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ABSTRACT: The influence of vinyl ester/styrene network structure on thermal and me-
chanical properties was investigated. The crosslink density of the resins was altered by
changing the molecular weight of the vinyl ester oligomer and by varying the amount of
styrene used during the crosslinking reaction leading to variations in both the physical
network structure and the chemical composition of the polymeric networks. The glass
transition temperatures of the network polymers were found to increase systematically
with increasing crosslink density without the additional influence of the chemical compo-
sition as determined from both differential scanning calorimetry (DSC) and dynamic
mechanical analysis (DMA). The breadth of the glass transition regions increased with
crosslink density for the DSC data, but the breadth assessed from the DMA data did not
vary significantly for the network materials. A secondary relaxation was observed for the
materials using DMA, and this relaxation did not appear to be significantly affected by
changes in either the crosslink density or the composition of the network. Cooperativity
studies involving time–temperature scaling of dynamic mechanical data in the glass
formation temperature region were also conducted. The degree of segmental cooperativity
at Tg appeared to be primarily influenced by the chemical composition of the networks.
These issues dealing with the structure of the networks provided insight into the associated
fracture properties in the glassy state (ambient temperature). Specifically, an empirically
based linear correlation was found between the fracture toughness of the networks and the
cooperative domain size at the glass transition temperature normalized by the crosslink
density. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 80: 917–927, 2001

Key words: vinyl ester; styrene; polymer network; crosslink density; fracture tough-
ness; cooperativity; glass transition

INTRODUCTION

The successful application of crosslinked polymer
systems as adhesives and matrix materials for

composites relies, in part, on their suitable me-
chanical performance characteristics in the
glassy state. The crosslink density has been suc-
cessfully employed as a material structural pa-
rameter to understand variations in small-strain
and ultimate mechanical properties of crosslinked
rubbers.1 The crosslink density provides a gen-
eral means of characterizing the physical network
structure, but other descriptive chemical and struc-
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tural parameters may additionally be needed to
understand the mechanical behavior of more
chemically complex thermosets that are used in
the glassy state. One application property that is
of particular relevance to the application of
crosslinked polymers in the glassy state is frac-
ture toughness. Brennan et al.2 recently stated
that a general expectation is that fracture tough-
ness should exhibit a direct dependence on the
molecular weight between crosslinks (Mc). Ac-
cording to these researchers, lower Mc values
(higher crosslink densities) are associated with a
higher network rigidity, which limits the develop-
ment of the local plastic zone at the crack tip, thus
reducing the degree of energy dissipation. Bren-
nan and coworkers also illustrated via a review of
the literature that the connection between frac-
ture toughness and crosslink density is still am-
biguous, despite the expected relationship. The
influence of other important structural distinc-
tions between polymer network systems besides
crosslink density may be the cause for the unde-
fined effect of Mc on fracture behavior.

Previous research concerned with the mechan-
ical response of glassy polymeric networks has
indicated that structural details other than the
average crosslink density are often needed to un-
derstand the mechanical behavior. For example,
crosslink functionality was observed to be a crit-
ical network characteristic by Crawford and Less-
er,3 and this parameter and crosslink density
were quantitatively used in combination to ex-
plain fracture toughness variations for epoxy net-
works. Aside from purely architectural character-
istics of crosslinked polymeric materials, the
chemical makeup of the network is also of critical
significance, because it can influence glassy den-
sity, secondary interactions, and chain stiffness,
all of which can affect the mechanical response.
Polymeric networks were prepared by Bos and
Nusselder4 from the reaction of a triisocyanate
with poly(propylene glycol) polymeric diols of var-
ious molecular weights. It was suggested by these
authors that the uncharacteristically strong de-
crease observed in fracture toughness with in-
creasing crosslink density for the network mate-
rials was due to the additional influence of chem-
ical composition, which varied with crosslink
density. Networks were generated by Gupta et
al.5 from diglycidyl ether of bisphenol A (DGEBA)
using a metaphenylene diamine crosslinking
agent, and fracture toughness was found to be
dependent upon the chemical structure and de-
gree of intermolecular packing in addition to be-

