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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF HIGH TEMPERATURE
RESISTANT BISMALEIMIDE BASED RESINS
AND THEIR COMPOSITES

Gtinalp, Siireyya Esin
M.Sc., Department of Chemistry
Supervisor: Prof. Dr. Savas Kii¢iikyavuz

Co-supervisor: Prof. Dr. Teoman Tinger

June 2010, 79 pages

Bismaleimide resins are important in aerospace applications as matrix
component of composite materials due to their high thermal and mechanical
properties. 4,4’-bismaleimidodiphenylmethane (BMI) which is the most widely
used bismaleimide, was synthesized starting from maleic anhydride and 4,4’-
diaminodiphenylmethane (MDA). N,N’-diallylaminodiphenyl methane (ADM),
N,N’-diallylaminodiphenyl sulfone (ADS) and N,N’-diallyl p-phenyl diamine
(PDA) were synthesized by allylating primary aromatic diamines. Nine different
prepolymers with 1:1, 1.5:1 and 2:1 molar ratios of BMI/diallyl compound were
prepared and cured. The effect of increase in BMI ratio on thermal properties of
the resin systems were investigated via Differential Scanning Calorimetry (DSC)

and Thermal Gravimetric Analyzer (TGA).

DSC results showed that the curing temperature of the resins increased due to the
increase in BMI ratio in the resins. Thermal gravimetric analysis showed that

incorporation of BMI monomer improved the thermal stability of the resins.



BMI/ADM resin system showed better thermal stability compared to BMI/ADS
and BMI/PDA resins. Processing characteristics of resins having 1:1 and 1.5:1
mole ratio of BMI/ADM were investigated by viscosity measurements and these
resins were found to be suitable for composite production with Resin Transfer
Molding (RTM). Composites were manufactured by RTM technique using two
different mole ratios of BMI/ADM resins as matrix component. The effect of
different matrix composition on thermal and mechanical properties of the

composites were investigated.

The concept of this thesis work was arised from the requirements of some

projects carried out in Tiibitak-SAGE.

Keywords: Bismaleimide resins, composite, thermal properties, resin transfer

molding.
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YUKSEK SICAKLIK DAYANIMLI BISMALEIMID ESASLI RECINELERIN
VE KOMPOZITLERININ SENTEZ VE KARAKTERIZASYONU

Gtinalp, Siireyya Esin
Yiiksek Lisans, Kimya Boliimii
Tez Yoneticisi: Prof. Dr. Savag Kiiclikyavuz

Ortak Tez Yoneticisi: Prof. Dr. Teoman Tinger

Haziran 2010, 79 sayfa

Isil ve mekanik Ozelliklerinden dolayr bismaleimid regineleri, kompozit
malzemelerin matris elemanlar1 olarak havacilik uygulamalarinda 6nemlilerdir.
En c¢ok kullanilan bismaleimid olan 4,4’-bismaleimidodifenilmetan (BMI),
maleik anhidrit ve 4,4’-diaminodifenilmetandan baglayarak sentezlenmistir.
N,N’-diallilaminodifenil metan (ADM), N,N’-diallilaminodifenil siilfon (ADS)
ve N,N’-diallil p-fenil diamin (PDA), birincil aromatik aminlerin allillenmesi ile
sentezlenmistir. BMI/diallil bilesikleriyle 1:1, 1.5:1 ve 2:1 mol oranlarina sahip 9
farkli prepolimer hazirlanmigs ve kiir edilmistir. BMI oranindaki artigin
recinelerin 1s1l 6zelliklerine olan etkisi Diferansiyel Taramali Kalorimetre (DSC)

ve Isil Gravimetrik Analiz Cihazi (TGA) ile incelenmistir.

DSC sonuglari, reginelerdeki BMI oran artisina bagl olarak kiir sicakliginin
arttigin1 - gostermistir. Isil gravimetrik analiz, eklenen BMI monomerinin,
reginelerin 1s1l dayanikliligini arttirdigini ortaya ¢ikarmistir. BMI/ADS ve
BMI/PDA recinelerine kiyasla, BMI/ADM regine sistemi, daha iyi 1sil
dayaniklilik gostermistir.

