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Since the beginning of the space age, the goal of materials development in the
aerospace industry has been to replace metal alloys with much lighter polymer resins,
while maintaining the strength over a wide temperature range characteristic of metals.
Polymers such as polyimides and epoxies have been used to satisfy many needs, but
strength, temperature resistance, and ease of processing are difficult to incorporate into a
single polymer.
Because of this gap, bismaleimides and cyanate esters, and possibly combinations
of the two, are seen as having potential in applications where ease of processing
characteristic of epoxies is desired, but for which temperature resilience better than that
of epoxies is desired. In this project, bismaleimide and cyanate ester compositions based
on commercially available monomers are created and evaluated to determine what
monomers and compatibilization methods are favorable. Additionally, curing behavior is
studied to explain these phenomena.

Vlll
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I. INTRODUCTION
A. Historical
The aerospace industry, including commercial and cargo carriers as well as the
National Aeronautics and Space Administration (NASA), is constantly in search of new
materials that are lighter, tougher, more thermally stable, and/or cheaper than those that
are currently used. The demands of NASA are most rigorous of all, as materials used in
spacecraft must not only stand up to the rigors of conventional flight, including high
mechanical stresses and temperatures, but must also endure additional stresses. These
include high g-forces and the cryogenic temperatures of space. Because of these added
stresses, materials used in spacecraft must not only be tough and thermally stable but
must also resist high strains and brittleness at extremely low temperatures, preferably at
-100°C.
Additionally, materials used on spacecraft are designed to be as light as practical,
since the cost in fuel of getting extra weight into space is extremely high. Finding a
material that meets such specifications requires that properties be carefully tailored, and
certain attributes must be compromised to maintain others. Currently there are a number
of different groups of polymers used in aerospace applications.

Some of the more

common include polyimides, epoxies, bismaleimides, and cyanate esters.
The polymer that has gained the most acclaim would likely be the group known as
polyimides, which are used for applications such as heat shields and other situations in
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which heat and chemical resistances are required. 12

Polyimides are ideal for such

applications because of their high Tg and even higher onset of decomposition. The main
disadvantage is that polyimides produce gases when cured, and quite often must be
applied to a composite in solution form, which must be evaporated. 1

These gases are

often difficult to eliminate, and for this reason voids may result in the final composite,
compromising its integrity. Because of these difficulties, processability of polyimides is
poor compared to other thermosets (such as epoxies) and therefore are expensive to
produce.
Epoxies are also used in many applications. The opposite of polyimides, they are
easily processible but have lower thermal stability than most of the major thermosets,
including Cyanate Esters. '

They also have the advantage of being able to link to many

polymers, making them very useful in composites. However, it is their thermal stability
as well as a low elongation to failure that limits them in certain applications. 1 Still, they
are more common than any other thermoset in structural applications.
Bismaleimides (BMI) have also found wide use in the aerospace industry. With
processing characteristics similar to epoxies and being much more easily processable
than polyimides, BMI polymers have been tailored to applications where extreme
temperatures that require polyimides are not found, but for which temperature resistance
is still desired. They have the advantage of thermal stability compared to epoxies. The
major drawback of BMI, however, is that they are very brittle and generally require
toughening either by thermoplastics or through allyl-functionalized hardeners such is the
case with Matrimid, manufactured by Ciba-Geigy. 4 ' 5 This brittleness means they cannot
be used alone in structural applications. Additionally, they cost more than epoxies. 1

3

Cyanate esters (CE) have also seen use in certain structural applications, as well
as wide use in the electronics industry. Early in development, the first cyanate ester, B10 (then called Triazine A), was used as a laminant for circuit boards. Use was stopped
when it was determined that the CE absorbed too much water, which when heated by
soldering irons converted to steam and blew apart the circuit boards. 6 For this reason,
modern cyanate ester resins have been developed to minimize water uptake. The most
successful is M-10, which has two methyl groups of each benzene ring, ortho to the
cyanate group.

The purpose of these methyls is to "shield" the cyanate group from

hydrolysis by water.

They are successful in this endeavor, as water uptake is

significantly lower for M-10 than for B-10.
Cyanate esters possess a number of properties that make them suitable to many
applications. Among these are low moisture absorption, low dielectric constant, high Tg,
n

and a high toughness at a given Tg.

The low dielectric constant and moisture retention

has made cyanate ester resins very attractive to the electronics industry, finding use in
devices such as circuit boards. Cyanate esters can, depending on the monomer employed,
be resistant to moisture uptake, an essential quality when used in more moist or humid
environments. 7 However, as it has been realized that cyanate esters can also be strong
and thermally stable, they have found more structural applications, particularly where
their other properties are required. Examples include radome construction, which makes
use of its structural abilities as well as its low dielectric constant, thus allowing it to be
transparent to radar.

Like bismaleimides, though, cyanate esters suffer from brittleness,

and as they form an efficient crosslinked network, they are prone to microcracking. 9
These flaws have made cyanate esters difficult to use as un-reinforced homopolymers.

4

There seems to be no polymer, however, that is extremely tough, has a high Tg, is
easily processable, and possesses exotic characteristics that make them applicable in
diverse situations.

The development of such a polymer (or copolymer) would prove

beneficial. Potential applications would include structures in future relaunchable vehicles
(RLV) for NASA, which are scheduled to replace the current generation of space
shuttles.
To this end, there is currently renewed interest in using BMI and cyanate esters
for copolymerization in structural applications. Both are easily processible and have a
high degree of thermal stability that has resulted in their use in various applications such
as electronics and aircraft. Glass transition temperatures (Tg) of homopolymers range
from approximately 180°C to 380°C for CE and 280°C to 360°C for BMI. 10 The most
common BMI used, 4,4'-bismaleimidophenyl-methane, has a Tg of 342°C.
BMI and CE are also compatible with each other, as both react through pi-bonds.
This co-reactivity allows them to polymerize with each other. BMI typically undergoes
crosslinking through the double bond, while CE trimerizes, forming a six-membered
polycyanurate (commonly referred to as triazine) ring. 11 Blends of CE and BMI have
been successfully marketed, such as the BT resin (bismaleimide-triazine) developed by
the Mitsubishi Gas Chemical Company in the early 1980s. This resin was used chiefly as
an electrical insulation, making use of its temperature stability as well as its low dielectric
constant. 12
Resins incorporating members of BMI and CE together have been developed and
marketed.

However, these blends have not seen extensive use in high-temperature

structural applications, possibly because they were developed before the advent of
cyanate esters that fit that description.

However, both BMI and CE have been used
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individually since that time in structural applications (although BMI does require a
hardener when used alone). Because cyanate esters that are tough enough to be used as
certain structural components obviously now exist, BMI/CE blends would seem to have
promise in new applications, this time as structural components.
To the end of developing structural copolymers, selecting bismaleimides and
cyanate esters allow great versatility, due in large part to the variety of monomers
available. As both have been used as structural components alone, there is every reason
to believe that successful copolymers can be developed for aerospace applications.
Much, however, depends on the interaction between cyanate esters and BMI in general,
and how the specific monomers chosen interact with each other. Such an understanding
requires knowledge of the chemistry involved, both of the individual monomers and how
they react together.
B. Chemistry of BMI
1. Synthesis of BMI
Bismaleimides are derived from two starting materials: a diamine and maleic
anhydride. 10 Synthesis of the monomer begins with the nitrogen of the diamine attacking
one of the carbonyl carbons of the anhydride.

After the diamine attack, the oxygen

between the carbonyls separates from the attacked carbonyl and picks up a hydrogen.
This structure is known as an amic acid. As this process happens for both ends of the
diamine, it becomes diamic acid. Following amic acid formation, and in the presence of
NaOAc, the nitrogen of the diamine attacks the other carbonyl carbon. The hydroxyl
group then picks up another hydrogen, and leaves as water. The result is a finished BMI.
The reaction occurs as shown in Figure l. 1 0 Note that this reaction mechanism is easily
reversible, particularly in the amic acid stage. For this reason, all solvents used to make
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these monomers must be distilled to purify them from trace water contamination.
Purchasing reaction-grade solvents is not sufficient.
O

O
Q

+

O
R

H2N-R-NH2
OH

o

o

o
Figure 1. Mechanism for synthesis of bismaleimides.

