations between 7,
and structural features of the network. For instance, writ-
ing ¥ = pN, /M, where M_ is the molecular weight between
chemical junctions and g is the density, gives a familiar
form of the Lake-Thomas theory:!>17-22

7o MM? @

Various experimental studies have verified the form
of the Lake-Thomas theory as expressed in eq 2.172% 7,
for both end-linked and randomly linked networks fol-
lowed the power law form given above. The Lake-Tho-
mas theory was also used to study the unusual tough-
ness of an end-linked network prepared with a bimodal
distribution of parent chain lengths.??*-2% In the stud-
ies cited here, M, for end-linked networks was equated
to the molecular weight of the parent polymer chains,
and randomly linked networks were characterized by cal-
culating M, from the Mooney-Rivlin constant, C;. In
virtually every study, networks were prepared such that
M, < M, Networks with this characteristic have very
few, if any, trapped entanglements.

Other definitions of { in eq 1 can account for the con-
tribution of trapped entanglements to the threshold frac-
ture energy. Here, we let { equal the spacing between
chemical junctions and entanglement points. Following
the Graessley-Langley®’'!° approach for the small-
strain equilibrium modulus, we assume that the contri-
butions of chemical junctions and trapped entangle-
ments to elastically active network structures are addi-
tive. The expression for { becomes

£ = p/2moue + Tosy) @3)
where u, is the maximum number density of entangle-
ment points in the network, T, is the fraction of entan-
glements that are trapped by elastically active junc-
tions, and m, is the monomer molecular weight. Consid-
ering tetrafunctional junctions and setting T, = 1, 7,
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becomes
7o (/Mo + 1/M)™? (4)

For loosely cross-linked networks, M, » M,, and, from
eq 411/,2we expect that 7, will be a constant proportional to
M3,

Network Characterization. Our analysis of the struc-
tural components of a randomly linked network makes
use of a theory given by Pearson and Graessley.!! Through
statistical arguments, they were able to calculate the aver-
age length of various structural parameters in a multi-
functional network. With this analysis, we circumvent
the characterization of elastically active chains with the
Mooney-Rivlin constant, C,. Applicable results of their
development can be found in ref 11.

Experimental Materials and Methods

A sample of commercial, high molecular weight poly(di-
methylsiloxane) (PDMS) was supplied by Dow Corning (Silas-
tic 4-2736) for this study. The repeat unit can be represented
as [Si(CH,),0]. The high degree of flexibility and thermal sta-
bility of PDMS allow an easier, more accurate measurement of
7., since energy losses are minimized at experimentally acces-
sible temperatures.

An analysis of the primary molecular weight distribution of
Silastic 4-2736 was performed with gel permeation chromatog-
raphy. PDMS standards purchased from the American Poly-
mer Standards Corp. (Mentor, OH) (molecular weight ranged
from 40 000 to 680 000) and polystyrene (PS) standards sup-
plied by Waters (Milford, MA) (molecular weight ranged from
2000 to 2 000 000) were used to construct a calibration curve.
Elution times for PS standards above M = 700 000 and below
M = 40 000 (where M is molecular weight) were used to extend
the range of molecular weight encompassed by the calibration
curve. The coincidence of PDMS and PS calibration curves at
high and low molecular weights, respectively, justified this
approach.

A small sample of Silastic 4-2736 was passed through a two-
roll mill for the same period of time that was used to mix PDMS
with curing agent. GPC analysis of the milled sample identi-
fied a small amount of low molecular weight material. Neglect-
ing the low molecular weight tail, GPC analysis gave M /M, =
592 000/400 000.