ing influenced by crosslink density. Min and co-
workers6 noted that crosslink density was not the
main determinant of glassy fracture toughness
for epoxy materials composed of DGEBA cross-
linked with diaminodiphenyl sulfone (DDS).
Their conclusion was that molecular packing fea-
tures and chain flexibility were more important
than crosslink density in determining fracture
toughness behavior. These studies, which as-
signed some responsibility of observed variations
in fracture toughness characteristics to the chem-
ical features of the polymeric networks, did so in
a largely qualitative manner.

Structure–property studies of crosslinked poly-
mers often involve varying the molecular weight
between crosslinks by changing the density of
crosslink junctions with different crosslinking
agents or curing conditions without otherwise al-
tering the chemical composition of the network
chains. For the vinyl ester/styrene networks in-
vestigated herein, there are two methods of alter-
ing the molecular weight between crosslinks: (1)
changing the molecular weight of the vinyl ester
precursor; and (2) varying the relative amount of
styrene used during the crosslinking reaction.7

The crosslink density of the vinyl ester/styrene
materials was systematically varied by using two
different vinyl ester oligomer molecular weights
and by employing two weight percentages of sty-
rene. Probing the properties of networks that
have crosslink density differences induced by the
two distinct methods can help determine whether
property changes are due solely to the general
effect of the crosslink density variation or
whether the chemical individuality of the compo-
nents comprising the network also plays a role.
The glass transition responses for these vinyl es-
ter/styrene materials were studied using DSC
and DMA to note changes in Tg and associated
breadth. The dynamic mechanical testing also al-
lowed the intermolecular cooperativity of the
crosslinked materials to be probed in the glass
transition temperature region, and enabled the
study of secondary relaxations as a function of
network structure. The influence of composition
and crosslink density on fracture toughness be-
havior and on glassy density of the materials was
additionally inspected. This communication will
detail the results proceeding from this testing to
discern whether crosslink density and composi-
tion both play important roles in determining the
properties of the vinyl ester/styrene networks. An
attempt will be made to relate crosslink density
and intermolecular cooperativity characteristics
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of the materials to the property of fracture tough-
ness.

EXPERIMENTAL DETAILS

Material Preparation

The vinyl esters are a group of dimethacrylate
resins from bisphenol A, epichlorohydrin, and
methacrylic acid, and the general chemical struc-
ture of the vinyl ester/styrene neworks employed
in this study is illustrated in Figure 1. Two dif-
ferent oligomer molecular weights of vinyl ester
neat resins were supplied by the Dow Chemical
Company. The number-average molecular weights
for the oligomers were 1000 and 690 g/mol. Both
of these resins were crosslinked with two differ-
ent styrene contents, 20 and 35 wt %. The nomen-
clature that will be used to describe the materials
is, for example, given by 1000–35%, where the
first number represents the vinyl ester molecular
weight in g/mol and the second number is the
weight percent of styrene used during the cross-
linking reaction. The network preparation in-
volved mixing styrene monomer with the vinyl
ester neat resin, having a molecular weight of
either 1000 or 690 g/mol, in the ratio necessary to
give the desired initial styrene content of 20 or 35
wt %. After the resin was dissolved by the styrene
at 60°C, 1.1 wt % of benzoyl peroxide was added to
serve as a reaction initiator. Constant stirring
was carried out until a homogeneous mixture was
formed. The mixture was then poured into sili-
cone rubber molds and cured in an oven at 150°C
for 1 h. The specifics of this reaction have been
previously established.8

Characterization

The glass transition temperatures of the vinyl
ester/styrene networks were measured by means
of differential scanning calorimetry (DSC) using a
Perkin-Elmer DSC 7. Sample weights of approx-
imately 10 mg were used. The heating rate used
during testing was 10°C/min, and two heating
cycles from 30 to 200°C were applied, with an
intermediate hold for 10 min at 200°C. Prior to
the first heating scan, each sample was freshly
quenched from 170°C into the glassy state at a
cooling rate of 200°C/min. This quench rate of
200°C/min was also used between the first and
second scans. The Tg was determined from the
average midpoint value of the glass transition
from the two DSC scans. The onset and end of
each glass transition was determined using the
analysis software provided with the instrument.