Vi



1:1 ve 1.5:1 BMI/ADM mol oranina sahip recinelerin proses edilme ozellikleri
viskozite Ol¢timleri ile incelenmistir ve bu reginelerin Regine Transfer Kaliplama
(RTM) ile kompozit malzeme iiretimine uygun oldugu tespit edilmistir. Iki farkl
BMI oraniyla hazirlanan BMI/ADM regineleri matris eleman olarak kullanilarak,
RTM teknigi ile kompozit malzeme iiretimi gergeklestirilmistir. Farkli matris

kompozisyonun, kompozitlerin 1s1l ve mekanik 6zelliklerine etkisi incelenmistir.

Bu tez c¢alismasinin kapsami, Tiibitak-SAGE’de  yiiriitiilmekte olan bazi

projelerin ihtiyaglarindan ortaya ¢ikmistir.

Anahtar kelimeler: Bismaleimid recineleri, kompozitler, 1s1l 6zellikler, regine

transfer kaliplama
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CHAPTER 1

INTRODUCTION

1.1 Polyimides

Polyimides are one of the most stable and environmentally resistant thermoset
polymer systems. They are attractive in high temperature applications as matrix
resins of composite materials for aerospace applications since they possess
outstanding properties such as thermo-oxidative stability, high mechanical
strength, high modulus, excellent electrical properties and superior chemical
resistance [1,2]. Polyimides which are derived from polymerizable monomers,

contain imide functionality in their backbone (Figure 1.1).

O—0
0O—=0

N

R

Rll

Figure 1.1 Imide functional group

Most of the developments in modern polyimide chemistry can be traced to
pioneering work at DuPont in the 1950s and 1960s [3,4]. These efforts included
the modification of nylon chemistry to produce polyimides in a two-step
process. Kapton ™ polyimide was formed by the condensation of an aromatic

diamine, and dianhydride in the first step, to form polyamic acid followed by



cyclodehydration reaction in the second step. The reaction route for the synthesis

of Kapton ™ polyimide is shown in Figure 1.2.
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Figure 1.2 Reaction route for the synthesis Kapton ™ polyimide [5].

A way of classification of polyimides can be done on the basis of the final curing
reaction. There are two types of polyimides: condensation and addition

polyimides [6].
1.1.1 Condensation Polyimides

Condensation polyimides are formed in a two step condensation polymerization
process. In the first step, an aromatic dianhydride is reacted with an aromatic
diamine to form a polyamic acid precursor. The second step involves the
cyclization step by condensing out of a solvent molecule [7]. Due to their
excellent thermal and oxidative stability, they can be used as matrix resins at
high temperatures up to 350°C. A major limitation of condensation polyimides is
the difficulty in processing the resin due to the evolution of volatile byproducts.
Long cure cycles to prevent void formation, high pressures needed to minimize
the effects of volatile content and long processing times are other limitations of

condensation polyimides [6].



1.1.2 Addition Polyimides

Addition polyimides are formed by the addition polymerization of low
molecular weight polyimide resins. There are no volatile byproducts during the
curing reaction so that problems occurred due to void formation are eliminated.
Acetylene terminated polyimides, PMR polyimides and bismaleimides are the

three important class of addition polyimides [8,9].

1.1.2.1 Acetylene-Terminated Oligomers

A class of thermosetting polyimides that possess good thermal and mechanical
properties are systems terminated with acetylene endcaps. One acetylene
terminated system that has received considerable attention is Thermid 600. It
was developed at the Hughes Aircraft Company under US Air Force funding in
the 1970’s [10-12].

These polyimides are quite attractive for high temperature application because of
their high Tg’s (about 370 °C), good thermo-oxidative stability, resistance to
humidity at elevated temperature and good dielectric properties. However, a
major drawback of acetylene terminated oligomers is their narrow processing
window. In general, these systems exhibit high melting point (195-200°C) and
very short time of flow in the molten state (100-180 s) [10]. This makes them
difficult to process, especially in the fabrication of large and complex structures.