N-J

L

HO
o

o

The BMI double bond allows a wide variation of chemical reactions that can
modify the resulting resin. The two main ways are through -ene reactions (also DielsAlder) and through Michael additions. Modification of BMI systems will be dealt with
further in this work.
2. Properties of BMI Monomer
Although there are a number of BMI monomers with diverse structures, they do
tend to share some common properties.

For example, most are either powders or

crystalline solids. Many have melting points that are just below their cure temperatures,
sometimes even overlapping, making hot melt processing extremely difficult with most
BMI monomers. The melt point, onset of polymerization, and maximum endotherm vary
widely among different varieties of BMI, with these properties generally similar in trend
to eventual Tg of the final polymer. 10

7

BMI monomers also tend to be toxic.

Inhalation is dangerous, as BMI is a

powder and easily dispersed, making it easily inhaled.

When inhaled, it acts as an

irritant. BMI can also be dangerous because of its methylene dianiline (MDA) content.
MDA is used in the synthesis of the most commonly used BMI, and can also be used
toughen the BMI through Michael addition of a straight-chain diamine to the double
bond. MDA is a liver toxin, and for this reason, as well as because of the innate toxicity
of BMI, it should be treated very carefully.
3. Polymerization of BMI
The mechanism for BMI polymerization is simple - it crosslinks through the
double bond. The part that is not clear, however, is how exactly does it do so. Some
have suggested a trimerization mechanism similar to that of a cyanate ester system, while
some have suggested a dimerization mechanism. Some suggest that both occur, while
19 1 ^
others indicate that there is no clear consensus for either mechanism. '

While a

dimerization would be statistically easier (requiring only two molecules come into
contact rather than three), the resulting structure would have significant ring strain (4membered ring). For this reason, it would be very difficult to accept a mechanism that
uses such a model for the final structure, but would be convenient as an intermediary, as
it would improve the kinetics of the reaction, resulting in two bimolecular steps instead of
one trimolecular step.
4. Cured-State Properties of BMI
Though there exists significant variation among them, BMI tend as a rule to have
moderate to high Tg values, are brittle, and have a low elongation at break. 10

These

likenesses are characteristic of a highly crosslinked material, which BMI is. The cure
state properties of BMI depend on the "R" group, which is the chain between the
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maleimide groups. Many aspects of the R group determine the final properties of the
resin. A longer chain, for example, allows for greater flexibility and strength. A shorter
chain results in higher thermal stability, but reduced strength. The presence of aromatic
(and other cyclic groups) increases the thermoxidative stability of the resin.

Ether

linkages increase the glass transition temperatures without seriously affecting the
strength. Other groups will also have various effects on the resin properties. Generally,
greater aliphatic character in the R group leads to lower thermoxidative stability and
greater freedom of rotation; therefore, they are much less thermally stable, but often
tougher.
C. Cyanate Ester Chemistry
1. Cyanate Ester Synthesis
Cyanate esters are derived from bisphenols, and synthesis of cyanate esters
involves the production of a bisphenol precursor. The bisphenol is then reacted with
CICN, with the CN replacing the hydroxyl groups in the bisphenol. 6 The reaction occurs
as shown in Figure 2. The use of an HX acceptor to prevent the reverse reaction is also
advised to increase yield and purity. 14

OH

O—CN
+

CICN

Figure 2. Phenol synthesis method for preparing cyanate ester monomers.

This reaction is the one used commercially today in the production of cyanate
esters. Other reactions that yield cyanate esters exist as well, although they are no longer

9

used in commercial production. Two mechanisms that are also successful are a synthesis
using a phenolate and a halogencyanogen and the thermolysis of 1,2,3,4-thiotriazoles. 14
The phenolate mechanism involves the reaction of an alkali phenylate (RONa)
and a halogencyanogen (XCN). The result is the formation of R-OCN, and the Na + ion
even serves to catalyze the trimerization reaction. However, purity is difficult to attain
because of side reactions. A mechanism of the phenolate synthesis is shown in Figure
3.14

Figure 3. Phenolate synthesis method for preparing cyanate ester monomers.

The thiotriazole mechanism was employed early in the development of cyanate
esters as well. 15 This mechanism involves the reaction of ArO-CS-Cl in the presence of
NaN 3 and ArOCSNHNH 2 in the presence of H N 0 2 to form a 1,2,3,4 thiotriazole. With
the loss of

and S, this becomes simply Ar-OCN.

The mechanism is as shown in

Figure 4. 16

OH

Figure 4. Thiotriazole synthesis method for preparing cyanate ester monomers.
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Three other methods for synthesizing cyanate esters are also known. These are
heavy metal oxide dehydration of O-alkyl thiocarbamates, acylation and decomposition
of O-alkyl-N-hydroxy- thiocarbamates, and alcohol exchange with thiocyanates. 16 None
of these proved successful in generating cyanate esters with comparable purities.
The reactive site of each cyanate ester molecule is the triple bond.

Reactions

tends to result in trimerization when alone, but will react in other ways when in the
presence of other monomers and solvents. Co-reaction can be advantageous, as it allows
cyanate esters to form homogenous co-polymers with other classes of monomers, but it
also means that side reactions are possible. Due to its prevalence and reactivity with the
cyanate group, water has been identified as a contaminant that drastically affects the
ability of cyanate esters to form tough, high-Tg structures. Water, when reacting with
cyanate ester endgroups, forms carbamates as shown in Figure 5.16'17

+

2H20

j c l
THF

; n
0
H-" ^ [ f
^
O
Figure 5. Cyanate ester side-reactions caused by water contamination.

This reaction, obviously, deadens an end of a growing network.
compromised molecular weight.

The end result is a

As condensation polymers typically require high

degrees of conversion to achieve acceptable molecular weights, even a small amount of
water, less than 1%, can be detrimental to the final structure.

Note that this

contamination can take place during synthesis, storage, or processing. It is essential that
water be kept away from cyanate ester monomers, and to heat them above 100°C before
use.
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2. Cyanate Ester Monomers
Monomer properties of cyanate esters are much more diverse than that for BMI.
Physical states vary from liquid to extremely viscous semisolid to crystalline solid at
room temperature. Color varies from white to amber to a deep red. Melting points also
vary from well below room temperature for liquids up to 106°C for the crystalline
18
solids.

Curing conditions have typically remained constant for all cyanate esters

regardless of the melting point.
The structure of cyanate esters varies greatly, more so than that of BMI.

In

addition to having a number of different groups possible between the aromatic rings, the
aromatic rings themselves may be substituted, allowing for a much wider variety of
properties among neat CE resins.

Some selected cyanate esters and their structures

follow in Table l. 1 9
Table 1 - Structures For Selected Cyanate Ester Monomers

Monomer
Cyanate
Cyanate
Cyanate
Cyanate
Cyanate

A
B
C
D
E

Base
1
1
1
2
3

X

Y

Sub

T g (°C)

CH3
H
CH3

CH3
H
H

H
CH3
H

N/A
N/A

N/A
N/A

N/A
N/A

289
252
258
192
-380

Cyanate Esters are generally much less toxic than BMI, but they still possess
handling concerns. Some (particularly the semisolids) tend to be skin irritants, though

12

not so strong as BMI. M-10 has been determined to be an inhalation irritant, as well as a
•

possible carcinogen.

