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Phthalocyanine Matrix Resins
and Composites

Fiber-reinforced composite matenals are being consid-
ered for many advanced structural applications in order
to achieve a substantial weight saving in the structures.
Many of these applications involve a high temperature
requirement that cannot be met by conventional matrix
resin systems such as epoxy. For instance. in the design
of advanced vertical and short takeoff and landing

IV/ST0OL) aireraft, many of the metallic structural compo-
nents must be replaced with organic composites for
weight-saving purposes in order to compensate for the
large and heavy propulsive svstems required for vertical
lift. Bv incorporating the superior properties of fiber-
reinforced composites, such as high strength-to-weight
ratio and fatigue resistance, the designer may success-
fullv develop a V/STOL aircraft with extended range and/
or increased pavioad. The proposed design calls for a
matrix resin that can meet operational temperatures in
excess of 200°C. In addition, the resin needs to have a
very low moisture sensitivity. Unfortunatelv. conven-
tional epoxy resins can only offer a maximum use tem-
perature of about 135°C, and the moisture absorption in
these resins is normally quite high. The room tempera-
ture storage stability of the epoxies is also very poor.

In order to meet the requirement for a wide range of
high temperature applications, such as adhesives. seal-
ants, coatings, and matrix resins, research efforts of Grif-
fith and coworkers [1,2] at the Chemistry Division, Naval
Research Laboratory in the 1970s have led to the devel-
opment of a new class of resins called phthalocyanines.
These materials have been demonstrated to be promis-
ing candidates for advanced composite applications. In
this article, the structure and properties of phthalo-
cvanine resins will be discussed. The development of a
selected phthalocyvanine resin for fiber-reinforced com-
posites will also be described. Test results on the me-
chanical properties of composite samples will be pre-
sented and compared with those of other popular
composite systems.

Material

The chemistrv of phthalocyanine resin synthesis and
polymerization was first reported by Griffith, O'Rear, and
Walton (1). Briefly, the reaction of 4-aminophthalonitrile
with aliphatic diacid chlorides forms resin monomers
that have a diamide structure:

NC NQ, NC

N(:—l\ NC

O NH.
~

|

H O 0 n
Il |

l |

NC O N—C—1CH,1,—C—N CN
NG ~

Avbrenia ¢ names are used to identify these ~om-
pounds. For example, if n = 8 ,the compound is called
C-10 diamide because it was made from a diacid chlo-
ride containing 10 carbon atoms. Polymerization occurs
upon thermal reaction of the diamide monomers at tem-
peratures above their melting temperatures. The B stage
and postcure at about 200°C lead to the development of
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FIGURE 1 A schematic representation of
the polvmerization of phthalocvanine resins.

stable phthalocvanine nuclei linked through aliphatic
diamide hnkages. Figure 1 shows schematically the pro-
posed phthalocvanine network structure. The figure
suggests a two-dimensional network, but the more likely
situation is a three-dimensional structure produced by
numerous out-of-plane reactions of the phthalonitrile
end groups

Four resin monomers were developed to represent a
svstematic variation of the flexibilitv of molecular seg-
ments between phthalocvanine nuciei They were desig-
nated as

C-6 methyvl diamide, or N\'-bis!3.4-dicvanophenyli-3-
methvlhexanediamide

C-10 diamide, or N N'-bis 3 4-dicvanophenyl: decane-
diamide

C-22 diamide,
sanediamide

C-36 diamide, based on the EMPOL 1010 dimer acid of
Emenv Industries. Inc

or NAN'-bis'3.4-dicvanophenyvll doco-

Resins were cured in an air-circulating oven by heating
at temperatures above the resin melting temperatures.
The resins melted to give a deep green viscous liguid.
and finally a black solid on continued heating ‘The com-
pounds with short aliphatic chain lengths (n = 8) require
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a high temperature cure, and thus offer high tempera-
ture stability up to 260°C (2). The resin monomers and
prepolymers are virtually inert at room temperatures for
easy handling, in contrast with the cold storage require-
ments for epoxies and thiermosetting polvimides. Fur-
thermore, the monomers represent chemically simple
and pure systems for easy quality control compared with
the complex formulations of conventional epoxies [3).