1.1.2.2 PMR Polyimides

PMR polyimides, developed in the mid-1970's at the NASA Lewis Research
Center are produced by dissolving an aromatic diamine, a dialkyl ester of
tetraxarboxylic acid and a monofunctional nadic ester endcapping agent in a

solvent, such as alcohol [13]. PMR stands for Polymeric Monomer Reactants


http://www.grc.nasa.gov/WWW/RT/namechng.html

and -15 stands for a molecular weight of 15,000. It is widely regarded as one of
the leading high-temperature matrix resins for polymer-matrix-composite for

aircraft engine components.

The polymerization of PMR-15 consists of two steps. First, short chains of imide
oligomers with norbornene endcaps are formed when 5-norborbornene-2,3-
dicarboxylic acid monomethyl ester (NE), dimethyl ester of 3,3°, 4,4’-
benzophenone-tetracarboxylic acid (BTDE), and 4,4’-methylene dianiline
(MDA) are combined in a low boiling alcohol, such as methanol. In the second
step, crosslinked network structure due to the reaction of norbornene endcaps is

formed [8]. Synthetic route for PMR-15 is shown in Figure 1.3.

Me0OC COOMe COOH
UU O - (X
HOOC COOMe

NE
A ] -MeOH
“H,0
0
O o e 0
c < C, ‘.C:@
@: N -< >— | [ [ [ ~ CH2-< >—N‘
o) c G i
o o 0
] 316°C
crosslinked polymer

Figure 1.3 Reaction scheme of PMR-15

The attractive features of PMR-15, such as low raw material cost, use of a low
boiling solvent which is easily removed during processing, good thermo-

oxidative stability at elevated temperatures and excellent mechanical property



retention for long-term use (1,000-10,000 h) at elevated temperatures (288-
316°C) [14] make PMR-15 a leading candidate for a variety of aerospace
applications [15,16].

However, one of the monomers of PMR-15, methylene dianiline (MDA) is a
suspected mutagen, carcinogen and a liver toxin. The Occupational Safety and
Health Administration (OSHA) imposes strict regulations on the handling of
MDA during the fabrication of PMR-15 composites [17]. There have been
several non-MDA polyimides formulated and sold; however, their elevated
temperature performance is not good as the original formulation. The other
disadvantages of PMR-15 are inadequate resin flow for fabricating complex
structures, mismatch between fiber and resin in composite applications and the

tendency towards microcraking of its composites [14].

1.2 Bismaleimides

Bismaleimides have become a leading class of thermosetting polyimides. They
can be processed at relatively low temperatures (<175 °C) by a variety of
manufacturing techniques such as autoclave curing, filament winding and resin
transfer molding and then cured at high temperatures to yield highly crosslinked
networks with high glass temperatures (200-400°C). They exhibit a balance of
thermal and mechanical properties which make them popular for use in
advanced composites, structural adhesives and electronic applications. They are
the most important resins currently used in the aerospace industry due to their

high performance-to-cost ratio and good processibility [18].

1.3 Synthesis of Bismaleimides

Bismaleimide (BMI) monomers are synthesized from maleic anhydride and a
diamino compound. The synthesis route is shown in Figure 1.4. For temperature-

resistant resins, aromatic diamines (2) are reacted with maleic anhydride (1) in



an inert organic solvent at room temperature, forming the corresponding
bismaleamic acid (3) as an intermediate. Then, the cyclodehydration of the
intermediate in the presence of acetic anhydride and fused sodium acetate as a

catalyst forms the bismaleimide (4).

0 9 0
! CH,Cl, CHCI, C~. AC,0,NaOAc o
0 +HNARNH, =2 3% [ "NHARNH 2
DMF, or toluene | N-Ar-N |
o
1 ° ? ° !

