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Abstract—A review is presented of thermally stable polymer polyimide based adhesives capable of long-term
operation at temperatures above 200°C. The most frequently applied methods for the synthesis of polyimides
and their forepolymers are considered, alongside with the processes occurring in the course of their curing at
terminal molding stages. The principal advantages and shortcomings of existing polyimide adhesives are

demonstrated.
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The contemporary trend of development in mate-
rials science is in the direction of improving the oper-
ational and technological characteristics of existing
and new materials for the purpose of using them as
efficiently as possible in the composition of units and
aggregates of designed equipment. In view of this fact,
the development and introduction of a complex of
thermally stable PSMs, glues, and polymer honey-
comb fillers, which would extend the operational
range of equipment significantly, are relevant [1].

Thermally stable and heat-resistant PSMs are cus-
tomarily considered materials capable of long-term
operation at temperatures above 200°C. From the the-
oretical standpoint, a maximum thermal stability of
organic polymers can be attained if the chain of a
polymer consists exclusively of aromatic rings linked
in the para position. However, such a rigid-chain
structure makes processing of a polymer impossible
due to the unreachability of the melting and solubility
temperatures. The most promising solution for the
problem of attaining a balance between the properties
of serviceability and thermal stability is the use of
polymers with a heterocyclic structure [2]. There exist
several approaches to the application of these poly-
mers as thermally stable adhesives, PSM binders,
films, and protective coatings, such as polycondensa-
tion of monomers and their derivatives in the process
of molding, synthesis of recyclized oligomers capable
of curing in the course of processing, and synthesis of
forepolymers capable of forming a heterocyclic struc-
ture. Despite the rather great amount of different het-
erocyclic polymers that have been synthesized and
studied beginning from the 1950s, only some of them
were able to find broad industrial application. Exam-
ples of heterocyclic polymers that have been success-
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fully introduced include cyanate esters, bismaleinim-
ides, benzoxazines, phthalonitriles, and polyimides.
In this case, depending on the requirements to the
operational and technological parameters, it is rea-
sonable to use the class of heterocyclic polymers char-
acterized by an optimal combination of serviceability
and thermal stability. Naturally, when the require-
ments for the operational temperature are increased,
the possibility of selecting a polymer matrix for the
creation of a thermally stable material is restricted and
there occur some technological difficulties in process-
ing and, frequently, an overall decrease in physicome-
chanical properties. Polyimides may be one of the few
classes of polymers able to combine high thermal and
heat resistance and performance characteristics with
the availability of feedstocks.

This review is devoted to existing thermally stable
polyimide-based polymer adhesives capable of long-
term operation at temperatures above 200°C.

METHODS FOR SYNTHESIS
OF POLYIMIDE MATERIALS
AND THEIR FOREPOLYMERS

Aromatic polyimides are a class of heterocyclic
polymers that are characterized by high thermal and
heat resistance and have found broad application in
industry worldwide for the creation of products from
polymer materials for operation at increased tem-
peratures.

Aromatic polyimides were synthesized for the first
time in the beginning of the 20th century, and the first
industrial two-stage method of their synthesis was pat-
ented and successfully commercialized by DuPont Co.
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Fig. 1. Two-stage method for synthesis of polyimides with formation of PAA.

in 1955 for a large-tonnage polyimide material, Kap-
ton thermally stable film [3].

Since that time, many methods for the synthesis of
polyimides and their compositions and subclasses
have been developed with the purpose of optimizing
their technological and operational properties.

The chemical structure of a monomer unit of aro-
matic polyimides entails the existence of imide and
aromatic rings, which provide a high rigidity to the
macromolecules of this class of polyheteroarylenes.
For this reason, their processing by standard methods
is feasible only for a small series of polyimides incor-
porating flexible asymmetric carded or copolymer
moieties, which decrease the softening temperature of
a polymer and increase its solubility.

To increase the serviceability of polyimides,
approaches associated with the use of forepolymers,
oligomers with low molecular masses, and imide-
forming mixtures are rather widely used.