Dynamic Mechanical Properties

A freely oscillating torsion pendulum (4] operating at ap-
proximately 1 Hz was used for dynamic mechanical
measurements. The experiments were carried out in a
nitrogen atmosphere in accordance with the recom-
mended ASTM procedure, D-2236-70. The sample size
was 10 X 125 X 0.075 cm® The frequency of the freelv
damped wave and the logarithmic decrement 4 =

(A/A.+1), where A, was the amplitude of the ith oscillation
of the wave, were directly measured as the sample was
heated at a rate of 1°C-min~*. These parameters led to the
determination of the dynamic shear modulus and the
loss factor of the sample as a function of temperature.
Figure 2 shows the effect of interaromatic molecular
chain length on the dynamic shear modulus G’ of cured
phthalocyanines. As the length of the interaromatic
chain linkage is reduced from 36 carbon atoms (C-36! to
six carbon atoms (C-6), the polymer network became less
flexible, and a progressive increase in both the shear
modulus and the glass-to-rubber transition temperature

1010

DYNAMIC SHEAR MODULUS, G’ (Pa)

103 1 1 i | I\ | i 1 i 1
=200 -100 0 100 200 300 400

TEMPERATURE (C)
FIGURE 2 Dynamic shear modulus as a
function of temperature for 1 dav 220°C

cured phthalocyanines (C-36 resin cured 3
days).
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FIGURE 3 Glass transition temperature
and room temperature shear modulus as
functions of aliphatic chain length in number
of carbon units.

I, was observed A plot of T, estimated as the tempera-
ture where the dynamic shear modulus decreased rap-
idlhv with increasing temperature, and the room temper-
ature shear modulus as a function of the aliphatic chain
length is shown in Figure 3. The number of carbon atoms
in the diacid used to prepare the phthalocyanine resins
is used here as an index of segmental molecular flexibil-
i The glass transition temperature decreases from
350°C for the C-8 phthalocvanine 1o 90°C for the C-36
compound. A similar decreasing trend of shear modulus
with increasing polvimer molecular flexibility is also ob-
served. An eatended postcure at 220°C for 10 days led to
an overall increase in modulus for the C-10 phthalo-
cvanine. indicative of further cross-linking taking place.
The glass transition temperature in this case reached
350°C. The dvnamic loss curve shows two low tempera-
ture relaxation peaks, one at —130°C and the other at
~60°C. The origins of the relaxations have been exam-
ined by Gillham {3}, who attributed the peak at —130°C to
molecular motions of the amide linkages as well as the
alkvl chain between them. The small relaxation peak at
~60°C was believed to be an induced water transition
caused by absorbed water.

Fracture Toughness

It is recognized that structural composites and adhe-
sives are relativelv brittle and stiff materials (6]. Their
failure mode is characterized by flaw growth from inter-
nal cracks and microvoids, which are inherently present
as a result of the methods employed for processing the
structural parts. The fracture toughness of the phthalo-
cvanine resins was therefore of concern, and the evalua-
tion of this property was carried out using standard
compact tension specimens (7). Polymer fracture energy
was determined by the equation:

Y?Pla
W2b?E

Ie

where Y = Yia/Wiis a geometrical factor given as:

a a,’

Y =296 - 186(W) + 656 (W)

ml"(i)3 + 639 (2 )

“w lw

where a is the crack length, W the specimen width, b the
specimen thickness, E the Young's modulus, and P, the
critical failure load. Tiic resins were also evaluated for
their adhesive fracture toughness using double-tapered
cantilever beam specimens [8]. Adhesive fracture energy
was calculated using the equation:

%, = 4—P‘ [Jiz + 1]

- bEin* h
where h is the beam height measured normal to the
crack tip, and E in this case is the Young's modulus for
aluminum substrate. All adhesive fractures were center-
of-bond. so the measured fracture energyv is the cohesive
%, of the resin.

