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SYNOPSIS

The tear strength and crack growth mechanism of PBD (1,2)-PU/PMMA (50%) IPN
systems were studied by the trouser tear test and single edge notched (SEN) tensile test.
It was found that these blend systems showed similar structures and properties to particulate-
reinforced elastomers. The tear strength was dominated by the structure of the rubber
matrix. The PMMA phase increased the tearing resistance by increasing the hysteresis of
the IPN systems. Chemical bonding between the PMMA -rich particle and PU-rich matrix
prepared by using a reactive azo initiator inhibited the initiation of the fracture nucleus,
decreased the intrinsic flaw size, and increased the tear strength. The crack growth of these
IPNs was dependent on both the fracture energy available for crack propagation and the
hysteresis of the material. The similar structure of these two blends resulted in the similar

crack growth behavior.

INTRODUCTION

Parts I' and II? of this series described the rein-
forcement mechanism and mechanical properties of
PU/PMMA IPN systems prepared by use of a re-
active azo initiator. It had been shown that the
structures of these IPNs were similar to particulate
filled elastomers. The reactive initiator, which could
form blocks of PMMA on the PU chains changed
both the filler-matrix interface between the PMMA
particles and the PU rubber matrix and the matrix
structure. This paper describes the fracture prop-
erties and crack growth mechanism of low PMMA
concentration (50% by weight) PU/PMMA blends
by use of the same concepts that have been used in
other studies of elastomers and particle-filled elas-
tomers.

The resistance to tearing of flexible materials has
been considered® a basic material property that de-
pended strongly on the temperature and rate. An
extension of the Griffith failure criterion? in which
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tear energy T was defined* as
T =—(0W/3A0) (1)

where W is the energy stored in elastic deformation,
A, is the surface area of the unstrained tear, and
subscript ! denotes conditions of constant defor-
mation. The two primary assumptions in this ap-
proach were that tear propagation resulted from the
conversion of free energy to fracture energy and that
this energy conversion depended on the rate of
propagation rather than tear growth history.

The tearing resistance of elastomers had been
extensively studied by Rivlin and Thomas.?*7 An-
derton and Treloar® and later Sims,® have investi-
gated the influence of orientation of polyethylene
and of polypropylene on their tearing strength. Ish-
erwood and Williams '® have discussed the relation-
ship of tearing and tensile properties for a wide range
of ductile materials. For multiphase polymers, Kim
et al.!! studied the tear strength of PU/PMMA IPN
but no clear conclusions were given. A large number
of studies of tear have been made with carbon-black-
reinforced rubbers.'>!® These results showed that the
tear property was more complicated than those of
gum elastomers. There was a basic resemblance to
the behavior of the unfilled rubbers, but there were,
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at certain rates and temperatures, superimposed re-
gions of high tearing energy that were associated
with the development of “knotty” tearing.

In the present study, tear resistance was measured
in both simple trouser tear test and single edge
notched (SEN) tensile test. The crack growth be-
haviors of the blends were studied in SEN tensile
test by using a optical microscopy to measure the
crack length.

EXPERIMENTAL AND CALCULATIONS

Preparation of Samples

The IPNs were prepared as described in the Paper
I' of this series, by the interstitial polymerization
of MMA monomer within a polyurethane gel. As
the MMA monomer polymerization proceeded,
phase separation occurred between PMMA-rich and
PU-rich matrix phases. A reactive azo initiator
(ABC) which could form blocks of PMMA on the
PU chains was used in the systems to improve the
interfaces between the two phases. Adipic acid (AA)
was added in the standard initiator (AIBN) to pro-
vide the same amount of carboxyl functions, and
resultant amide structures, as existed in the reactive
system. The compositions of the blends were 50%
PMMA by weight.