One of the most widely recognized methods for the
production of polyimides is by means of the synthesis
of a forepolymer, i.e., polyamido acid with further
thermal or chemical imidization. This method con-
sists in the reaction of tetracarboxylic-acid anhydrides
with di- and polyamines. The first stage consists in
acyclization of amine by means of an a hydride group
with the formation of a polyamido acid (PAA). In con-
trast to most cyclized polyimides, polyamido acids are
well soluble in polar aprotic solvents, e.g., dimethyl-
formamide, dimethylacetamide, and N-methylpyrro-
lidone (N-MP). This circumstance significantly
broadens the opportunities for the industrial produc-
tion of different products, such as films, fibers, coat-
ings, etc. After removing the solvent, PAA is subjected
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to thermal or chemical imidization, which results in
the formation of a high-molecular-weight polyimide
(Fig. 1).

However, this method is characterized by a number
of serious shortcomings, such as the liberation of vol-
atile compounds in the course of curing, the instability
of the forepolymer during storage at room tempera-
ture, and the impossibility to prepare highly concen-
trated PAA solutions.

One rather widely recognized modification of the
two-stage polyimide synthesis method is chemical
PAA imidization, which results in the formation of
polyisoimide (Fig. 2). In this case, dicyclohexyl carbo-
diimide and trifluoroacetic acid are most frequently
used as dehydrating agents.

One clear advantage of this synthesis method is a
low softening temperature and viscosity for a melt of
polyisoimides as compared to polyimides (in some
cases, their viscosities differ from each other by several
orders of magnitude at the same temperature) [4]. In
addition, polyisoimide-to-polyimide rearrangement
is an intramolecular process occurring without the lib-
eration of volatile compounds. In view of these cir-
cumstances, polyimide-based adhesives have
improved technological properties.

It should be noted that, in addition to polyisoim-
ides, both PAAs subjected to the reaction of imidiza-
tion in the curing of glue and already cyclized polyim-
ides, which can be softened at increased temperature
and, thereby, provide the gluing of a substrate, are
used as thermally stable adhesives. Polyesterimides,
which are polyheteroarylenes containing a rather high
number of ordinary ester bonds in their main chain,
can also be classified among cyclized linear polyim-

No.2 2022
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Fig. 2. Scheme of polyimide-synthesis reactions through polyisoimide as an intermediate product.

ides. A distinctive feature of these polymers is the pos-
sibility of their processing by standard methods
applied for thermoplastic elastomers.

The best-known grades of glues in the form of
PAAs, polyisoimides, and polyimides on their basis are
adhesives of the series Larc-TPI (LarcTPI, Larc-
ODA, Larc-IA, Larc-SO2) developed by Langley
Research Center Co. (United States), NR (NR-150A2,
NR-150B2, NR-056X, DuPont), and FM 680 glue
made by CYTEC Co.

Table 1. Strength properties of PAA-based adhesives™*

The most widely applied adhesives on the basis of
PAAs, polyisoimides, and imidized linear polyimides
are listed in Table 1 [5—7].

Despite the great amount of existing thermally sta-
ble glues on the basis of forepolymers and cyclized
polyimides of linear structure, there exist some diffi-
culties in their application due to long-term regimes of
gluing, a great volume of volatile compounds (solvents
and low-molecular-weight polycondensation prod-
ucts), high molding temperatures and pressures, and a

Temperature Shear strength, MPa, for glues of trademarks
of tests, °C Larc-TPI Larc-ODA Larc-IA Larc-SO2 NR-150B2 FM 680
25 33.0 28.3 44.2 32.1 23.3 20.8
177 29.5 21.9 36.6 — 20.7 19.3
204 25.2 15.4 28.4 - — -
232 17.5 — 9.3 24.5 — —
288 — 17.9 15.9
316 — 14.0
337 15.2 10.5
* The glued material is titanium.
POLYMER SCIENCE, SERIESD Vol.15 No.2 2022
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Fig. 4. Scheme for synthesis of thermoreactive oligomer from A—B monomer.

relatively low operational temperature of glued joints
based on them.

THERMOREACTIVE IMIDE-FORMING
MIXTURES AND PERTIALLY IMIDIZED
OLIGOMERS ON THEIR BASIS

Polyimides synthesized in the process of molding
from an imide-forming mixture of components have
found broad industrial application. These mixtures are
used as a basis for the synthesis of polyimides of both
linear and sparsely cross-linked structure and oligo-
mers with unsaturated terminal groups that are able to
enter into further chemical reactions.