Network Preparation. A bisperoxide, 1,4-bis(2-tert-
butylperoxyisopropyl)benzene, supplied by Noury Chemical
(Perkadox 14) was chosen to cure PDMS. 1 phr (parts per hun-
dred rubber, by weight) Perkadox 14 was mixed with 100 phr
PDMS on a small two-roll mill at room temperature. The com-
pound was allowed to relax in a sealed container at room tem-
perature for approximately 7 days to allow the mechanically
entrapped air to escape. The material was then cut into 30-g
samples ca. 190 mm X 30 mm for pure shear specimens and
45-g samples of 160 mm X 160 mm X 2 mm for standard ASTM
slabs. The specimens were press cured for 15 min at 170 °C,
followed by an air oven postcure of 24 h at 200 °C. A fluoro-
carbon mold release was used along the edges of the molds to
facilitate removal of the specimens.

Linear Viscoelastic Properties. The linear viscoelastic prop-
erties of cross-linked PDMS were measured with a Rheomet-
rics Mechanical Spectrometer Model 800 (RMS-800). A circu-
lar disk of material 25 mm in diameter was cut from the ASTM
slab and mounted between parallel plates at room tempera-
ture. Sample thickness was approximately 2 mm. The dynamic
moduli in shear, G’ and G, were measured for a range of strain
amplitude from 0.1% to 50% at 10 rad/s. From this data, we
determined that linear properties could be measured to 5% strain.
Since the stiffness of the sample and geometry yielded rather
small torques, we used 5% strain in all subsequent experi-
ments to ensure linearity while generating the greatest possi-
ble torque signal.

The RMS-800 contains a normal force transducer that helps
the instrument compensate for thermal expansion or contrac-
tion of the sample and fixtures. We calibrated the change in
the fixture zero with temperature, and we applied a suitable



2480 Mazich and Samus

correction for gap height to the data collected at temperatures
other than the mounting temperature (room temperature). Raw
data were multiplied by the ratio of corrected gap height to
uncorrected gap height.

Sol Fraction Analysis. A small sample of cross-linked PDMS
from the gauge section of a pure shear specimen was swollen in
an excess of toluene at room temperature to extract the sol frac-
tion. The solvent was replaced with fresh toluene every 7 days.
0Old solvent, containing some of the extracted sol, was collected
after each exchange. Four solvent changes were performed before
the swollen PDMS sample was dried to constant weight. The
procedure was repeated until the dried sample weight agreed
with the dry weight of the previous extraction to within 0.001
g. The gel fraction, calculated with the final weight of the dried
sample, equaled 0.894 of the original weight.

We confirmed the value of the gel fraction by removing tol-
uene from the combined extracted solution with a rotary evap-
orator. The dried, extracted material accounted for 0.106 of
the original sample weight.

Mechanical Properties at Moderate Strains. An Instron
servohydraulic testing machine, Model 1350, was used to mea-
sure the stress relaxation of PDMS under moderate strains in
pure shear. Methods are described elsewhere.?® The data were
fit with an empirical relation proposed by Chasset and Thirion?"?8
to describe stress relaxation of cross-linked rubbers at long times

o=0[1-(t/ty)™) {5)

where t,, is a single characteristic time for long-time relaxation
and o, is the equilibrium stress in the material.

An “equilibrium” stress-strain diagram was constructed by
calculating the stress at ¢ = 10° s with eq 5 and plotting against
the deformation ratio, A. Time t = 10° s was chosen because
this time is a more realistic representation of the time scale of
our fracture experiments that are described below. The strain
energy density, W, was calculated from the area under the stress-
strain plot.

Fracture Energy. After collecting stress relaxation data in
pure shear, samples were used to measure the fracture energy
of cross-linked PDMS as a function of crack growth rate. A
cut approximately 20 mm in length was introduced into one
edge of the sample, roughly midway between the grips. A very
small deformation was applied to observe the cut, and the ini-
tial crack length was measured with a cathetometer. A step
strain was then applied to the specimen, and the crack was allowed
to propagate a certain perceptible distance. The time incre-
ment was recorded, and the crack length was measured. A lin-
ear fit through the crack length vs time data produced the crack
growth rate at the given strain of the experiment.

Fracture energy was calculated with the strain energy den-
sity in the bulk of the sample, W, and the undeformed height
of the sample, h ;%

= Wh, (6)
In the derivation of eq 6, we assume that a volume of material
equal to th da (for thickness, t) passes from the bulk deformed

state tggthe completely relaxed state as the crack length increases
by éa.