Trouser Tear Test

The trouser tear test which was described previously
in Paper I12 is shown in Figure 1. A central slit was
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Figure 1 Trouser tear test.

made part through the thickness for all the speci-
mens in order to guide the tear path. The tear energy
for this test was given by3®

T =2NF/t — 2bW (2)

where T is tear energy, A the extension ratio in the
legs, t thickness, b the width of legs, and W the strain
energy density in the legs. When the extension in
the leg region was negligibly small (A = 1), i.e., when
the legs were much wider than their thick, no energy
was stored in the legs and eq. (2) was reduced to

T=2F/t (3)

Equation (2) was used to calculate the tear energy
for pure PU rubber because of its high extensibility.
The strain energy density was determined by inte-
gration under the stress-strain relation.

It was worth noting that ¢ was not generally the
same as the sheet thickness because the tear tended
to run at an angle of about 45° to the thickness
direction so that it lay perpendicular to the direction
of principal tensile stress. Thus, although failure
appeared to result from shear stress, the tear actually
followed a path at right angles to the maximum load
tensile stress.

Crack Growth Study

Crack growth measurements were carried out on
thin strips of blends about 40 (length) X 10 (width)
X 1 mm (thickness) (Fig. 2). A small crack, from
0.2 to 2 mm in length, was initiated in one edge of
each test piece and was positioned as nearly as pos-
sible perpendicular to the surface. The test piece
was then deformed in simple extension on a Minimat
test machine. The load-displacement curve was re-
corded automatically by a computer. The crack
length ¢ was measured by use of a optical microscopy
camera. The crosshead speed was about 0.2 mm/
min for all specimens, which corresponded to a
strain rate of 0.5% /min.

When a test piece as described above was used
for both elastomers and other materials which fol-
lowed a nonlinear relationship between tensile stress
and elongation, the tear energy was given by®

T = 2KWe (4)

where W is the elastic strain energy density in the
region of the test piece remote from the crack, c the
length of crack, and K a function of the extension
ratio, given by’
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Figure 2 Single edge notched (SEN) tensile test.

K=x/(1+e)'? (5)

for materials subjected to a finite tensile strain e.

Recently Ahagon et al.”* and Thomas and Kadir'®
have suggested that for rubbers which exhibit sig-
nificant internal energy dissipation outside of the
immediate crack tip regions, eq. (4) may still be
employed. However, the stored strain energy avail-
able for crack propagation should not now be taken
as the total input energy but rather as that deduced
from the stress-strain relation upon retraction from
the deformed state—that is, the input energy minus
the hysteresis (loss) energy (elastic strain energy
density).

In this study, the elastic strain energy was used
to calculate the tear energy since these blends show
significant hysteresis.? The measurement of elastic
strain energy density was carried out by stretching
different tensile specimens to different elongations
and then allowed to retract at the same rate to the
unstrained state. The same crosshead speed (0.2
mm/min) of these tear tests was used, corresponding
to a strain rate of 0.9% /min.

RESULTS AND DISCUSSIONS

Tear Strength in Trouser Test

Figure 3 shows the load-displacement curves of pure
PU and of PU/PMMA blends in trouser tear test.
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The tear strengths of the blends with different ini-
tiators were given in Table I calculated according
to eq. (3). The higher tear strength for the reactive
initiator blend relative to the standard blend was
possibly caused*® by the chemical bonding between
the PU/PMMA phases as shown in Paper I of this
series.

Higher tear strength was found in these blends
than that in pure polyurethane. The PMMA par-
ticles apparently caused deviation of the tear path
from a straight line, so that the tear becomes rougher
and the tear strength correspondingly higher.!%’
Figures 4(a) and 4 (b) show the tear surfaces of pure
PU and these blends. When the tear deviated, the
rate of tear decreased and the force buildup until a
new tear was initiated. The force required to start
tearing was proportional to the unstrained diameter
of the tip of the tear, in accordance with an equation
first derived by Thomas '8

T= Wbd (6)

where W, was the work done to break per unit
volume.