Thermal expansion behavior was determined
for the networks below and above Tg via thermal
mechanical analysis, and room temperature den-
sities were also measured. Also, elastic moduli
were assessed at 40°C above Tg. The procedural
details of this testing are given elsewhere.7 The
molecular weight between crosslinks was evalu-
ated from the experimentally determined values
of the modulus and density at Tg 1 40°C using
basic rubber elasticity theory.7,9

Dynamic Mechanical Analysis

Dynamic mechanical testing of all samples was
performed on a Seiko DMS 210 in tensile mode.
Approximate sample dimensions were given by a
thickness of 0.6 mm, a width of 3 mm, and a
length suitable for a 10 mm grip separation to be
used. The operating temperature range was from
2150 to 220°C. The heating rate used was 2°C/
min for the temperature range of 2150 to 90°C,
where the goal was to inspect secondary relax-
ation behavior. The heating rate was then
changed to 0.2°C/min for temperatures of 90°C
and above to acquire refined data in the glass
transition temperature region to be used for co-
operativity studies. The slow heating rate of
0.2°C/min essentially allowed isothermal data to
be acquired as a function of frequency for temper-
atures in the glass formation region from approx-
imately 15°C below to 40°C above the calorimetric
glass transition temperature. The dynamic me-
chanical behavior was determined at 11 different
frequencies, ranging from 0.05 to 20 Hz.

Figure 1 Diagram illustrating the network synthesis
for the vinyl ester/styrene materials.
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Fracture Toughness Testing

Fracture toughness properties of the resins were
determined in terms of the critical-stress inten-
sity factor KIC. Following ASTM Standard D5045-
91, three-point bend tests were performed at am-
bient conditions with the single-edge notch bend-
ing method. This testing procedure and the
associated results for the vinyl ester/styrene ma-
terials have been previously detailed in the liter-
ature.7

RESULTS AND DISCUSSION

The results of this investigation will now be con-
sidered. Glass transition temperatures and
breadths thereof were assessed using differential
scanning calorimetry (DSC) and dynamic me-
chanical analysis (DMA), and the results for the
vinyl ester/styrene materials will be detailed. A
closer inspection of the glass formation process is
afforded by time–temperature scaling of dynamic
mechanical data in the glass formation tempera-
ture region, and interpretation of such an analy-
sis will be made in terms of intermolecular coop-
erativity for each network studied. Finally, an
examination of how the characteristics of cross-
link density, secondary relaxations, glassy den-
sity features, and intermolecular cooperativity
contribute to the noted differences in fracture
toughness for the materials will be undertaken.

Glass Transition Behavior Observed by DSC
and DMA

The location of the glass transition temperature
region is an extremely important characteristic of
polymers, and this was evaluated for the vinyl
ester/styrene network materials. Differential scan-
ning calorimetry was performed on the materials
during heating at 10°C/min, and the responses
that resulted from this DSC testing are shown in
Figure 2. The upper and lower heating traces
represent the first and second scans, respectively,
for each network material. No significant amount
of additional curing occurred during the first DSC
heating scan nor the 10-min hold at 200°C. Evi-
dence for this was provided from the essential
equivalence of the results from the first and sec-
ond heating scans for each network. Characteris-
tics that describe this DSC data are detailed in
Table I, along with the measured values of the
average molecular weight between crosslinks