Results and Discussion

Statistical Characterization of the Network. Sta-
tistical arguments given by Pearson and Greassley'! can
be used to calculate structural features of the PDMS net-
work. From GPC analysis, the number average number
of units per chain, r,, is 5405 units per chain and the
weight average number of units per chain, r, is 8000 units
per chain. Extraction of the network gave s = 0.106. These
experimental results were used with expressions found
in ref 11 to calculate the network parameters listed in
Table I.

The fraction of cross-linked units in the network, «,
can be compared with the critical fraction of cross-
linked units necessary for gel formation, «.. Following
Flory,* o, >~ 1/r, = 1.25 X 10, Comparing a/a, =~ 4,
we find that the PDMS network contains approximately
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Table I
sol fraction, s 0.106
fraction of cross-linked units, & 462 x 107
active strands/cm?, v 1.69 x 108
active junctions/cm3, u 1.02 x 108
entanglement trapping factor, T, 0.165
units/active strand, L 1900
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Figure 2. Master curves of G’ and G” for a PDMS melt. Ref-
erence T = 25 °C.

4 times as many cross-links as are necessary to form a
gel.

The number of units in an elastically active strand, L,
is a direct measure of the spacing between chemically
bound junction points in the network. When the possi-
ble role of trapped entanglements between the chemical
junctions is neglected, this parameter should reflect the
maximum possible extension that the network can absorb
before rupture. From Table I, we find that, on average,
1900 PDMS monomer units form an elastically active
strand between chemical junctions. This spacing can be
compared with the number of units between entangle-
ment points. With M, ~ 10 000, found from the linear
viscoelastic measurements discussed in the following sec-
tion, and m, = 74, the spacing between entanglement
points is 10 000/74, or 135 monomer units, and 1900/
135, or approximately 14, entanglement couplings are
trapped between chemical junctions along an elastically
active strand.

Linear Viscoelastic Properties. A characterization
of the linear viscoelastic properties of the PDMS net-
work was performed to complement the statistical calcu-
lations of network structure discussed above. The stor-
age modulus (G’) and loss modulus (G”) in simple shear
for the parent PDMS melt and the cross-linked PDMS
network were measured from 0.01 to 100 rad/s at tem-
peratures from -48 to +108 °C for the melt and from
-32 to +84 °C for the network. The strong curvatures
of G’ and G” with frequency for the melt allow an accu-
rate application of the time—-temperature superposition
principle.®!

The master curve for the PDMS melt with reference
T = 25 °C is presented in Figure 2. In the plateau region
above 10 rad/s, G’ and G” vary slowly with frequency.
An estimate of the plateau modulus, Gy, for the melt
can be calculated from this data with eq 7! if the upper

Gy=2f6"dmw (M)

integration limit, ¢, can be chosen such that the entan-
glement peak converges to zero before entering the tran-
sition zone. Using eq 7, we estimate Gy =~ 0.24 MPa
and M, (or pRT/Gy) = 10000. This estimate of the
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Figure 3. Master curves of G’ and G” for a PDMS network.
Reference T = 25 °C.

entanglement spacing compares favorably with values for
M, found in the literature.!3

Master curves for the cross-linked PDMS sample, pre-
sented in Figure 3, were constructed with shift factors
found from the analysis of melt data. From the low-fre-
quency limit of G’, we estimate the equilibrium shear
modulus of the network, G, = 0.065 MPa. This esti-
mate can be compared with the Graessley-Langley® 710
form for G,. Contributions from chemical junctions and
trapped entanglements add to give G,

G, = (y - hwkT + T.G™= 8)

The first term in eq 11 is the contribution of active strands
between chemically bound junctions. It has the form of
phantom network theory, where h is an empirical factor
(0 < h <1) that accounts for junction fluctuations. The
second term is the trapped entanglement contribution,
where T, is the trapping factor and G™** is the maxi-
mum possible contribution of entanglements to G,. Exper-
imental results for a variety of networks indicate that
G™®= is approximately equal to G.5° With G™** ~ Gy
and h = 0, we calculate G, = 0.047 MPa. This compares
well with the estimate of G from the low-frequency limit
of G’. The agreement of G, from viscoelastic measure-
ments with the form of the Graessley-Langley theory ver-
ifies the role of entanglement couplings in small-strain
mechanical properties of the network. In fact, the entan-
glement term in eq 8 accounts for 85% of the calculated
modulus.