20

For this reason, care is recommended in handling all cyanate

esters, but M-10 in particular.
3. Cyanate Ester Cure Mechanism
It has long been recognized that the polymerization mechanism for cyanate esters
is a trimerization reaction, in which three cyanate ester molecules trimerize to form a
polycyanurate ring, with alternating carbon and nitrogen atoms as seen in Figure 6.

li

The specific trimerization mechanism responsible has been debated, and there has been
no clear consensus as to how the mechanism works beyond that. Until 1994 no research
had discovered a dimer intermediate species; mass spectroscopy, however, showed what
91

appeared to be a dimer peak, as did HPLC.

It is estimated that, for this to occur at all,

the process to convert two monomers to the dimer must be extremely efficient, as the
stability of the dimer species is estimated to be worse than that for cyclobutadiene. It has
been long assumed, to be sure, that the final product is a trimer. After trimerization, the
mechanism involves the addition of two monomers to an existing functional group on the
99

oligomer, building from n = 1 to 3, 5, 7, etc.

The fact that the odd numbered n-mers are

prevalent helps to prove the trimerization nature. These species have been observed up to
n = 13 through HPLC analysis.23
n

R
Figure 6. Trimerization of a polycyanurate (triazine) ring.
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Research has also established the reaction to be second order, although deviations
have been observed to occur. 11 ' 24 It was thought that such deviations might reduce the
overall homogeneity of the system, which might cause the system to perform in a nonideal manner. However, these deviations from ideality have been attributed to the sidereactions mentioned earlier, although it had been previously suggested that the reason
was lower than expected diffusion.
Literature also suggests that there may be different mechanisms depending on the
catalyst used. When using TiCU as a catalyst, as opposed to a metal/ligand catalyst, the
catalyst seems to attack the lone pair on the nitrogen, causing the nitrogen to then become
partially positively charged.

The nitrogen then withdraws electron density from the

carbon, leaving the carbon open to attack from the nitrogen of another cyanate ester
molecule. The result is a dimer that has a partially positive nitrogen and carbon, which is
attacked by a third cyanate ester molecule as before. The attack completes the ring, and
the T1CI4 is released. The reaction is claimed to be second order, with the dimerization
being the limiting step. This determination was made through kinetic analysis, rather
than by isolating the dimer species itself. The suggested mechanism is as follows in
Figure 7 25
A mechanism is also proposed for the more standard catalysts, in which the metal
ion draws the cyanate ester molecules near it as ligands. 14 Ostensibly they replace the
ligands that were attached to the metal ion previously.

The nature of the ligand

determines how easily it leaves, which affects the catalysis. Kinetic analysis of the more
standard catalysts shows that this mechanism, too, is second-order in cyanate ester
concentration. 11 Additionally, it is reported to be first-order dependent on metal catalyst.

14

O

TiCI4

Ar

Ar

Ar

/

O

OAr
ArOCN
N

^N

.A..A.

\=N—TiCL

t

I

:N:

ArO
^N

+

\
TiCI.

A r O ' " N " "OAr
ArO
Figure 7. TiCU-catalyzed trimerization of a polycyanurate ring.

While catalysis has definite benefits, it also has some reported drawbacks. Chief
among these is the claim that the metal ion in the catalyst is responsible for facilitating
decomposition in the cured resin.26 From this research, it is possible that any benefit
gained by use of the catalyst may be given up because of decreased thermo-oxidative
stability.
In a combination BMI/CE system, one must consider a reaction between BMI and
CE. Would BMI take part in the trimerization reaction if the cyanate ester concentration
is large enough to predominate?

Would CE simply crosslink with BMI if CE

concentration was low enough to ensure CE reacts with BMI and not with itself? If so, it
is questionable whether the catalyst would still be effective, as it was designed and used
for cyanate ester systems, not BMI.
Questions of compatibility also arise for non-catalyzed systems.

Systems with

drastically different monomer functionality frequently do not form compatible structures,
as they tend to self-cure with significant phase separation between the two, and little
interfacial strength. Since the ultimate thermal and physical stability of the structures
will depend heavily on the interfacial strength, compatibility is very important indeed.
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4. Cured-State Properties of CE
Cyanate Esters typically exhibit a toughness that is good given their relatively
high Tg values, especially given their very high crosslink density. 8 This toughness is
18
reportedly due to the oxygen linkages in the cyanate group.

In addition to toughness,

cyanate esters tend to exhibit many other beneficial properties that make them desirable
to industry. Some of these are characteristic of CE in general, some are properties of an
individual monomer.
All cyanate esters possess very low dielectric loss constants (Dk value between
18
2.5 and 3.1), lower than any of the other thermosets mentioned.

Such dielectric values

are beneficial in that they make CE very attractive to the electronics industry, as they can
be used in components without fear that they will interfere with the circuitry.
Additionally, it makes them transparent to radar, allowing them to be used in the
18
construction of such devices
Unfortunately, cyanate esters do possess one characteristic that limits their
desirability- they have low thermoxidative stability, decomposing near 400°C (TOS).
Most cyanate esters tend to begin decomposition near 400°C.

Their low TOS values

mean that, unless some modification would allow them to attain better TOS than they
currently have, their applications will always be limited to structures that do not
experience extremely high temperatures, such as the 500°C environments that polyimides
are designed for.
D. Variables in BMI/CE Copolymer Development
Many factors are involved in selecting a suitable composition and a method of
developing a polymer from these compositions. In addition to monomer selection, other
considerations include blending with thermoplastics or elastomers, use of allyl hardeners,
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catalysis, method and degree of monomer homogenization, degree of oligomer
prepolymerization (if used), and the selection of a curing cycle. Each of these factors can
greatly change the character of a material. In this project, each of these will be explored.
1. Selection of Monomers
As stated, there is a significant variety of monomers, particularly of cyanate
esters. By varying nature and composition of these monomers, a wide variety of resins
can be created. A list of the cyanate ester monomers used in this research follows in
Table 2. 19 Table 2 shows the glass transition temperature as well as the modulus value at
room temperature. In general, as the glass transition temperature increases, a polymer
becomes less tough (as measured by Gic) because of the same factors that increase T g :
namely, increased crosslink density and stiffness.

This table largely mirrors that

phenomenon.
Table 2. List Of Monomers And Their Physical Properties.
Monomer
B-10
B-30
M-10
L-10
XU-366
XU-371
BMI (Mat.)

T„(°C)
289
289
252
258
192
-380
342

GrrfJ/M 2 )
140
140
175
190
210
60
varies

What this collection allows is the selection of a variety of monomers in a given
composition. For example, XU-371 can be used to elevate the T g at lower concentrations
than other high-T g thermosets. Likewise, XU-366 can be used to lower it, or to increase
toughness.

L-10, M-10, and B-10 are primarily used as base solutions.

All are non-

viscous at melt and dissolve other cyanate esters as well as BMI readily (B-10 less so
than the others).

Solvent ability and a Tg near the desired final Tg make these three
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suitable for use at any concentration, as they are all readily co-miscible with each other.
Determining exactly which monomers should be used, and in what concentrations, is
challenging. The idea is to maximize the strength and Tg without unduly sacrificing the
other. Plotting Tg vs. GIC from the data given in Table 2 shows degree of strength for a
given Tg, as seen in Figure 8.
This plot shows three monomers, M-10, B-10, and XU-371, which are very close
to the regression line.