(Mc). The glass–rubber softening behavior of the
materials was also investigated using dynamic
mechanical analysis, and the tan d peaks corre-
sponding to the a-relaxations of the materials are
plotted in Figure 3. The dependence of the glass
transition temperature on 1/Mc is plotted in Fig-
ure 4. Although unusual departure from the typ-
ical10 linear dependence of Tg on 1/Mc is observed
from this plot, the glass transition temperature
displays a smooth variation with respect to
crosslink density for the vinyl ester/styrene ma-
terials. It should be mentioned that the use of
predicted vs. measured Mc values for these net-
works results in a linear relationship between Tg
and 1/Mc. Despite the fact that the crosslink den-
sity was varied by the two distinct methods, a
clear connection between glass transition temper-
ature and 1/Mc was noted. This suggests that
crosslink density was solely responsible for vari-
ations in the glass transition temperature for the
vinyl ester/styrene materials, and styrene content
was an unimportant factor except for its influence
on Mc. It must be pointed out, however, that both
polystyrene and a high molecular weight linear
analog of the vinyl ester component have glass
transition temperatures in the vicinity of 100°C.
Therefore, the apparent lack of importance of
chemical composition in determining the glass
transition temperature may simply be due to this
fact. It is worth noting that a systematic decrease
in the degree of damping associated with the
DMA glass transition region was also observed
with respect to 1/Mc (see Fig. 5).

A closer examination of the glass transition
responses can indicate whether the breadth of the
glass transition temperature region was also in-

Figure 2 DSC glass transition responses for the net-
work materials. For each material, the upper data
curve represents the first heating scan and the second
scan is given by the lower curve.
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fluenced by the crosslink density. The breadth of
the DSC glass transition was determined from
the difference between the end and the onset of
the transition (see Experimental Details). The
breadth of each dynamic mechanical tan d peak
was assessed from the temperature range for
which the value of tan d was greater than 0.04.
Networks with a greater crosslink density (lower
Mc) possessed a broader glass transition accord-
ing to the DSC results indicated in Figure 6, and
this trend was independent of the method used to
vary the degree of crosslinking. In contrast, the
breadth inferred from the tan d peak data was
essentially constant with respect to 1/Mc (Fig. 6).
The breadth of the mechanical glass transition
response was either insensitive to the physical
network structure represented by the crosslink
density or there were other structural factors,
which counteracted the influence of crosslink den-
sity. The width at half height was also evaluated
from each tan d peak, and was determined to be
24.2, 22.2, 19.8, and 21.4°C for the 700–20%,
700–35%, 1000–20%, 1000–35% materials, re-
spectively. The fact that this parameter was also
found to be roughly constant for the materials

strengthens the fact that the observed lack of
dependence of the DMA glass transition breadth
on crosslink density was real, and was not a con-
sequence of an ill-defined method of breadth char-
acterization. Further support for the lack of
breadth variation observed by DMA will be given
later when relaxation time function parameters
are compared for the materials.

Intermolecular Cooperativity in the Glass
Formation Region

Although chemical composition played an insig-
nificant role in deciding variations in the glass
transition temperature of the networks, it did
have a notable impact on the glass formation pro-
cess. The process of glass formation can be ob-
served from the temperature and frequency (v)
dependence of dynamic mechanical data in the
a-relaxation region. The behavior of an amor-
phous material during cooling toward the glass
transition region can be interpreted in terms of
cooperativity theory. The average relaxation time
exhibits an increase as temperature is decreased

Figure 3 Dynamic mechanical tan d data in the glass
transition (a-relaxation) temperature region obtained
during heating at 0.2°C/min using a testing frequency
of 10 Hz.

Figure 4 Glass transition temperature versus 1/MC.
Indicated are Tg results obtained from DSC at 10°C/
min and from the location of the tan d maximum for
DMA data obtained at a frequency of 10 Hz using a
heating rate of 0.2°C/min.