An estimate of the number of trapped entanglement
couplings per elastically active strand can also be found
with the equilibrium shear modulus. We define v* as
the density of active strands joined by chemical junc-
tions and trapped entanglements. Using the Graessley-
Langley form for G, and assuming that junction fluctu-
ations are totally suppressed (h = 0), we can write v* =
G,/kT. The average number of entanglement couplings
per active strand is equal to the ratio y*/y. Using ¥
from the statistical characterizaion of the network and
v* from the measured shear modulus, we find y*/y =~
10 entanglement coupling per active strand. This calcu-
lation compares well with the purely statistical result of
14 entanglement couplings per active strand. From this
comparison, we can conclude that entanglement cou-
plings outnumber chemical junctions by about a factor
of 10.

Stress—Strain Properties at Moderate Strain. A
series of stress relaxation experiments in pure shear were
performed to determine the equilibrium stress as a func-
tion of strain at moderate deformations. Representa-
tive experimental results at 23 °C are shown in Figure 4.
Stress decays approximately 30% over the time interval
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Figure 4. Stress relaxation curves for a PDMS network at 23
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of the experiment at 23 °C and approximately 20% at
100 °C.

The data in Figure 4 also appear to follow the same
time dependence for all values of the deformation ratio,
A\. This result implies that the effects of time and strain
are separable and that the stress can be represented with

a(\8) = h(X) g(t) 9

The time-dependent function can be expressed with an
empirical relation for long-time relaxation in networks
due to Chasset and Thirion:?"%

gty =1-(t/tp)™ (10)

A fit of the stress relaxation data with eq 10 gave m =
0.15and t,, = 10%at 23°Cand m = 0.18 and ¢, = 5.7
X 107 at 100 °C.

The stress used for the fracture analysis is calculated
from eq 10 at t = 10° s. This is a good estimate of the
time scale for the fracture experiments discussed below.
Stress at t = 10° s based on initial cross-sectional area
was plotted against A, as shown in Figure 5. Fitting func-
tions for the data were analytically integrated to calcu-
late the strain energy density, W.

Fracture. In a series of fracture experiments on cross-
linked samples, we measured the threshold fracture energy,
7., of the PDMS network. Experiments were conducted
at very slow crack growth rates, or long times, and a lim-
iting value of fracture energy at infinite time repre-
sented the threshold fracture energy.

Pure shear specimens were cut with a scalpel at one
edge and deformed to a given value of A (measured in
the bulk section of the sample, far from the crack tip).
The crack length, measured in the undeformed state, was
recorded as a function of time, and crack growth rates,
@, were found from the siope of these data. Sample data
are presented in Figure 6 for A = 1.14 at 100 °C, indicat-
ing that crack length varies linearly with time. Similar
results were found in all of the fracture experiments.

Fracture energy, 7, calculated with eq 6, is plotted against
@ in Figure 7. Data at 23 and 100 °C show a definitive
rate dependence above 10 mm/s but appear to approach
a limiting value as the rate decreases. In some experi-
ments, the sample was left in the deformed state, corre-
sponding to some value for 7, for at least 24 h without
any perceptible increase in the length of the crack. These
points, plotted on the r axis in Figure 7, lie near the lim-
iting value for r obtained by extrapolating the data to
long times.