The suggestion is that they are roughly average in terms of

strength to thermal stability. F-10 and XU-366 are significantly below the regression
line, showing that they are less strong than their Tg would predict. On the other hand, L10 is stronger than expected. It would seem, at least in a preliminary manner, that some
monomers are more capable than others in terms of their ability to strengthen the resin
without excessive Tg lowering.
2. Blending With Tougheners
Because BMI is so brittle, most applications involve the use of tougneners to
make the BMI more stress-resistant.4 Any toughener must have a functional group that
will allow it to link to the BMI. Without such a linkage, boundaries would inevitably
result in the final resin with little interconnection, making it very prone to cracking. In
the case of BMI, this linkage is the double bond. Thus, tougheners that contain groups
able to react with the BMI double bond are suitable for use. Tougheners have also been
used with cyanate esters. While cyanate esters tend to be less brittle than BMI, cyanate
esters also need to be toughened for certain applications. Given that the chemistry of
cyanate esters is similar to that of BMI, one would expect that the same general class of
tougheners would work. Any toughener that readily reacts with the cyanate triple bond is
suitable. In general, there are three ways to toughen a resin: l)through the use of
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elastomers, thermoplastics, thermosets; 2) long-chained tougheners with compatible
functional groups; and 3) by using monofunctional versions of the monomer. The last
two methods effectively reduce the crosslink density, which makes the material more
resilient. Each has advantages and disadvantages.
3. Elastomers, Thermoplastics, and Thermosets
Elastomers are likely the most common additive to thermoset systems, usually
taking the form of rubber. Elastomers such as butadiene-acrylonitrile and polysiloxane
have been used. 17 Various rubbers have been used with success, such as butadiene-nitrile
rubbers 15

Many thermoplastics have been used as tougheners with CE. These include

polysulfone, polyethersulfone, polyesters, polyarylates, and others.

Additionally,

thermosets such as epoxies and some polyimides have been used frequently with cyanate
esters.

While elastomers (such as rubber) are frequently cheap and very effective at

increasing toughness, they typically are accompanied by a decrease in thermal properties.
That is not necessarily the case with thermoplastics, however, which often have better
thermal properties than elastomers. Disadvantages of thermoplastics, however, include
cost and the need to use a higher concentration to achieve desired strength. When hightemperature performance is needed, however, thermoplastics are the preferred method. 9
The amount of elastomer, thermoplastic, or thermoset toughener to be used
depends on a number of factors. Mainly, it depends on how much strength increase is
needed, how much strength the toughener imparts for a given concentration, and what the
target Tg of the material is compared to the Tg of the untoughened resin. The effect of
the increased toughener comcentration upon the resin morphology also has a significant
effect. Shimp reports that fracture toughness increases with the amount of co-continuous
morphologies created in the resin.

1R
He indicates that these morphologies develop when
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the concentration of thermoplastic toughener reaches 15%.

Toughness would be

expected to increase linearly with increased thermoplastic content (due to weighted
n

average values), and indeed this occurs up to 10-15%, depending on the thermoplastic.
However, after that point the increase in toughness is much more marked, due to the cocontinuous morphologies.
The reason for this greater-than-linear strength increase has been explained
through SEM micrographs of fracture surfaces. 9

Evidently, samples containing

significant amounts (in this research, up to 30%) of toughener show deformation at the
fracture surface, thus showing that the toughener allows the matrix to become more
ductile. The effect is greater at larger concentrations (20% or more), likely due to the cocontinuous morphologies. The added advantage of the co-continuous morphologies is
that it allows the thermal stability of the base resin to be maintained even with the
addition of the tougheners. 9
4. Compatible Functional Group Hardeners
BMI is frequently hardened with compounds that react with double bonds. There
are two general categories of chemistry for this: -ene reactions with hardeners that
contain double bonds, and Michael addition with difunctional compounds that contain
electronegative end groups. A goal in both situations is to lower crosslink density.
Hardeners containing double bonds are employed to allow -ene and subsequently
97

Diels-Alder reactions between the BMI and the hardener.

The most common hardener

for BMI is 0,0'-diallyl Bisphenol A (DAPBA), which is the second component (after
BMI) in the Matrimid composition. 5

The use of this hardener allows - e n e reactions

between the double bond of BMI and the double bond of the bisphenol compound.
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Subsequent Diels-Alder reactions allow a further increase in stability through cyclization
of six-membered rings. 14 A mechanism follows in Figure 9.

Approximately 20% of the hardener in the resin is sufficient to significantly
improve the toughness of the BMI. 28 The hardener can be used in higher concentrations,
and literature reports hardener concentrations as high as 50%, while maintaining a high
Tg value. 4 If this hardener is to be used, it is recommend that the cure temperature be
raised from the standard cyanate ester cure cycle. The Diels-Alder reaction has been
determined to occur at approximately 255°C. 14 The major advantage of this method is
that it improves strength significantly, largely through cyclization, without seriously
(sometimes at all) compromising thermal properties.
Difunctional electronegative compounds have also been used with BMI,
specifically diamines. The nitrogens of the diamine are able to react with the BMI double
bond, which effectively connects two BMI molecules.

As the diamine is not able to

crosslink, the use of diamines effectively reduces the molecular weight between
crosslinks, which reduces the crosslink density. 10 Lowered crosslink density results in a
tougher polymer, though likely also one with a reduced Tg.
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As might be expected, good interfacial connection is critical to maintain
toughness of a heterogeneous resin.

Clearly, having two very tough components is

useless if the adhesion at the interface is weak. This fact has long been realized with two
components that are generally regarded as incompatible (such as thermosets and
elastomers), but it is also true regarding monomers that should have compatible groups,
such as cyanate esters and epoxies. In one study, the interface between the two groups
did not form an interphase of sufficient thickness to maintain strength. 29
5. Method of Homogenization
There are many potential methods of mixing the monomers to be used.
include dissolution/evaporation, grinding, vigorous shaking, and hot melt.

These

Each has

potential advantages and disadvantages, and the attractiveness of each method varies with
the physical states of the monomers to be used. For example, as XU-371 and XU-366 are
extremely viscous semisolids, grinding and shaking would likely be unsuccessful for
homogenization. Hot melt would require a monomer that is a suitable solvent for the
others be used in high enough concentration to successfully dissolve the others.
Dissolution/Evaporation necessitates finding a solvent that will dissolve each component.
With dissolution, however, void formation upon curing may be a concern.
6. Catalysis
Although the cyanate ester trimerization reaction tends to self catalyze, it still
n

benefits from the use of catalysts.

These catalysts generally take two forms, and may be

used together. The first is a hydrogen donor, and the second is a multi-dentate ligand and
a metal ion, which are used to gather together the cyanate groups to facilitate the
trimerization. The hydrogen donor most often used is nonylphenol. Among the metal
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ion/chelate catalysts, there is more room for choice.

Those commonly used include
18 26

cobalt(II) acetlyacetonate, zinc octoate, copper napthenate, etc. '
Aside from identity, concentration of the catalysts can greatly affect the cure of a
cyanate ester resin.

Nonylphenol concentration typically ranges from 1-10 parts per

n

hundred (phr), and the metal/ligand concentration can range from 50-600 ppm.
Concentrations outside of these ranges are not unknown.
For cyanate ester systems (i.e., not blended with BMI or other monomers), the
catalysts seem to significantly increase the degree of cure, especially at shorter cure
cycles, and at lower temperatures. 7 This result is particularly beneficial as high degree of
cure is needed to attain any reasonable molecular weight, as the trimerization reaction is a
step reaction.
Degree of cure may be measured by IR. The polycyanurate (triazine) peak occurs
at 1566 cm"1 and the cyanate peak occurs at 2238 cm"1.25

Comparing these to the

absorbance of a reference methyl peak allows the degree of cure to be calculated. The
accuracy of these calculations depends on a suitable methyl peak being chosen,
preferably one that remains unchanged in the reaction.
There may be some downside to catalysis for CE. At least in the case of copper
napthenate, the metal ion may facilitate decomposition of the cured polymer network at
extended times.

This negative effect is seen through reduced Tg over a long time

period (over a month), and seems to be proportional to the concentration of copper in the
resin.