Table I Characteristics of the Vinyl Ester/Styrene Networks

Vinyl Ester
Oligomer Mn

(g/mol)

Styrene
Content
(wt %)

Measured
Mc (g/mol)

DSC Tg

Onset
(°C)

DSC Tg

End
(°C)

DSC Tg

Midpoint
(°C)

DCp

(J/g°C)

690 20 300 136 164 152 0.269
690 35 569 124 145 136 0.244

1000 20 812 115 133 125 0.322
1000 35 969 110 126 118 0.298
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toward the Tg region. One reasonable explanation
for this behavior is related to an increase in seg-
mental cooperativity, which occurs as the free
volume and configurational entropy decrease dur-
ing the cooling process. If a glass forming mate-
rial is envisaged to be composed of small relaxing
segments, which could be polymer repeat units or
even fragments thereof, then more and more of
these segments must relax in concert as temper-
ature is reduced due to geometric packing consid-
erations or other restraints such as attractive
chemical interactions.11–13 Eventually the relax-
ation times become so large that a liquid-like
state can no longer be maintained, and a glassy
state is formed. The number of cooperative seg-
ments in a relaxing domain at the glass transition
temperature where this departure into the glassy
regime occurs is given by zg. An in-depth expla-
nation of this conceptual approach to under-
standing glass formation behavior, which was
pioneered by Adam and Gibbs,11 is given else-
where.14 Application of time–temperature super-
position to dynamic mechanical data can provide
a quantitative measure of this cooperativity, zg,

at the glass transition temperature that can help
characterize the glassy state that is formed. The
influence of crosslink density on cooperativity in
the glass transition region has been investigat-
ed,15–20 and a general understanding of how
the degree of cooperativity depends on chemical
structural features of linear polymer systems has
been established to an extent by Roland, Ngai,
and other researchers.21–24 Both crosslink density
and composition were varied in this study of the
vinyl ester/styrene materials, and the following
analysis will develop values of zg, a parameter
that can be used as another structural character-
istic to help describe the polymer networks.

To thoroughly understand the dynamics of the
glass formation region as influenced by the
changes in the network structure, the tempera-
ture and frequency dependence of the dynamic
mechanical spectra were determined for the ma-
terials. Typical loss modulus (E0) results are in-
dicated in Figure 7(a), which presents the data for
the 690–20% material. The frequency- and tem-

Figure 5 Glass transition damping characteristics
for the networks as a function of 1/MC.

Figure 6 Glass transition breadth plotted as a func-
tion of 1/MC.

Figure 7 (a) Loss modulus data as a function of fre-
quency at temperatures in the glass formation region
for the 690–20% material; and (b) Master curve gener-
ated via time–temperature superposition (symbols) as
well as the KWW fit (line). The caption given in (b)
applies to both plots.
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perature-dependent mechanical loss modulus
data of each network were reduced into a master
curve using the time–temperature superposition
principle.25,26 Horizontal superposition was per-
formed on the log(frequency) scale, and the degree
of shifting was quantified by a temperature shift
factor, aT, which is defined as:

aT 5 t~T!/t~Tg! (1)

The parameter t(T) is the relaxation time at tem-
perature T and t(Tg) is the relaxation time at the
calorimetric glass transition temperature, Tg,
which was appropriately selected as the reference
temperature. Prior to the horizontal shifting that
was performed, the loss moduli at each tempera-
ture were corrected vertically by multiplying by
the ratio Tg/T. The final result of this superposi-
tion process was a master curve for each material,
and the curve for the 690–20% network is shown
in Figure 7(b). Decent master curves resulted
from the data for all of the networks, and, hence,
thermorheological simplicity, appeared to be at
least approximately valid for the materials within
the temperature and frequency ranges utilized.

Information about the glass formation kinetics
of the crosslinked polymer systems was gleaned
from the time–temperature scaling data. Shift
factors were determined from the degree of hori-
zontal shifting necessary to superimpose loss
modulus data at one temperature with the data at
the reference temperature which was Tg. This
information indicated how relaxation times var-
ied with temperature in the glass formation tem-
perature region. The temperature dependence of
viscoelastic relaxation times in the a-relaxation
region of amorphous materials can be described
well by the Williams-Landel-Ferry (WLF) equa-
tion27:

log aT 5
2C1~T 2 Tg!