Figure 1.4 The general synthesis route of bismaleimide

A wide variety of bismaleimides is synthesized starting from different diamines
to improve or modify the processing characteristics of the resin formulations.
However, 4,4’-bismaleimidodiphenylmethane is the most widely used BMI in
commercial resin formulations prepared from 4,4’-diaminodiphenylmethane and
maleic anhydride. Due to its rigid ring, regular backbone structure and network
forming ability, 4,4’-bismaleimidodiphenylmethane has excellent thermal
stability. In addition, due to the methyl linkage between aromatic groups, it
possesses the highest crosslink density among all bismaleimides so T, of cured
resins can reach 450 °C [18]. The chemical structure of 4,4’-

bismaleimidodiphenylmethane is shown in Figure 1.5.

{0}

Figure 1.5 Chemical structure of 4,4’-bismaleimidodiphenylmethane



1.4 Structure-Property Relationship of Bismaleimides

The maleimide double bonds of BMI can undergo addition polymerization
reactions. The reactivity of the maleimide double bond is a result of the electron-
withdrawing nature of carbonyl functional groups, which create an electron
deficiency. Therefore, bismaleimides can easily undergo homopolymerization
and copolymerization reactions. As a consequence of the aromatic nature and
highly crosslinking density of the cured structure, homopolymerization of BMIs

gives a highly crosslinked brittle products.

Bismaleimide resins have attracted great attention in advanced composites
manufacturing since they process in a way similar to epoxies. They can be
processed at low temperatures, without evolution of by products. The imide
functional groups reveal high polymer backbone stiffness and the network
structures of bismaleimide resins result in materials with enhanced thermal and

mechanical resistance.

However, unmodified bismaleimides suffer from hard, brittle structures forming
due to their high crosslinking densities after curing, high temperatures needed
for curing, poor solubility in ordinary solvents and narrow processing windows
[19-21]. Considering the mechanical properties, they are high-modulus, low-
strength materials with very low elongation at break [22]. Therefore, improving
processibility and fracture toughness while retaining thermal stability is the
important factor for the advancement of bismaleimide resins in composite
applications. Bismaleimides are modified with a variety of compounds such as
diamines, epoxy resins and olefinic materials in order to increase the molecular
weight between chains. Increasing the molecular weight between chains helps to

reduce the brittleness, improve processibility and toughness of bismaleimides.



1.5 Types of BMI Resins
1.5.1 BMI/Diamine Resins

One of the most common approaches for toughening of BMIs is the reaction of a
BMI with a nucleophile, such as an aromatic diamino compound. In a system
containing a bismaleimide monomer and a diamine, polymerization proceeds via
addition reactions between the amine groups and the maleimide double bonds
and also homopolymerization reactions between the maleimide double bonds
[24-27].

Since the double bond of the maleimide is very reactive, it can undergo a chain
extension reaction with primary and secondary amino compounds via the
nucleophilic attack of the amine group on the maleimide double bond. This
reaction is known as Michael addition reaction which is shown in Figure 1.6.
Finally, crosslinking and further chain extension occur as a consequence of the
homopolymerization reactions (Figure 1.7) particularly at higher temperatures.
The maleimide double bonds of the BMI readily react in the molten state by free

radical polymerization [8,28].
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Figure 1.6 Chain extension due to Michael addition reaction
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Figure 1.7 Crosslinking due to homopolymerization

Chain extension via primary amine addition reaction proceeds at relatively low
temperatures without the elimination of volatiles while higher temperatures are
required for homopolymerization of the bismaleimide. Tungare et al. [29]
reported that amine addition occurs at 125 °C while crosslinking reaction

competes with the chain extension reaction above 150°C.

Modification by diamines to reduce the brittleness of bismaleimide was first
studied in 1973 by Crivello [30]. The formation of a linear high molecular
weight polymer called polyaspartimide was reported when an exact 1:1 molar

ratio of bismaleimide and diamine were employed in solution.