Other research shows a negative relationship between thermal stability and

concentration of zinc catalysts, although no relationship was found with manganese
catalysts. 11 These results may show that while the catalyst enables shorter cure times and
degree of cure at shorter times, it may ultimately result in lowered thermal and possibly
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thermoxidative stability. This effect does seem to depend on the specific metal catalyst
involved, however. While there are a number of catalysts for cyanate ester systems, there
seems to be no catalyst for BMI, as it reacts to near full conversion without one.
7. Curing Cycle
Comparing curing cycles is relatively simple- as a rule, longer cure times are
better. Longer cure means a higher degree of conversion, which results in less unreacted
monomer, greater degree of conversion, and a higher average molecular weight.
Generally, all of these factors increase both the thermal stability as well as the toughness
of the polymer.
Literature reports that for all practical purposes, a cycle that cures for 4 hours at
177°C, 2 hours at 210°C, and 2 hours at 250°C will result in near-total conversion for
cyanate esters.7 For BMI, however, literature suggests that 2 hours at 300°C is necessary
to achieve full cure. 5 As the final post-cure at 300°C tends to cause microcracks in the
resin, it is questionable how beneficial the final post-cure may be. 5

Also, as the

temperature for Diels-Alder reaction between the BMI and the hardener (if used) is
around 255 °C, and the maximum endotherm for BMI polymerization is around 270°C,
perhaps a temperature roughly 20°C higher than that recommended for pure cyanate
esters is in order in certain situations.

II.

EXPERIMENTAL

A. Monomers Used
The monomers used in this experiment are B-10, M-10, L-10, B-30, XU-366, and
XU-371 cyanate esters, and Matrimid BMI manufactured by Ciba-Geigy.

The

compositions will vary, but with each employing a base concentration of a non-viscous
monomer making up roughly 50% of the cyanate ester base mixture by mass.

Other

cyanate esters are added to change physical and thermal properties. BMI is also added
from 0% to 20% by mass.
B. Determination of Homogenization Method
There are a number of possible ways to blend the monomers in question. They
include solvation, various methods of physical mixing, and hot-melt processing.

Each

has its relative merits, as discussed in the Introduction.
Mixtures containing crystalline and powder as well as liquid and semisolid
monomers were mixed (or such was attempted) using these methods.

Homogeneity,

miscible monomer ratios, and feasibility are explored.
C. Cure Cycle
The difficulty in selecting a cure cycle is finding a cycle that is compatible for all
component monomers. A curing cycle will likely be ineffective, for example, if one
component begins polymerizing with itself before the other components become
"reactive."

Different cure cycles, including varying times and temperatures, are

employed to determine the optimal temperature sequences and hold times for curing.
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The initial cure cycle used is that recommended by the manufacturer of the cyanate ester
monomers (Ciba-Geigy) for full cure. The cycle is as shown in Table 3. In order to
ensure proper miscibility of monomers and to drive off water (which can result in low
molecular weight polymer networks as mentioned), the monomer compositions are
blended at 115°C for approximately 4 hours.

Table 3. Curing cycle for cyanate ester or bismaleimide/cyanate ester systems.
Ramp (°C/min)
10
10
10

Temperature (°C)
177
210
250

Hold (min)
240
120
120

D. Catalysis
Cobalt(II) acetylacetonate catalyst will be used in cobalt ion concentrations of 50300 ppm in nonylphenol, which will vary from 2-6 phr. The catalyst is dissolved in the
nonylphenol over a period of hours at light heating (up to 60°C) until the solution of
catalyst appears homogeneous.

The catalyst should not be allowed to change colors

(green to brown or violet) which signifies oxidation of the catalyst. Effect of catalyst
upon Tg and degree of cure is measured by making identical polymer mixtures, one of
which is catalyzed and one of which is not. The effectiveness of the catalyst is explored
for different monomer compositions, with and without BMI.
E. Thermal Analysis Techniques
1. TGA (Thermogravimetric Analysis)
A TA Instruments TGA 2950 was used for thermogravimetric studies.
Approximately 25 mg of sample was used per run. Samples were run in nitrogen, and the
sample chamber was purged for 20 minutes after loading prior to run. The instrument
reported weight loss and derivative weight loss vs. time or temperature. Such

27

information was used to determine when decomposition of the sample begins. An
example of a TGA curve can be seen in Figure 10.
2. DSC (Differential Scanning Calorimetry)
A TA Instruments DSC 2920 is used for calorimetric studies. The instrument
reports the amount of energy required to keep a pan with sample inside at the same
temperature as an empty pan. Differences in the energy supplied to the sample pan is due
to the heat capacity and chemical or physical events that occur within the sample.
Examples include glass transitions, oxidation, and ignition. The DSC used has the ability
to modulate the heating rate, which has the advantage of separating reversing and nonreversing events, as the magnitude of reversing events is proportional to the heating rate.
By changing the heating rate, the reversing heat flow may be determined, and the nonreversing by difference. An example of a DSC scan may be seen in Figure 11. Note the
reversing, non-reversing, and total heat flow curves. The samples were run from ambient
to a set temperature (below 500°C), at 5°C/minute, at an amplitude of 1,000°C and a
frequency of 60 seconds, unless otherwise specified. Approximately 10 mg of sample
were used per run.
3. DMA (Dynamic Mechanical Analysis)
DMA reports storage modulus, loss modulus, and tan delta as a function of
temperature, time, and frequency of physical oscillation. DMA reports three values as a
function of temperature. These are storage modulus, loss modulus, and tan delta.
Storage modulus is a measure of how much of an applied force is stored in the system. It
correlates with stiffness, and is a measure of the basic elastic nature of the material. Loss
modulus is a measure of how much energy input into the system is not returned, or is lost.
Loss modulus is a measure of the viscous nature of the system. Finally, tan delta is the

Sample: Calcium Oxalate Monohydrate
Size: 17.6070 mg
Method: RT->1000'C @ 20'C/min
Comment: N2 Purge=100mUmin

Figure 10. Example of a TGA scan.

T G A

File: C:\TA\Data\TGA\TGA-Caox.001
Operator Applications Laboratory
Run Date: 10-May-95 07:55

Heat Flow (W/g)

•n

;

6Z

] Rev Heat Flow (W/g)

30

ratio of the two, dividing loss modulus by storage modulus. An example of a DMA
curve, with storage modulus, loss modulus, and tan delta is shown in Figure 12.
The instrument can use a number of different clamps, including single or double
cantilever, film/fiber, compression, three-point bend, and shear. Single cantilever
involves clamping the sample at both ends, one of which is stationary, while the other
oscillates. Double cantilever holds both ends steady, while a third cantilever in the
middle oscillates. This clamp is ideal for rectangular samples, particularly those in which
cross sectional strength is important. For this reason, cantilever clamps are used in this
study, single cantilever in particular because it allows smaller samples to be used (2 cm
long). Samples were run at 2.5°C/minute from ambient to a set point. The sample size
was approximately 1.0 cm wide x 20 cm long x 1-2 mm thick.
4. TMA (Thermomechanical Analysis)
TMA reports change in position as a function of temperature. Generally, this change
is reported as a coefficient of thermal expansion (CTE), in which the expansion of the
sample is divided by its thickness and over the temperature range it occurred. Like
DMA, it possess many different attachments, including a penetration probe, a
microexpansion and macroexpansion probe, as well as a dilatometry probe which will
measure a change in volume as a function of temperature. In order to measure the
expansion that accompanies the glass transition with as much sensitivity as possible, the
microexpansion probe was used. The samples were heated at 10°C/minute to a set point
and the point at which the CTE changed was noted. An example of a TMA scan is
shown in Figure 13.
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F. Determination of Glass Transition
The glass transition can be determined in three major ways: by a shift in heat
capacity after the transition, by a loss of stiffness, or by linear expansion. These three
phenomena can be investigated by DSC, DMA, and TMA, respectively. Due to the
highly crosslinked nature of thermosets, however, there is only a very slight change in
heat capacity or in coefficient of thermal expansion (CTE). For this reason, glass
transitions as determined by DMA are used as the authoritative value in this study.
Storage modulus drops significantly during the glass transition, and its onset can
be a measure of the glass transition. Additionally, loss modulus peaks during the glass
transition, as mechanical energy is used to drive the transition. Tan delta can also be
measured, which peaks during the glass transition as does loss modulus. Any of these
values may be used, although storage modulus onset is more subjective - onset values are
more difficult to determine in a repeatable manner than are peaks. For this reason, loss
modulus and tan delta are preferred. Tan delta has the further advantage of taking both
storage and loss modulus values into account. For this reason, peak tan delta is the
measure used to report glass transition temperatures in this study unless otherwise noted.
G. Kinetics
Cure kinetics are determined by DSC, using approximately 10.0 mg of sample.
Monomer systems are characterized by their peak curing exotherm/endotherms, as well
as the enthalpy value for the curing peak.
H. Instrumentation
Thermal analysis equipment was manufactured by TA Instruments: TGA 2950,
DSC 2920, DMA 2980, and TMA 2970. A Fisher Isotemp Model 495A furnace was
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used for curing samples at WKU, while Blue M ovens were used at NASA Glenn
Research Center.