In addition, fracture energies for the two tempera-
tures were shifted along the rate axis in an attempt to
superpose the data (Figure 8). The shift factor that we
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Figure 5. Stress (based on initial cross-sectional area) vs defor-
mation ratio. Top curve for 23 °C. Bottom curve for 100 °C.

used is the same shift factor used to superpose (¢ and
G”. The success of this superposition technique implies
that the time scales of viscoelastic processes that oper-
ate under the small strains of the linear viscoelastic exper-
iments are also responsible for the large strain processes
that operate in fracture of the network. The shifted data
in Figure 8 clearly show the limiting region of the frac-
ture energy. From this data, we chose 7, = 0.029 N/mm.

This result for the threshold fracture energy was used
with the Lake-Thomas theory to calculate the effective
strand length for fracture under threshold conditions.
Defining ¢* as the number of main-chain atoms in this
effective strand length for fracture and noting that v =
pIN,/q* (where g is the monomer molecular weight per
main-chain atom), we can rearrange eq 1 to solve for ¢*,
as shown in

& = [2q7,/BUlpN, | (11)

Substituting for PDMS? (8 =2.5, U=6.1 X 1071%J, [ =
0.143 X 10 m, and ¢ = 37 g/mol), this expression gives
{* ~ 286 main-chain atoms. Since PDMS has two main-
chain atoms per monomer, { = {*/2 or 143 monomer units
comprise the effective chain for threshold fracture. Com-
paring { with the average entanglement spacing (135 mono-
mer units), we conclude that the chain length between
entangled points along elastically active strands is respon-
sible for threshold fracture.

This result is interesting to compare with our calcula-
tion of 14 entangled subchains between chemical junc-
tion points in the PDMS network. The high number of
trapped entanglements relative to the number of chem-
ical junctions (M, > M,) apparently dictates that the
properties of the network are largely governed by entan-
glement spacings. Both G, and 7, properties at small
strain and large strain, respectively, depend primarily on
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trapped entanglement couplings in this network. The
fact that { is on the order of the entanglement spacing
suggests that trapped entanglements do not slip along
active strands, even as the network is strained to a very
large degree.

The conclusions given here extend the interpretation
of threshold fracture data to loosely cross-linked net-
works with M >> M,. Much of the earlier work on thresh-
old fracture has shown that r, ~ M_'/2 for networks with
M, < M,'"%2 Sample data presented by Gent and
Tobias'® on a series of randomly cross-linked and end-
linked PDMS networks verify the M,!/2 dependence for
T, when M, <10 000. However, a single data point above
M, ~ 10000 (=M,) suggests that r, approaches some
constant value for networks with M_ > 10 000. Similar
observations were made by Ahagon and Gent?? on a series
of polybutadiene networks. These experimental results
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are consistent with the view that r, depends on M, for a
network with M, > M,

Another important example of threshold fracture data
for a network with M, ~ M_ also supports this conclu-
sion. Working with an end-linked PDMS network with
a parent chain molecular weight approximately equal to
M, (M, = 6800), Yanyo and Kelley*! measured 7, = 0.03
N/mm. The numerical agreement of r, for this end-
linked network with our measurement of 7, for a lightly
cross-linked network implies that the elastically active
chain lengths in threshold fracture for the two networks
were comparable.

Conclusions

The threshold fracture energy measured for a cross-
linked PDMS network was 0.029 N/mm. With the Lake-
Thomas theory for fracture under threshold conditions,
we found that the average network subchain that is
extended to the breaking point under threshold condi-
tions is approximately 140 monomer units in length. This
subchain length compares very well with the subchain
length between entanglements found from a linear vis-
coelastic characterization of the network (approximate-
ly 135 monomer units). We conclude that entangled sub-
chains trapped by chemical junctions along elastically
active strands are responsible for threshold fracture. This
result implies that trapped entanglement couplings do
not slip along active strands as the network is pulled to
its maximum extension.

We also used a statistical theory for randomly cross-
linked networks to calculate the average length of elas-
tically active subchains between chemical junction points
in the network. Approximately 1900 monomer units com-
prise the active strand between chemical junctions. Com-
bining this result with the entanglement spacing, we found
that there are approximately 14 entangled subchains
between chemical junctions. The relatively large num-
ber of entangled subchains per active chain account for
the observations and conclusions given above.
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