As for their chemical composition, these thermore-
active compositions represent a mixture of derivatives
of polycarboxylyc acids with aromatic diamines; in
addition, there are some grades known on the basis of
A—B monomers (monomers containing both amine
and anhydride groups) [8]. These mixtures are well
soluble in low-boiling-point solvents, and, in some
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cases, such compositions can be applied in the form of
a melt for the impregnation of fillers [9]. The process
of curing is accompanied by the reaction of polycon-
densation with the formation of polyimide with a lin-
ear or sparsely cross-linked structure, and, if the initial
composition contains monomers with unsaturated
groups, there further occurs polymerization with the
formation of mesh polyimide (this concerns so-called
“PRM compositions,” i.e., polymerization of mono-
meric reactants). The chemical reactions for PMR
compositions are schematized in Fig. 3.

One of the first thermoreactive polyimide adhe-
sives, which has found broad application in world
industry, is Nolimid 380, which is produced by Rhone
Pounlenc Co. This thermoreactive composition was
developed on the basis of A—B monomers (Fig. 4).

In addition to a polymeric base, this adhesive also
incorporates aluminum powder, an antioxidant, and
fiberglass as a reinforced filler. The surface density of
Nolimid 380 glue is 380—650 g/m?, and the residual
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Table 2. Properties of thermoreactive polyimide adhesives of Renegade Materials Corp.

Glue trademark

Parameter
RM-1010 RM-1014
Vitrification temperature, °C 371 316
Shear strength (titanium), MPa 17.2 (at 24°C) 18.6 (at 24°C)

18.6 (at 260°C)

Shear strength (PSM), MPa

19.3 (at 24°C)

20.0 (at 24°C)

17.9 (at 260°C)

content of volatile compounds is 15 wt % [10]. The
strength of glued joints between titanium-alloy speci-
mens is 20 and 16 MPa at 20 and 300°C, respectively.

FM-34 and FM-36 glues made by CYTEC Co. are
also classified as thermoreactive polyimide composi-
tions containing A—B monomers. These glues are
characterized by a rather high shear strength of glued
joints for titanium alloy (22 and 13 MPa at 25 and
316°C, respectively) [11]. Depending on the condi-
tions of their application, adhesives containing A—B
monomers may be used both with a filler (aluminum
powder for FM-34 glue) and in the form of a solution
with a partially imidized thermoreactive imide-form-
ing composition (FM-36 glue).

A PMR composition (an imide-forming mixture of
compounds with reaction groups of endic anhydride)
was applied for the first time as a thermally stable
adhesive under trademark LARC-13 with a monomer
composition similar to PMR-15, representing one of
the most widely used polyimide PMR binders with the
exception that 3,3'-isomer was used in it instead of
para isomer of diaminodiphenyl methane. The shear
strength of glued joints is 22.8 and 19.3 MPa at 25 and
260°C, respectively.

FM-35 glue made by CYTEC is also classified as a
glue based on a PMR composition. Aluminum-alloy
specimens glued with this adhesive demonstrated the
shear strength of 35.8, 21.4, and 21.7 MPa at tempera-
tures of 25, 260, and 288°C. Titanium-alloy specimens
glued by FM-35 are characterized by a shear strength
of glued joints at a level of 21.7, 17.2, and 13.8 MPa at
the same temperatures. It has been established that the
brittleness of the polymer matrix rather strongly grows
with an increase in the curing temperature to 329°C

and, correspondingly, the shear strength of glued
joints is decreased.

Renegade Materials Corp. industrially produces
the RM-1010 and RM-1014 fiberglass reinforced
glues. Despite that the fact that the producer does not
disclose the composition of these trademarks, it is
specified that these glues are thermoreactive polyim-
ides with reactive terminal groups. The properties of
RM-1010 and RM-1014 glues are given in Table 2 [12].