C2 1 T 2 Tg
(2)

where aT is the temperature shift factor described
above, and C1 and C2 are WLF constants. The
dependence of the shift factor on Tg/T is plotted in
Figure 8 for each vinyl ester/styrene network. The
WLF fitting of each curve provided values of C1
and C2 for each network, and this information is
listed in Table II. The relaxation time scaling
data that was represented by the WLF function
was subsequently used to determine the degree of
segmental cooperativity at the glass transition

temperature. The cooperative domain size at the
glass transition temperature can be expressed
as14:

zg 5 ~Tg/C2!
2 (3)

The values of zg that resulted from this determi-
nation are given in Table II. Cooperativity was
noticeably dependent upon chemical composition
of the networks, but relatively unaffected by vari-
ations in crosslink density for a given styrene
content. Although the location of the glass tran-
sition temperature was found to be independent
of styrene content, the chemical makeup of the
networks obviously influenced the glass forma-
tion process, which in turn, should affect the na-
ture of the glassy state formed upon cooling
through Tg. A larger zg value implies that the
motion of molecular segments is more intercon-
nected, and hence, a general expectation is that
more cooperative glasses are less mobile. Further
discussion of the compositional dependence of zg
and its possible impact on mechanical response in
the glassy regime will be undertaken later.

The shape of the loss modulus master curve
also provided insight into relaxation time charac-
teristics associated with the glass formation
process. The relaxation of amorphous materials
can often be described by the time-dependent
stretched exponential decay function also known
as the Kohlrausch-Williams-Watts (KWW) func-
tion28,29:

f~t! 5 exp@2~t/t!b# (4)

In the above expression, t represents the most
probable relaxation time at a given temperature.
The b parameter is inversely related to the

Figure 8 Cooperativity plots for the network materi-
als (symbols). The sold lines represent the fits to the
WLF equation.
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breadth of the relaxation response; when b 5 1,
then only a single relaxation time is necessary to
describe relaxation, and the relaxation time func-
tion broadens as b is decreased from this value
toward zero. The coupling model of Ngai and co-
workers30–32 relates the coupling parameter, n, to
the b parameter according to b 5 1 2 n. Trans-
forming the time-dependent KWW decay function
to describe loss modulus data in the frequency (v)
domain can be accomplished using the following
expression33:

E0~v!

E` 2 E0
5 v E

0

`

f~t!cos~vt! dt (5)

where E` and E0 represent the moduli values in
the respective limits as frequency approaches in-
finity and zero, and the quantity E` 2 E0 is,
therefore, a measure of the relaxation strength.
The KWW equation was numerically trans-
formed14 for selected values of the b parameter
and comparison of the predictions with the shape
of each loss modulus master curve enabled the
determination of the b value that best described
each curve. The results of this endeavor are sum-
marized in Table II, and an illustrative fit is in-
dicated by the solid curve plotted in Figure 7(b).
Given the fitting error for b, which was approxi-
mately 60.0125, no significant variation in the
relaxation time distribution was observed for the
network materials. This is consistent with the
lack of glass transition breadth variation ob-
served from the tan d peaks for the vinyl ester/
styrene networks. Research has indicated34 a
general increase in b with decreasing fragility
(which is closely related to the zg parameter14) for
a wide range of glassy materials. Such a correla-
tion was not evident in this study, and this high-
lights the fact that these network structures are
complex.

Influence of Network Structure on Fracture
Toughness

The ultimate aim of this investigation was to de-
velop an understanding of the factors leading to
fracture toughness differences for the vinyl ester/
styrene materials. In the Introduction, it was
mentioned that Mc should influence the fracture
toughness in the glassy state, and a natural ques-
tion that was posed in this study was whether a
correlation between K1C and 1/Mc existed for the
networks. Considering the results presented in
Table II provides an answer to this question. At
constant network composition, fracture tough-
ness appeared to scale inversely with 1/Mc. How-
ever, increasing the styrene content from 20 to 35
wt % served to significantly reduce the fracture
toughness of the materials. Composition-depen-
dent features were obviously active and of impor-
tance in dictating the fracture toughness proper-
ties.