The observed force necessary to propagate the
tear varied widely from a maximum at tear initiation
to a minimum at arrest. Since tear strength was di-
rectly dependent on tear-tip diameter, this led to a
certain ambiguity in the measured strength. Most
researchers have reported an admittedly qualitative
propagation energy obtained by averaging the tear
initiation and arrest values.**!? Others have elected
to utilize only the initiation or maximum force val-
ues.??! In this study, the average maximum force
was chosen to calculate the tear energy.

Higher tear strength in these blends may have
contributed to the higher hysteresis by reaction of
the PMMA phase with the PU matrix.>?>?3 The ag-
gregated hard segments in the PU phase may also
have contributed to the hysteresis of the blends.
When a crack propagates in a elastic material, its
stress distribution around the crack tip usually
moves with it so that the locus of maximum stress,
along which the crack propagates, coincides with
the crack axis. However, severe hysteresis may cause
the stress distribution associated with the initial
crack to remain stationary when the crack propa-
gates in those blends which show high hysteresis.
Thus, the growing crack will not follow the axis but
will propagate along one or both loci of maximum
stress, resulting in deviation or forking of the crack
tip. The growing crack will now encounter lower and
lower stress as it propagates and must therefore
come to a stop unless the overall stress on the spec-
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Figure3 Load-displacement curves in trouser tear test: (A) pure PU; (B) standard PU/
PMMA (50/50) blend; (C) reactive PU/PMMA (50/50) blend.
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Table I Tear Strength and Properties of PU/PMMA (50/50) Blends

Pure PU Standard Blend Reactive Blend
T (kj/m?) (from trouser test) 4+1 9+3 15+ 3
Strain energy density (kJ/m?®) 3600 6100 7500
Elastic strain energy density (KJ/m?®) 2500 820 1100
PMMA domain size (um) 0.04 0.04
Hypothetical flaw size (um) 750 650

imen was increased. At this high stress, the mech-
anisms maintaining the stationary stress distribu-
tion fail since the energy available for crack growth
was far greater than that needed for stable growth
and the rapid propagation phase follows. The tear
deviation and the corresponding high tear energy
may also result from the PMMA particle which
forms barriers in the path of the tear by alignment
of their aggregation and interpenetrating effect at
the boundary of the PU/PMMA phases.'®!’

Fracture Nuclei in Tension

As was noted earlier, tear strength is in many ways
a fundamental measure of the strength of a material.
A relationship between tear strength and tensile
strength was given by Griffith’s flaw concept of ten-
sile rupture as the catastrophic growth of tearing a
chance edge nick or law.* When rubbers containing
rigid-particulate filler were subjected to an applied
tensile stress, triaxial stresses were generated im-
mediately above and below the filler particles.?
These regions may act as favorable sites for the ini-
tiation and growth of internal voids and cracks. If
the material was linearly elastic up to the point of
rupture, with break strength ¢, and Young’s modulus
E, then the breaking stress and elongation at break,
e, can be expressed directly in terms of tear strength
T and the depth ¢ of an edge nick*

o2 =TE/xc (7)
and

el =T/ncE (8)
When the material follows a nonlinear relationship
between tensile stress and elongation, a correspond-

ing relation can be derived® for the elastic strain—
energy density W, at break

W, = T/2Kc 9)
where K was given in eq. (5). The above relation

could also be used for nonelastic materials when
elastic strain-energy density was employed.”