THERMOREACTIVE OLIGOIMIDES
WITH REACTIVE TERMINAL GROUPS

Despite the rather broad industrial application of
PMR compositions, they are characterized by a num-
ber of serious shortcomings, of which the most signif-
icant is low thermooxidation stability associated with
the presence of aliphatic moieties in the polymer
matrix of a cured polymer. A second problem consists
in the polymerization mechanism for the terminal
groups with the liberation of volatile cyclopentadiene
in the process of curing, which necessitates the mold-
ing of these compositions at a high specific pressure to
avoid the formation of a porous structure.

To solve these problems in the application of high-
temperature glues and binders on the basis of thermo-
reactive oligoimides, some compositions with reactive
acetylene and ethynyl groups have been developed. It
is a clear advantage of these compositions that there is
no liberation of any volatile compounds in the process
of curing.

Initially, a series of oligomers with terminal acety-
lene groups was synthesized for glues based on ther-
moreactive oligoimides (Fig. 5). The best-known
trademarks of these glues are HR-600, Thermid600,

0 % 0 0 0 0
O @) (0] (0]

Fig. 5. Oligoimide with terminal ethynyl groups.
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Fig. 6. Phenylethynylphthalic anhydride.

Fig. 7. 4,4'-(1,2-Ethynyl)bisphthalic anhydride.

and LR-600 (polyamide acid precursor) made by
Hughes Aircraft Co. They have proven to be rather
good structural adhesives for joints of titanium, cop-
per, and thermally stable composite materials. The
shear strength of glued joints for titanium is 22.1, 13.1,
and 8.3 MPa at 25, 232, and 260°C, respectively, after
thermal aging for 1000 h at these temperatures.

Today, compositions with acetylene terminal
groups are almost unused due to a narrow technologi-
cal gap between the oligomer melting temperature and
the initial curing point. Since the 1990s, most indus-
trial thermoreactive oligoimides have been synthe-
sized with the use of phenylethynylphthalic anhydride
to improve the serviceability of thermoreactive oligo-
imides (Fig. 6).

In the foreign literature, these compositions have
received the common name PETI (phenylethynyl ter-
minated oligoimides). PETI oligomers are synthesized
by a two-stage method: at the first stage, the corre-
sponding oligoamido acid is converted into N-MP,
and the forepolymer is thereafter imidized in the pres-
ence of acetic anhydride and triethylamine or thermal
polycondensation with azeotropic distillation of low-
molecular-weight products is performed. To decrease
the melting temperature of oligoimides, PETI compo-
sitions are developed by using monomers of asymmet-
ric structure, monomers containing “hinge” groups,
and mixtures of monomers to decrease main chain
regularity.

One of the best-studied PETI adhesives is FM-5
(LARC, NASA, United States), which consists in
PETI-5 fiberglass reinforced binder. The strength
given in [13] for FM-5 glued joints is 58.3, 52.4, and
38.3 MPa at temperatures of —54, +25, and 177°C,
respectively. Hence, FM-5 glue has a relatively low
maximum temperature of operation. For this reason,
triamines are frequently introduced into the main

chain of an oligomer (PETI glue of trademark MPEI)
to increase the operational temperature of PETI com-
positions [14] and a small amount of oligoimides
(up to 20%) with a low molecular mass is added to
improve the serviceability of a glue (to decrease the
viscosity of a melt), as with trademark LV-121 [15].
Thus, the vitrification point of MPEI under curing at
370°C for 1 h is 300°C versus 265°C for PETI-5.

A rather widely used approach to increasing the vit-
rification temperature of the cured matric of PETI
compositions is the use of monomers providing an
increased chain rigidity. Thus, the PETI-330 cured
composition based on m-phenyllenediamine and
dianhydride of 2,3,3',4'-biphenyltetracarboxylic acid
is characterized by a vitrification temperature of
330°C.

The properties of the polyimide binder of trade-
mark MHT-R (Nexam Chemical) are considered in
[16]. A specific feature of this RETI binder is that its
ethynyl groups are located not only at the ends of
oligomers, but also in the main chain. This is attained
by using difunctional monomers containing an
ethynyl group (Fig. 7). Due to this fact, a cured poly-
mer matrix of MHT-R has a vitrification temperature
of 420°C. Thus, it seems probable that some trade-
marks of glues based on this binder will appear in the
near future.
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