The nature of secondary relaxations was inves-
tigated for the materials. As observed previous-
ly,35,36 nearly all tough ductile glassy polymers
with high impact strengths have prominent sec-
ondary relaxation peaks. Secondary relaxations
should, therefore, play an important role in the
mechanical behavior within the glassy state in-
cluding fracture toughness response. The tan d
data, obtained at a frequency of 10 Hz, is shown in
Figure 9 for the temperature range associated
with the only secondary relaxation response
noted for the materials. Polystyrene has a second-
ary relaxation in the temperature range of 2140
to 2100°C, but this relaxation is extremely
weak.37,38 Accordingly, the secondary relaxation
for the network materials was likely associated
with localized molecular motion of the vinyl ester
component. It might be expected, therefore, that
the relaxation intensity of the secondary relax-
ation of the vinyl ester/styrene networks should
decrease with increasing styrene content. Al-

Table II Parameters Describing Dynamic Mechanical Data in the Glass Formation Region

Vinyl Ester
Oligomer Mn

(g/mol)

Styrene
Content

(%)

DSC Tg

Midpoint
(K)

Measured Mc

(g/mol) b C1 C2 (K) zg

690 20 425 300 0.225 17.9 82.7 26
690 35 409 569 0.200 19.2 103.4 16

1000 20 398 812 0.225 17.1 74.2 29
1000 35 391 969 0.275 17.3 92.4 18
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though the networks with 20 wt % styrene did
display peaks that were slightly higher than
those for the materials containing 35 wt % sty-
rene, all of the secondary dispersions displayed
relaxation strengths that were nearly the same
within experimental error. Either the range of
composition variation was too small to induce a
noticeable change in the strength of the second-
ary relaxation, or other opposing structural oper-
atives were present. The observed activation en-
ergies for the secondary relaxations of the various
networks ranged from 66 to 78 kJ/mol, and it was
concluded that no statistically significant varia-
tion in this parameter was present for the mate-
rials. Therefore, differences in secondary transi-
tion responses were relatively insignificant, and
cannot be used to explain the marked reduction in
fracture toughness associated with an increase in
styrene content.

The macroscopic density in the glassy state
was another structural variable that was com-
pared for the crosslinked materials. The density
at 25°C is plotted vs. 1/Mc in Figure 10. The
density and the physical network structure were
apparently closely linked for the materials, and
styrene content did not appear to independently
influence the state of packing in the glassy state.
The densities at Tg 2 40°C are also indicated in
Figure 10 to illustrate that the observed trend at
25°C was not merely associated with the fact that
the glass transition temperature varied with
crosslink density, nor was it due to variations in
thermal expansion behavior. Because of this ap-
parent close tie between density and Mc, which is
essentially independent of composition, density
variations cannot offer any insight into the depen-
dence of fracture toughness on styrene content.

The cooperativity, zg, was the only structural
characteristic in this study that appeared to be
connected with the chemical makeup of the net-
work. However, some interplay between the de-
gree of cooperativity and the physical network
structure must also have been present for the
vinyl ester/styrene system. The value of zg for
neat linear polystyrene was observed to be 62 in
another study.14 One might intuitively expect
that increasing the styrene content should result
in a value of zg, which is closer to that observed
for pure polystyrene, but the opposite was found
to be true. Another curious aspect is that the
density of neat polystyrene at room temperature
is 1.048 g/cc,39 a value well below the range of
densities observed for the vinyl ester/styrene net-
works. Angell40 pointed out that the strong liq-
uids with the lowest degree of fragility, or coop-
erativity, are expected to be the least closely
packed upon quenching into the glassy state. The
networks were noted to be much less cooperative
than neat polystyrene, and yet were found to have
higher densities in the glassy state compared to
polystyrene. The complicated behavior of zg and
density, relative to each other, can be observed
graphically by means of Figure 11. Although such
details are not fully understood, it was clear from
this study that zg displayed a strong dependence
on styrene content for the materials. The zg pa-
rameter could not exclusively account for the frac-
ture toughness properties, as is evident from Ta-
ble II. However, the fracture toughness exhibited
an interesting linear dependence on zg divided by
the crosslink density, N, where N 5 r/Mc (see
Fig. 12).