For the PU/PMMA IPN systems, the depth ¢ of
the hypothetical flaw from which tensile initiated
have been calculated by means of eq. (9), using the
measured tear strength or tear energy T and elastic
strain—energy density at break, W,. The values ob-
tained in this way for the depth a, of intrinsic flaw
sizes are given in Table I. The PMMA particle sizes
of these IPNs are also given in Table I. It can be
seen that the average particle sizes were quite small,
much less than the matrix intrinsic flaw size of about
90 ym and a value for g, of this size might well have
been expected in these IPN systems. However, the
calculated flaw sizes in these heterogeneous IPNs
were in the order of hundreds of micrometers, which
was in good agreement with other multiphase poly-
meric composites.?® Berry?’ found that the fracture
strengths of PMMA and PS were independent of
the flaw size when it was smaller than its intrinsic
flaw size. Obviously these large flaws were not pres-
ent in the material before deformation but appeared
to be formed during loading, possibly by the coales-
cence of microvoids or by several debonded particles.
Figure 5 shows the SEM fracture surfaces of PU/
PMMA IPNs. The cavitations at these fracture
surfaces indicate that the PMMA particles have
been removed from the PU matrix under the high
stresses that developed during the rupture. These
cavitations may have formed crazes or microcracks
during loading and grew to the large flaw size. The
smaller intrinsic flaw size in the reactive blend could
have arisen from the greater chemical bonding be-
tween the PMMA particles and the PU matrix by
the presence of the PMMA blocks on'the PU chains,
which reduced the debonding process as compared
to the standard blend.

Crack Growth Behavior

Figures 6(a) and 6(b) show the normalized load-
displacement curves for different initial crack length
Co in tests on PU/PMMA blends prepared with the
standard (AIBN + AA) initiator and the reactive
(ABC) initiator. When a specimen containing a
crack was slowly stretched, tearing occurred at the
tip of the crack when the applied force reached a
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Figure 4 SEM tear surfaces in trouser tear test at low magnification: (A) pure PU;

(B) PU/PMMA (50/50) IPNs.

critical value.’ Initially, tearing continued only as
long as the deformation was increasing and ceased
as soon as the deformation was held constant. The
amount of crack growth continued to increase during
extension until, suddenly, there was a rapid increase
in the length of the crack. This had been called ““cat-
astrophic” tearing.® The crack growth of PU/

PMMA blends can be divided into four regions (Fig.
7): crack blunting, crack initiation, stable crack
growth, and catastrophic crack growth. Rivlin and
Thomas? also showed a similar phenomenon in gum
natural rubber. A comparison of the load-displace-
ment curves of a PU/PMMA sample which con-
tained a crack and another sample without crack
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Figure 5 Fracture surfaces of PU/PMMA IPNs: (A) PU/PMMA (50/50); (B) PU/
PMMA (20/80).

showed that even a very small crack decreased the PMMA particles. For heterogeneous materials, such
maximum load and extension ratio significantly, and as filled rubbers and strain-crystallizing rubbers, the
the crack initiation became much easier relative to crack initiation site was near the filler particles or
pure gum natural rubber® (‘Table II). This may re- crystallinity.?* This may explain the lower T, values

late to the heterogeneity produced in the blends by in these blends as compared to pure PU, which was
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Figure 6 Normalized load-displacement curves of PU/PMMA (50/50) blends in SEN

test: (A) standard blend; (B) reactive blend.

about 0.8 kJ /m?. Table II shows the elastic strain—
energy density and tear energy of the two PU/
PMMA blends at crack initiation point with differ-
ent initial crack length. It can be seen that the tear
energy at this point (T,) was about 170-220 J / m?
for standard blend and 100-170 J/m?® for reactive
blend. The relatively high T, in standard blend may
be attributed to the rigid matrix structure in this
blend than that in the reactive blend.

Rivlin and Thomas® have shown that the growth
of a crack by catastrophic tearing can be described
by an energy criterion. Lake and Lindley?® have
shown further that the small growth of a crack Ac
before catastrophic tearing occurs was also deter-
mined by the energy (T') available for crack prop-
agation. After studying several different types of
rubbers, they concluded that? the relation between
crack growth rate and tearing energy was an intrinsic
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Figure 7 Schematic shows the crack growth behavior in SEN test: (A) pure PU;

(B) PU/PMMA (50/50).

property of the material. Figures 8 and 9 show plots
of crack growth rate (Ac/dt) and crack growth (Ac)
against tearing energy 7T on a logarithmic scale. The
following approximate relationships were obeyed by
these data:

Ac/At =T/ Gy (10)
and

Ac=T™/G, (11)

where G,, G;, n, and m were material constants
given in Table III. It can be seen that the blends

have similar crack growth constants to those of
natural rubber which undergoes crystallization on
stretching®® (Table IV). Therefore, the PMMA in
the PU rubber phase and crystallinity in natural
rubber gave similar effects. Greensmith!? and
Thomas?! also found that the effect of crystallinity
on natural rubber and carbon black filler on elas-
tomers showed a similar effect. The smaller n and
m and larger G, and G, values in PU/PMMA blends
and natural rubber compared to vulcanized SBR
rubber indicated a higher tear resistance to crack
growth than that of vulcanized SBR rubber.

The higher tear resistance to crack growth in
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Table II Elastic Strain Energy Density and T, of
PU/PMMA (50/50) Blends in SEN Test

Extension Elastic Energy T

Sample Co 0
Density (kJ/m® (kJ/m?)

No. (mm) Ratio

A. Standard IPN

137 0 1.6 820 —
137 0.36 1.01 15 0.033
137 0.48 1.056 74 0.22
137 1.03 1.02 30 0.19
142 0.94 1.02 30 0.17
142 1.19 1.02 30 0.22
142 1.84 1.01 15 0.17

B. Reactive IPN

136 0 1.85 1100 —
136 0.36 1.04 46 0.096
136 0.48 1.03 35 0.096
136 1.03 1.02 23 0.15
141 0.83 1.03 35 0.17
141 1.14 1.02 23 0.16
141 1.77 1.03 35 0.38

these blends was attributed to local energy dissi-
pation at the crack tip.!® This energy dissipation
may arise from both hysteresis and bond rupture.
When a test piece of PU/PMMA blend containing
a crack was extended, the stress at the crack tip
increased until the blend was at the point of break-
ing. Up to this point the stress at the tip was gov-
erned by the extension stress-strain curve. If the
extension of the test piece continued, the crack be-
gan to grow, causing relaxation of a region of highly

strained blend around the crack tip. This relaxation
was governed by the retraction stress—strain curve
and influenced the stress at the new tip. Since these
blends were hysteresial in the highly strained state,
the stress at the tip may have been substantially
less than would have been the case if the they were
perfectly elastic. This effect can explain why a crack
does not propagate indefinitely once crack start
growing. Thus, the amount of crack propagation
which did occur depended on the hysteresial prop-
erties of the material. The greater the hysteresis,
the more difficult it was for the crack to propagate.
It appeared that the addition of the PMMA into the
PU matrix increased the hysteresis ratio and re-
sulted in a high tear resistance.

The crack growth constants G; and G, in eq. (10)
and (11) were dependent on the oxygen concentra-
tion of the atmosphere in which the test was con-
ducted.?? Greater resistance to tearing (larger G,
value) in sulfur vulcanized SBR rubber (Table I1I)
had been attributed to labile sulfur bonds that break
and reform to release internal stresses. It appears
that these constants in IPNs also related to their
high hysteresis ratio of the materials. The similar
G, and G, values for the two PU/PMMA blends
confirmed their structure similarity.

The different initiators which produced different
interfaces between PU rubber matrix and PMMA
particles and different matrix structure of the blends
did not produce any remarkable effect on the crack
growth behavior of the blends, even though their
mechanical properties were different. These initia-
tors did not significantly influence the relation of
crack growth and tear energy but modified the tear-
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Figure 8 Crack growth rate (Ac/At) vs. tearing energy (T ) of PU/PMMA blends in

SEN test: (X) reactive IPN; (*) standard IPN.
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Figure 9 Crack growth increment Ac (mm) vs. tearing energy (J/m?) of blends in SEN

test: (X) reactive IPN; (%) standard IPN.

ing energy and corresponding crack growth rate. The
reason may include the following: (1) the crack
growth behavior of the blends was dependent on the
interfaces between the PU/PMMA phases.?* Both
blends had similarly strong filler /matrix interfaces
by bonding by chemical reactions. From the DMTA
data,? it appeared that this chemical bonding be-
tween the filler and the matrix in the reactive blend
did not have a significant effect on the interface. (2)
The similar elastic strain energy density—strain re-
lation of the two blends (Fig. 10) gave similar crack
growth behavior even while their hysteresis behavior
was different. These similarity of elastic strain en-
ergy-strain relation may have arisen from the sim-
ilar matrix structure of the two blends.