III.

RESULTS AND DISCUSSION

A. Homogenization
As resulted, there was but one viable possibility for mixing the monomers. Other
than hot-melt processing, all of the methods of homogenization failed. Reasons included
monomer incompatibility, lack of stoichiometric control, and loss of sample during
mixing.
No method of physical mixing attempted was successful, largely because of the
very diverse group of monomers used. For example, the semisolid monomers were not
able to be used in the ball mill, as it proved nearly impossible to get powder (BMI) to mix
thoroughly with the semisolid over even great mixing times. Additionally, it proved very
difficult to accurately measure masses, as sample was inevitably lost in the mixing
process.
Grinding proved more successful, but barely. For this, it was necessary to freeze
the semisolid components in solid CO2 to make them solids, as grinding semisolids
would do nothing but potentially damage the equipment.

This approach worked

reasonably well, but as the grinder is airtight, there was no way to allow for the CO2 (now
gas) to escape. Unfortunately, the result was an extremely rapid decompression upon
opening followed by violent ejection of the sample. As there would be no foreseeable
method to allow decompression while ensuring retention of sample, grinding was not
used with these monomers.
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Dissolution also was largely unsuccessful. There was no solvent found that was
capable of dissolving CE and BMI without requiring large volumes of solvent, at least 20
times as solvent as solute (by volume). Additionally, it proved impossible to completely
drive off the solvent, even under vacuum and high temperature.

The result was

significant void formation upon curing of the resin. Longer times, higher temperatures,
and stronger vacuums diminished the volatizing effect, but it proved impossible to
completely rid the resin of voids. This method did have the advantage of applicability to
any monomer concentration, however, including mixtures in which BMI predominates as
well as CE.
The only method that was suitable for this work was hot melt. As it was found
that BMI are soluble up to a certain weight percentage in liquid CE (solubility varying
with the monomer used), it was determined that hot melt is very suitable in mixtures in
which CE predominates. Unfortunately, BMI seems not to form a non-viscous liquid at
melt, and is therefore unsuitable for use as a base solvent monomer. For compositions in
which BMI predominates, hot melt will not prove successful and the solvent method must
be optimized.
The optimal hot melt method found involved the massing of the monomers into a
single container, ordered by physical state: semisolids first (most viscous first), followed
by powder and crystalline solid, followed by liquid. The reason for this order is that the
semisolid monomers are so difficult to work with that it is advisable to mass them with a
clean pan to allow the monomers a flat, clean surface in which to adhere. The mixture is
then heated to the melting point of the CE mixture, and heating is continued with
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occasional stirring until the BMI is dissolved. The mixture is then cured while liquid,
without allowing any component to separate.
B. Catalysis
The effectiveness of catalysis depended both on the monomers used and the cure
cycle. Monomer selection had a profound effect on catalyst effectiveness. Indeed, while
the catalyst proved effective for all manner of cyanate esters tested, it proved ineffective
in mixtures containing BMI, with Tg values that were nearly identical to uncatalyzed
mixtures (well within the error of the instrument). The reason for this outcome is not
clear, but there are a number of possible reasons.

It is likely that the catalyst is

completely ineffective as regards BMI. This is likely, as the catalyst was not designed
for BMI. Additionally, it is possible that the BMI interferes with the catalyst, or that the
catalyst actually interferes with the curing mechanism of the BMI, or both.
In a mixture that includes a significant concentration of BMI (near or at 20%), it
is likely that fewer pure polycyanurate rings, the only structures that benefit from
catalysis, are able to form from the trimerization reaction. Statistically, in such a mixture,
the chance of a particular cyanate ester functional group participating in trimerization is
64% -- down from 100% in a pure cyanate ester system. Of course, this figure will be
highly dependent on reaction kinetics, as the 64% assumes that a given cyanate ester
molecule in the mixture has an equal chance of reacting with any other molecule in the
mixture.

Given the highly homogeneous nature of the BMI/CE solutions and the

sharpness of physical transitions it is clear that there is little if any phase definition for a
BMI/CE system. For this reason, it is likely that the dynamics of cure are more random
and that cyanate esters have little, if any, greater inclination to react with each other than

38

BMI. For this reason, the 64% figure is not likely to be far off, and may help to explain
the diminished ability of the catalyst.
The cure cycle also plays a large role in the effectiveness of the cure cycle. For
long cure cycles, including both postcure cycles and the full recommended times at all
temperatures, the effectiveness of the catalyst will be reduced. This occurs because the
longer cure cycles are so effective at converting nearly all of the monomer to polymer
that there is little room for improvement.

It would be expected that the greatest

difference the catalyst would make is in the shorter curing times and incomplete postcure,
and this is in fact what occurs.
C. Determination of Favorable Compositions
The monomer composition is likely the most difficult and important aspect of
determining a method for creating a copolymer. Effectively choosing monomers as well
as their relative amounts depends not only on their individual properties but also how
they interact with each other. Therefore, it is important to calculate how a copolymer
compares to what would be expected from it given the properties of its monomers.
The easiest way to quantify such information is to divide the measured Tg by the
expected Tg.

The expected Tg is determined by predicting the Tg based on the

monomers used, given homopolymer values determined using the same curing cycle.
This procedure is done for both the weighted average expected Tg as well as that
predicted by Fox's rule, as there seems to be some confusion as to which one is
applicable.

The result is a dimensionless ratio that will be called "Tg factor."

Any

copolymer with a Tg factor greater than one has a favorable interaction among its
constituent monomers; a Tg factor lower than one denotes an unfavorable interaction.
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The higher the factor is for a given Tg, the lower the amount of Tg-raising monomers
were needed in the composition. The result could be greater strength for the copolymer.
In the initial group of compositions, M-10 was used as a base CE, XU-366 was
used to add strength, and XU-371 was used to elevate the Tg. In addition, BMI was
added for increased Tg and because it was hoped that the interactions between BMI and
CE would be favorable.
Plots of expected vs. actual Tg were made using both methods of Tg estimation
(weighted average and Fox's rule), as shown in Figure 14. The purpose was to determine
if there was any clear relationship between the two, as should be naturally expected.
Indeed, if the Tg is completely additive, the plot should be linear, with a slope of 1 and an
intercept of 0. However, this is not the case, as there is marked curvature in the plot. To
determine the nature of this deviation, Tg Ratio was plotted against the actual Tg as well
(Figure 15). Since it is known what monomers were used to raise and lower the Tg, it
can be roughly determined which monomers are more or less responsible for the poor
interaction. Seen then are two curves that appear parabolic in nature. From Tg values of
250 to 275°C the average Tg factor seems to decline, indication that compositions with a
Tg around 275°C seem to be disfavorable given the starting monomers. Until roughly
290°C, the Tg factor values seem to remain flat, but sharply increase after 300°C and do
so for the remainder of the range.
It must be realized that these trends are not due to any nature of that particular
temperature. Rather, the combinations of monomers that in this case would yield such a
monomer vary in their favorability.