The convincing dependence of fracture tough-
ness on the ratio zg/N suggested that K1C was
directly and inversely related to zg and crosslink

Figure 9 Dynamic mechanical tan d data in the sec-
ondary relaxation temperature region obtained during
heating at 2°C/min using a testing frequency of 10 Hz.

Figure 10 Glassy density as a function of 1/MC for
the vinyl ester/styrene networks.
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density, respectively. The inverse relationship be-
tween fracture toughness and crosslink density
was an intuitive result, but the direct influence of
zg on K1C was surprising. One possible explana-
tion is that more cooperative glasses have a mech-
anism, by means of increased geometric connec-
tivity, for enhancing the energy dissipation pro-
cess. However, the general expectation is that
more cooperative, or fragile, glass-forming mate-
rials are less mobile in the glassy state, which is
in opposition to the observed direct correlation
between K1C and zg. Glassy structures that have
a heightened state of required cooperativity
should provide more rigid responses, which
should decrease properties such as fracture
toughness. The zg values were certainly de-
creased for the networks with 35 wt % styrene in
comparison to the networks synthesized using a
styrene content of 20 wt %. It is possible that the
apparent direct relationship between fracture
toughness and zg is not a general result applica-
ble to all networks, but rather was a coincidental
consequence of the connection between zg and
styrene content for the specific network system
investigated. Nevertheless, the empirically based
K1C vs. zg/N relationship can be used quantita-
tively to represent the fracture behavior of the
vinyl ester/styrene networks. It remains to test
whether this relationship is valid for other
crosslinked glassy materials.

CONCLUSIONS

The crosslink density of the vinyl ester networks
was varied via two methods: by changing the pre-
cursor oligomer molecular weight, and by varying

the amount of styrene used during the network
synthesis. The glass transition temperatures
measured by both DSC and DMA systematically
increased with increasing values of 1/Mc without
the additional influence of chemical composition.
A similar relationship was found between the
breadth of the DSC glass transition and 1/Mc, but
the glass transition breadth observed by DMA
was essentially invariant for the networks. From
the dynamic mechanical spectra, it was found
that the vinyl ester/styrene materials possess sec-
ondary relaxations that are largely indistinct
from each other despite differences in the physi-
cal network structure and in the composition of
the network chains. Glassy density varied with
1/Mc but appeared to be unaffected by changes in
styrene content. The only structural parameter
that displayed composition-dependent behavior
was the glass transition cooperativity, zg, which
is a parameter that characterizes the degree of
intersegmental cooperativity present in the
glassy state formed via cooling through Tg. Frac-
ture toughness in the glassy state was influenced
by both crosslink density and styrene content. A
linear relationship between fracture toughness
and zg normalized by the crosslink density, N,
was noted for the system. Although this observed
correlation between K1C and zg/N is intriguing
and encouraging in terms of quantitatively un-
derstanding the fracture toughness performance
of the vinyl ester/styrene networks, it should be
reemphasized that this connection is empirical,
and may be specific to this particular network
system. Therefore, further critical examination of
this correlation should be performed in the future
using other network materials.

Figure 12 Apparent correlation between fracture
toughness and the normalized cooperativity index. The
N parameter is the crosslink density given by N 5 r/MC.

Figure 11 Glassy density vs. zg. The arrows indicate
increases in the molecular weight of the vinyl ester
oligomer at constant styrene composition.
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