CONCLUSIONS

1. The structure and mechanical properties of
PU/PMMA IPN systems at low PMMA load
were similar to the particulate reinforced
elastomer and strain-crystallizing elastomers.

2. Lower tear strength in the standard blend

Table III Crack Growth Constants of PU/PMMA
(50/50) Blends

relative to the reactive blend was caused by
chemical bonding. Tear deviation appeared
to be the mechanism of the high tear resis-
tance.

3. Chemical bonding between PMMA particle
and PU rubber matrix may have prevented
the debonding process and decreased the in-
trinsic flaw size at catastrophic tear.

4. The crack growth behavior of the blends was
determined by the energy available to crack
propagation and the hysteresis of the blend.
The similar structure of these blends gave
the similar crack growth behavior.

SUMMARY

The data presented in Papers I, II, and III of this
series show that the reactive initiator (ABC) pro-
duced enhanced chemical bonding between the
polyurethane-rich (PU) phase and the poly (methyl
methacrylate ) -rich (PMMA ) particles, which were
dispersed in the rubber matrix. However, in many
cases, this chemical bonding was dominated by a

Table IV Crack Growth Constants of GUM
Vulcanized Rubbers®

Standard Blend Reactive Blend SBR (Polysar) Natural Rubber
n 1.87+ 0.3 1.66 = 0.3 n 4 2
G, 4 X 108 1.7 X 108 Gy 60 —
m 1.34 + 0.4 1.39 £ 0.24 m 4 2
G, 5 X 10* 2 X 10* G, — 2 X 10°
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Figure 10 Elastic strain energy density (kJ/m?) vs. strain (%) of 50/50 PU/PMMA

blends in tensile test.

chemical reaction between the urethane functions
of the PU and the ester functions of the PMMA.
The occurrence of this bonding had been shown by
infrared spectra most clearly in specimens that had
been heated to 120°C and higher and in the DMTA
tests where these PMMA-rich phases and /or inter-
phases exhibited transitions in 20 /80 compositions
that were significantly higher than the transition of
PMMA and, in 50/50 compositions, were between
those of PU and of PMMA. The development of
these structures occurred more completely in the
ABC bonded PU/PMMA materials. The PMMA-
rich particles in both ABC and AIBN systems acted
to reinforce the elastomeric PU matrix.

The PMMA bonded to PU by ABC appeared to
produce a composition with fewer hard segments
than normal PU materials. The chemical attach-
ment of the PMMA may have acted by introducing
a new soft segment or by breaking up some of the
normal hard segments present in the PU. The in-
troduction of a diacid (adipic) into either the ABC
or AIBN systems increased the hard segment
(amide) content of the PU with the resultant in-
crease in moduli and tensile strength with less elon-
gation at break in both gsystems.

The enhanced chemical bonding between the
PMMA and the PU by the use of ABC decreased
the hysteresis ratios of these materials, producing a
longer elongation at break and enhancing the tear
resistance to crack growth. This bonding also helped
prevent the debonding process and decreased the
intrinsic flaw size at catastrophic tear with the
product becoming less prone to catastrophic tearing.

Introducing the PMMA phase into the PU phase

significantly increased the hysteresis of these IPNs
and made the fracture more ductile. A modified
Thomas-Rivlin fracture analysis successfully pre-
dicted the crack growth behavior. The reactive ini-
tiator, however, did not produce any remarkable ef-
fects in the crack growth behaviors.
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