Different reactant ratios of the monomers yield resins with different thermal and
mechanical properties. Considering the resin composition on Ty Leung and
colleagues [31] reported that increasing the concentration of BMI from 1:1 to a
2:1 mole ratio results increase in Ty Donnellan and Roylance [26,32]
investigated the effects of changing the compositions of BMI and MDA on resin
properties. It was reported that curing at a lower temperature or increasing the
diamine ratio favors the chain extension mechanism so crosslinking density

decreases.



On the other hand, increasing the amount of BMI in the composition, yield

stress and modulus increase while fracture toughness [32,33] decreases.

The reaction product of 4,4’-bismaleimidodiphenylmethane and 4,4’-
diaminodiphenylmethane, the trade name known as Kerimid 601 [34] was
prepolymerized in melt or in solution to such an extent that the resulting
prepolymer is soluble in aprotic solvents such as dimethylformamide, N-

methylpyrrolidone and the like.

1.5.2 BMI/Epoxy Resins

Modification of bismaleimides by epoxy compounds is a well-developed
technique used to improve their processibility and toughness. Epoxy resins
exhibit many desirable properties such as excellent chemical and solvent
resistance, good thermal and electrical properties, good adhesion to various
substrates, and easy processibility [35-41].

Bismaleimide-epoxy blends of optimum composition may yield resins with
excellent thermal and mechanical properties. Such blends have been reported in
the literature. EA 9655 and EA 9102 which are bismaleimide-modified epoxy
resins were formulated by the Hysol division of Dexter Corporation. Resins with
good heat resistance were produced by modification of epoxies with
bismaleimide-anhydride copolymer Kerimid 601 was blended with 1,2-
polybutadiene epoxide in the presence of an organic epoxide to prepare electric

insulators with good heat resistance, adhesion and dimensional stability [42].

BMI modified epoxy and siliconized epoxy intercrosslinked network having
varied concentrations of bismaleimide were developed by Kumar et al. [43,44].
According to their results, the mechanical and thermal properties were increased

with an increasing percentage of BMI content whereas the values of the strain
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fracture toughness were decreased with increasing BMI content. The Ty of such
systems revealed values in the range 160-190°C  due to the varying

concentration of BMI.

The modification of BMI with epoxy-like compounds helps to improve the
processibility and toughness of BMI; however, one disadvantage associated
with  addition of epoxy resin is that it reduces the thermal stability of

bismaleimides.

1.5.3 BMI/Allyl Compounds

Allyl-compound-modified BMI resins are one of the most successful BMI
resins. The prepolymers show good processability and the cured BMI resins
possess high thermal stability, high glass transition temperature, and good
toughness [45]. O,O’-diallylbisphenol A (DABA) is the most common allyl
type modifier for BMI systems.

A two-component bismaleimide system (Matrimid 5292 A and B™

), composed
of 4,4'-bismaleimidediphenyl methane and o,0'-diallyl bisphenol A (DABA),
was developed by the Ciba Geigy Corporation to improve mechanical properties
and processability of BMI [46]. It is one of the leading matrix resins for fiber
reinforced composite for advanced aerospace application. The components of

Matrimid 5292 are given in Figure 1.8.
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Figure 1.8 The components of Matrimid 5292 (Component A: 4,4'-
bismaleimidodiphenyl methane, BMI and component B: 0,0'-diallyl bisphenol A,
DABA)

During the curing process of such resins, allyl compound copolymerizes with
BMI via an ene type linear chain-extension reaction followed by the Diels-Alder
reaction. The brittleness of the cured resin is improved, compared with the
conventional bismaleimide resins [47]. The curing reactions of such BMI resins

are shown in Figure 1.9.
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Figure 1.9 Curing reactions of BMI-allyl type compounds

It was reported that allyl groups reacted with maleimide groups at around 130°C
via the Ene reaction to yield an intermediate, and subsequently reacted with
maleimide groups at around 200°C via the Diels-Alder reaction to form
crosslinking networks [45,48,49]. Homopolymerization of maleimide groups

were also existed during the curing process (Figure 1.10).
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Figure 1.10 Homopolymerization of BMI

Allyl compounds are one of the most successful modifiers for BMI, however,
these systems need to be cured and post-cured at high temperatures such as 220-
250°C [50]. Then, the main target of researchers have become to reduce the cure
and post-cure temperature of the bismaleimide resins and improve the toughness
of the resin systems with no reduction in thermal stability. In order to merge the
advantages of BMI/diamine resins (low cure temperature) and BMI/allyl type
resins (high thermal stability, low process temperature), allyl amine compounds

were synthesized and the modified BMI systems were formulated.