The reason for this variation is likely explained

by plotting Tg factor values against each monomer individually, except for M-10, which
was kept between 40 and 50% (by weight).
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Making this sort of plot for BMI shows a positive correlation between BMI
content and Tg factor for both factor methods (Figure 16). This correlation indicates that
BMI has a favorable interaction with most of the other components. The correlation is
low, however, which indicates that BMI has a lesser effect upon Tg factor values than
other components.
Performing a similar plot for XU-371 shows that there is again a positive
correlation between XU-371 content and Tg factor, as there was for BMI (Figure 17).
Again, the correlation is low, indicating that the effect is not all that profound.
Finally, Tg factor vs. concentration is plotted for XU-366.

Seen then is a

parabolic curve, similar to that in the Tg factor vs. Tg plot (Figure 18). There is a very
negative correlation between XU-366 content and Tg factor at low to medium XU-366
concentrations (5-30%), indicating that the interaction between XU-366 and the other
components used is an unfavorable one.
At higher concentrations, one can see that the slope of the curve levels out and
then becomes positive.

This change occurs near 30% (by weight) XU-366.

Also,

remembering the trends that existed with the other components, the question is why they
exist at all? There can be a number of reasons for this trend.

Possible explanations

include compatibility, kinetics, and chemical structure of the monomers.
Compatibility could explain why XU-366 seems to have a better relationship with
itself than with any of the other components, including the upturn at higher
concentrations of XU-366. Perhaps at 30% XU-366 there are enough homomolecular
XU-366 reactions to regain favorability. This trend explains the curve in the Tg factor
vs. Tg plot, because the increased Tg factor at lower temperatures (after the minimum)
would be simply due to a larger XU-366 content, on the order of 30% or more.
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Additionally, it may explain the positive correlation between concentration of Tg factor
with both BMI and XU-371. Increasing the amounts of these components decreases the
amount of XU-366 for a given composition. These two components may have otherwise
had positive correlations regardless, but they are in large part, if not entirely, due to the
lessened influence of XU-366 at higher concentrations of BMI and XU-371.
D. Kinetic Investigations
Kinetics may also be to blame for the unsuitability of XU-366 in compositions.
FT-IR kinetic analysis showed that XU-366 cures almost twice as slowly as L-10 does at
177°C, for example, when each one is cured independently of the other. If XU-366 is the
slowest curing monomer in a batch, it is likely that the other, more reactive monomers
will form a nearly complete network around pockets of XU-366, leaving gaps in the
structure. If this were to occur, a significant amount of the XU-366 would cure by itself,
after the matrix cured. Almost all of the monomer will cure eventually, whatever its
nature, but if it does so slowly a significant number of pockets with little adhesive area to
the matrix may be formed.
A number of other factors would determine if the disparity in rates of cure is a
problem. One is mobility - if mobility is decreased, kinetic effects should become less
important, as there is less "selection" for a reactive endgroup to bond with - it will bond
with whatever is around it, regardless. Also, there is nothing to suggest conclusively how
much difference in rate is too much to allow homogeneity.
If rate effects are significant, a number of other physical effects would be
expected as well. A table of peak reaction rate vs. temperature, determined through DSC
analysis, follows (Table 4):
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Table 4. Peak curing exotherms for selected monomers.
Monomer
M-10
L-10
XU-366
XU-371
Matrimid - BMI
BISP

Peak Cure Exotherm
323
228
278
227
190
177

A greater exothermic response at a given temperature implies a faster cure at that
temperature.

Also, since the heat flow (exotherm) increases slightly from room

temperature, and then quickly at the exotherm, a relationship exists between rate of cure
at 177°C and peak curing exotherm. In general, the greater difference between the peak
temperature and 177°C, assuming the peak is higher, the more slowly the reaction
proceeds. Note that while XU-366 cures slowly, it is by no means the slowest.

That

distinction would go to M-10, which experiences a peak exotherm nearly 50°C higher
than any other monomer studied. The question then becomes, if XU-366 performs poorly
because of slow cure, why were there no problems with M-10?
The answer could be that M-10 is a major component, generally, while XU-366 is
a minor component. The difference is that if the matrix cures at a higher temperature,
very little curing will occur at all - the faster-curing minor component is relatively dilute,
so any reaction is statistically disfavored. However, if the slow curing component is in
lower concentration, the matrix will cure, it being statistically favored. In other words, if
a component cures significantly later than the others, it will not be as problematic when
used as a dominant component compared to its use as a minor component.
Clearly, these two possibilities are divergent from each other. The first speculates
that XU-366 performs poorly in multi-component systems, and the second suggests that it
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might perform better if it were more homogeneous. The answer lies in scale: perhaps
some co-continuous morphologies are desirable, but not isolated pockets with little
adhesion to the matrix.

To determine whether there is too much or too little

heterogeneity, it is necessary to determine how significant the kinetic effect is, if in fact it
exists at all.
To determine whether any kinetic effect exists, multiple monomers can be
combined and then subjected to DSC analysis as done on homomonomer compositions.
There would be a few possible DSC profiles expected. One possibility would be two
peaks, with maxima near those values found when scanning the individual monomers
used. However, since the reactions are expected to be trimolecular, it is possible that
there would be four peaks - two corresponding to homomolecular reactions, and two
corresponding to heteromolecular reactions, involving two molecules of one monomer
and one of the other. This theory was tested by mixing M-10 and L-10, as they are
readily miscible in each other, but are very different in physical phase, which frequently
results in a difference in maximum curing exotherm. Such a difference was found in this
case, as can be seen in DSC plots of each (Figures 19 and 20).
The finding was that mixing those two monomers and curing them will result in a
single exothermic peak, somewhere between the maximum cure temperatures for the
individual components (Figure 21). This effect can be best seen through an overlay of
the three curves (Figure 22).

Incidentally, while the peak was broader than for a

homomonomer cure, it was not markedly so, and there was little if any curing at the
maximum cure temperature of the lower-temperature-cure monomer. The indication is
that the presence of different monomers greatly affects the ability of a monomer to even
react with itself, which implies that the reactivity of these systems may be more
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Sample: M-10 and L10 mixture, 50/50
Size: 10.1000 mg
Method: 300@5
Comment: cyanate ester

File: C:...\DSC\bs_l10m10_kin.002
Operator, bs
Run Date: 13-Dec-99 15:04
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Figure 21. DSC scan for a 50/50 (by weight) mixture of L-10 and M-10.
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complicated than previously believed (i.e., standard second order).

It has been well

established that cyanate ester chemistry is complicated, particularly its side-reactions and
kinetics. While the presence of only a single peak might be confusing, it is beneficial, as
it shows that somehow the components that cure at lower temperatures are prevented
from curing before those that generally cure at higher temperatures.

This effect will

prevent large-scale heterogeneities that could, as mentioned, seriously compromise the
stability of the resins.
While this scenario explains the behavior for pure cyanate ester systems, it does
not explain systems with BMI. To explain these, scans of pure material can be compared
to a scan of a mixture.

Twenty percent BMI is used, because that is the maximum

amount of BMI that will dissolve reasonably in the M-10 cyanate ester matrix.

The

cyanate ester was melted, into which the BMI was dissolved. The BMI should, at this
point, be solid, and the particle size should be such that it will exhibit a melt on DSC. In
other words, the main features of the mixture should correspond to either the scan of M10 (as seen previous) or of a BMI scan, as seen in Figure 23. A DSC scan of a mixture of
the two, however, does not corroborate this scenario (Figure 24). A melt occurs very
clearly where the M-10 should be expected to melt.

The sample was liquid when

prepared, but it is likely that it had time to recrystallize during the preparation and setup
time. Also, as the heating rate was 10°C/minute, it is quite possible that the sample had
time to crystallize on this basis.
The M-10 melt was broad, indicating the presence of BMI. Strangely, however,
there is no melt for the BMI that was evident from this run, nor is there a curing
endotherm from the BMI.