Liang and Gu [50] achieved allylation of 4,4’-diaminodiphenylmethane (MDA)
and prepolymers in various mole ratios of BMI and the allyl amine compound
were prepared . It was reported that, the cured prepolymer system which had the
100:40 weight ratio of BMI:diallyl amine compound revealed the best thermal
and mechanical properties (%38 char yield at 800°C, 86.4 MPa tensile strength,
11.8 MPa impact strength) among the others.

In another study, Aijuan Gu [51], prepared N-allyl diaminodiphenyl ether
(Figure 1.11) by allylization of diaminodiphenylether and it was copolymerized
with BMI to prepare a resin sytem suitable for resin transfer molding (RTM)

process.
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The characteristics of the resin system showed that the resin could meet the
requirements of (RTM) , and the neat resin system displayed high mechanical
properties (85.3 MPa tensile strength (25°C), 12.5 MPa impact strength) after
cured and post-cured at 200°C.

AN

Figure 1.11 Structure of N-allyl diaminodipheny! ether

1.6 Composites

A composite material is defined as a combination of two or more components,
usually a selected filler or reinforcing agent and a compatible matrix binder. The
components and the interface between them can usually be physically identified,
and the properties of the interface generally control the properties of a
composite. The composite property is noticeably different from the properties of
each of the constituents. [52,53]. Different reinforcement and matrix systems can
be used to obtain a broad spectrum of composite materials having specific

characteristics.

Today, composites are highly preferred materials mainly used in high
technology industries. The reasons that composite materials are favored over
conventional materials are their higher specific strength, higher specific
stiffness, higher corrosion and impact resistance, improved fatigue life. Today,
composite materials are widely used in industries such as automobile,
electronics, aircraft components, space vehicles and sporting goods. (Figure
1.12)
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Figure 1.12 Use of composites in different industries

A way of classification of the composites can be done on the basis of the
reinforcement employed such as fibrous, laminar and particulate. Another way
of classification based on type of the matrix material can be polymeric, ceramic,

metallic and intermetallic matrix composites [52,54].

Polymer matrix composites are now an important class of engineering materials.
In addition, mostly fiber reinforced ones are preferred for high technology

applications due to their lower weight and superior mechanical properties.

The demands of the aerospace community which aims to produce high
performance materials have lead to the development of fiber reinforced
composites. For many years, aluminum and steel which provide high strength
and high stiffness were the main material of the aerospace components.
However, corrosion and fatigue problems of metals used in structural parts and
also demand for the lightweight materials supported the development of fiber
reinforced composites. Today, it seems that fiber reinforced composites have

successfully replaced aluminum and steel in many engineering applications.
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The main components of fiber reinforced polymer matrix composites are the
fiber which provides strength and stiffness to the composite and the matrix

which provides the rigidity and the shape to the structure.

1.7 The Components of Composites

1.7.1 Fiber

The main functions of the fiber reinforcement in a composite material are:

To carry the load. In a 70 to 90% of the load in a strucrural composite is carried
by fibers,

To provide high strength, stiffness and other mechanical properties in the
composites,

To provide electrical conductivity or insulation, depending on the fiber used
[53].

Mostly used types of fibers for composite manufacturing are carbon, glass,
aramid or boron fibers. The fibers are sold and used in many different forms and
architectures. The discussion of the reinforcement forms is a discussion on how
fibers can be joined together. The type and the arrangement of the fiber directly
affects properties of the composite and process design.

The most common commercial form of fibers is woven f