This should be distinct from the M-10 curing, which is

Sample: BS BMI cure
Size: 8.2000 mg
Method: 300@5
Comment: BisMaleimide

DSC
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exothermic and occurs at a much higher temperature. It seemed that the cure was delayed
until a temperature was reached which was more consistent with the M-10 curing
temperature was reached. It seems that the cyanate ester matrix is able to prevent the
curing of BMI as well. It is conceivable that, although the BMI curing was delayed, it
self-cured nonetheless, and that its endotherm overlapped the cyanate ester exotherm.
Overlap is unlikely, however. Note from Figure 20 how symmetric (Gaussian) the peak
is. That would almost certainly not be the case if two peaks overlapped. Also, the curing
exotherm for the mixture was more exothermic than the M-10 (on a mass basis) by
approximately 90 J/g.

If the BMI endotherm and cyanate ester exotherm were

overlapped, the mixture could not be more exothermic than the exothermic component.
This result proves that the chemistry is significantly different for the BMI/CE system
compared to either alone.
Neither the endothermic nature of the BMI cure nor the presence of the BMI melt
by increasing the heating rate to 15 or even 30°C/minute (Figures 25-26).

In fact,

increasing the heating rate proved ineffective, as resolution was lost well before any
subtle peaks were elucidated. The BMI melting and curing endotherms were not seen
when the amount of BMI was increased to 25%. (Figure 27). In fact, they were not seen
until the amount of BMI in the mixture was increased to 50%, and is only obvious when
the BMI percentage is increased to 75% (Figures 28-29). This is not because the melting
endotherm is a weak transition, but rather because this amount of BMI was required to
assure heterogeneity, and thus self-cure. These results shows that cyanate esters have a
great ability not only to homogenize other cyanate esters but also to homogenize BMI as
well.

This behavior largely accounts for the favorable interactions between cyanate
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Sample: m10/BMI 15/min 25% BMI
Size: 10.0000 mg

DSC

File: bs_m10_bmi_fast_25BMI.002
Operator: bs
Run Date: 24-Feb-00 14:45

Comment: bmi/ce

Figure 27. DSC Scan of 25% BMI / 75% M-10 mixture at 15°C/minute.

Sample: m10/BMI 15/min 50% BMI
Size: 10.0000 mg

File: bs_m10_bmi_fast_50BMI.003
Operator: bs
Run Date: 24-Feb-00 15:45
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Figure 27. DSC Scan of 25% BMI / 75% M-10 mixture at 15°C/minute.
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Figure 27. DSC Scan of 25% BMI / 75% M-10 mixture at 15°C/minute.
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esters with drastically different homomonomer kinetics, as well as different monomers
altogether, such as BMI.
M-10 seems to have an ability to compatibilize both L-10, a liquid monomer, and
BMI, a solid powder monomer of an entirely different monomer class. However, it had
not displayed performance problems with these monomers. It had, however, shown these
problems with XU-366, as had BMI.

Investigation of XU-366 with M-10 and BMI

revealed a very different situation than that described above.
When M-10 is mixed with XU-366, the result is a composition that shows a peak
curing exotherm within 10°C of that found from XU-366 alone (Figures 30,31). Recall
that with the mixture of M-10 and L-10, the cure was delayed until both components
could react. This seems not to be the case with the M-10 XU-366 composition, as the
XU-366 cures when it can, not when the M-10 is ready.

The result should be a

significantly poorer monomer composition, one with less homogeneity.
Mixing XU-366 with BMI was even more descriptive. It was obvious from the
outset that BMI and XU-366 did not work well together, as an increase in BMI
concentration among high XU-366 compositions (20-45% XU-366) did not prove
beneficial. This evidence was supported from a scan of the two monomers together,
which shows a very plain curing endotherm characteristic of BMI (Figure 32). It is also
possible that a curing exotherm overlaps and is evident at the end, although this point is
not certain. Notice also the very evident BMI melt, something that was not evident at all
when M-10 was used with BMI.

The suggestion is that BMI and XU-366 are

incompatible, and each will likely retain its individual characteristics to a large degree,
which tends to be destabilizing.
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Sample: bs 50% m-10 50% Xu366
Size: 12.4000 mg
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Figure 31. DSC scan of a 50% M-10 / 50% XU-366 mixture.
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IV.

CONCLUSIONS

Both bismaleimides and cyanate esters have been used to produce significant
success alone, and some endeavors have been made in order to create combinations with
favorable physical properties, such as favorable insulation characteristics. Additionally,
they seem to hold promise as structural resins as well, particularly when the mentioned
properties are maintained.
It is also clear that processing conditions cannot be assumed to be similar to either
resin. Employing these two classes of resins together creates additional challenges that
must be met. The use of monomers of different physical phases requires some difficulty
in blending, for example. Additionally, curing and catalysis are markedly different, as
the BMI curing cycle causes the CE component to burn up, and CE catalysts are either
completely ineffective or perhaps even detrimental to the system. Experiences such as
these should be sufficient to prove that these systems cannot be assumed to be similar to
either parent resin.
Fortunately, there are a number of beneficial aspects to these compounds. Most
important among these is the ability for any BMI or CE that are fully miscible in each
other to cure with each other. Additionally, there are no phase boundaries, as the doublebond functionalities allow them to maintain very strong chemical, rather than weaker
physical, bonds. Likely just as important is the behavior that prevents significant curing
until the entire mixture reaches curing temperature, which prevents any large-scale loss
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of homogeneity. Without these two abilities, BMI and CE copolymers would be grossly
unsuccessful, as would CE resins consisting of more than one monomer, for that matter.
Just as important as the reactions between different classes of monomers are the
interactions between two specific species. For example, it was found that XU-366 does
not react well with anything else, and reacts particularly poorly with BMI.

Had one

assumed that all CE will react similarly chemically due to the presence of identical
endgroups, the expected performance of the resulting resin would underperform greatly.
Recklessly assuming that the monomers are interchangeable and that they should behave
like their "parents" will, almost certainly, result in failure. On the other hand, careful
tailoring of conditions and use of specific monomers can allow for very rigorous systems
based upon BMI/CE mixtures or multi-CE compositions.
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Polymerica,

Polymer Blends
Introduction
Blended polymers are used often in industry to enhance
mechanical properties.
When two or more polymer are combined (incompatible
blend), the microstructure and morphology have a direct
impact on the material's final mechanical and chemical
properties.
A homogeneous mixture of a blend polymer must be
produced to optimize benefits
Size and distribution information of these phases can lead
to a better understanding of the chemistry involved, and
ultimately optimization of mechanical properties.
The more homogeneous, the stronger the final polymer
blend usually is, especially with regard to large-scale
homogeneity.

WKU, Thermal Analysis Laboratory

How are block copolymers used to
increase homogeneity?
• The block copolymers are used as compatibilizers.
• Compatibilizer is a specifically designed polymer or
monomer. Each end of a compatibilizer has a
functional group of a specific (and different)
polymer, which allows it to connect two polymers.
• Modification of a polymer blend by compatibilization
with interfacially active compatibilizers (usually
block copolymer) has been widely applied in
practice.
WKU, Thermal Analysis Laboratory

Particle Analysis Experimental
• A JEOL JSM-5400 SEM is used for SEM
analysis
• Of course, a TA instruments pTA 2990 is
used for thermal imaging and localized
thermal analysis
• Data is generated by using compatibilizers,
which will be investigated in greater detail in
the next section

Compatibilizer Experimental
• 2% of various polymer compatibilizers are added
to modify interface between two polymers
• Compatibilizers used include poly(styrene-bethylene), S-b-E; poly(styrene-bethylene/propyene), S-b-EP; and poly(styrene-bethylene/butene-b-styrene).
• Morphologies are analyzed using Micro-TA (for
thermal imaging and particle size) and SEM (for
optical image of interface, also particle size)

SEM Result of HDPE/PS Blend
with no Compatibilizer
t^mMmmmammmmmmmmmmmmmmmmm^
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SEM Result of HDPE/PS Blend
with 2% of S-EB-S Block Copolymer
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