The results of the fracture evaluation are given in Fig-
ure 4. The fracture energy initially increased with molec-
ular flexibility as the interaromatic chain length in-
creased from 6 to 22 carbon atoms. But, for the C-36
phthalocyanine polymer, the fracture energv was re-
duced. This unexpected reduction was believed to be
due to the fact that the C-36 diamide was svnthesized
from the EMPOL 1010 dimer acid, which was produced
by polymerization of unsaturated C-18 acids. Essentially,
the dimer acid is a long-chain dicarboxylic with two alkyl
side chains near the midpoint. This structure, which is
capable of entanglement and cross-linking upon cure,
may reduce the free movement of the interaromatic car-
bon chain. Furthermore, the C-36 diamide was a liquid at
room temperatures, and an extended cure was needed.
The extended cure clearly reduced the capacity for plas-
tic deformation in the polymer network. Similar reduc-
tions in the fracture toughness of the C-10 phthalo-
cyanine were also observed when extended postcure
was carried out {9]. The results clearly demonstrated that
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FIGURE 4 Effect of aliphatic chain length
on the fracture energy of phthalocyanines.
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TABLE 1
Properties of Composite Matrix Materials
Glass
Fracture Transition
Toughness* Temperature
Polymer (J/m?*) °C)
Tetralunctiona! epoxy 82 160
Addition polvimide 104 260
C-10 phthalocvanine 110 280
* Room temperature test result
prolonged thermal treatment although promoting

cross-linking in phthalocvanines. would greatly embrit-
tle the polyvmer. reducing its fracture toughness to a
value characteristic of a ceramic or silicate glass (10-20
J-m %1 This observation has serious implications in the
design of cure cvcles for fiber-reinforced phthalocvanine
composites and their high temperature use. Posticure cy-
cles must be designed to achieve the desired good me-
chanical properties li.e., strength, moduius, and so on! of
the composites without adversely affecting their in-
terlaminar fracture properties. Table 1 shows the frac-
ture toughness and glass transition temperature of the
C-iC resin in comparison with those of a tetrafunctional
epoxy and an addition polvimide svstem.

Prepreg Preparation

The results in Figure 3 show that the glass transition
temperatuiv ot the cured C-10 phthalocvanine is about
280°C. Its shear modulus remains fairlv constant at the
level of 1 GPu in the glassy state. Figure 3 thus suggests
that if a resin is sought to meet operational requirements
at temperatures in excess of 200°C, one is limited to res-
ins with interaromatic chain length of no more than 14
carbon atoms. The C-10 diamide resin was therefore se-
lected for study as a composite matrix resin. Thornel 300
graphite fibers 1T-300. Union Carbide) with an UC-309
epoxy finish were selected for the preparation of unidi-
rectional prepreg tapes in collaboration with commer-
cial sources. Both the hot-melt prepregging and a resin-
solvent slury technique were demonstrated to be
capable of successfully producing 30 cm wide prepreg
taps. The hot-melt method vielded a product containing
about 32% resin with less than 1% residual volatiles. On
the other hand. the slurry technique using dimethvlfor-
mamide as the solvent vielded an average resin content
of about 40% . The final product also contained about 6%
volatiles When the resin was staged at about 200°C. the
precured resin passed through a liquid intermediate
state. and the fiber reinforcements were easilv impreg-
nated As a result of the staging operation, the prepreg
had a dark green color, and its general appearance was
div and brittle However, the material could be briefly
heated at 110°C to develop sufficient amounts of tack for
easy lavup
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Cure of C-10/T-300 Composites

Differential scanning calorimetry (DSC), thermogravimet-
ric analysis (TGA), and dynamic dielectric analysis (DDA)
were performed, and the thermal and dielectric analysis
results were used for the development of cure cycles for
C-10/T-300 composite samples. Typical DSC scans
showed multiple endotherm peaks, which were related
to the melting of resin oligomers of separate entities. The
highest melting peak was at about 190°C, while no ex-
otherm was evident up to 230°C. The TGA data for the
prepreg sample showed a rapid weight loss beginning
near 275°C. These results therefore defined the initial
cure temperature “window" for the C-10/.7-300 system to
be above 230°C, but not to exceed 260°C. The DDA results
showed that at temperatures within this “window,” the
prepregged resin quickly melted and polymerizaticn of
phthalocyanine was activated thermally. The gelation re-
action followed an Arrhenius relationship with an activa-
tion energy of about 62.8 kl/mole, higher than that re-
ported for epoxy resins (10}. Hence, the cure of C-10
phthalocyanine would require higher temperatures and
longer times than that of the epoxies. The final cure cycle
developed included heating the samples under pressure
at 250°C for over 3 hours. The details of the development
were given in Ref. 11. The postcure requirement was es-
tablished to be 245°C for 72 hours.

Prepreg Agiag

A 28 week prepreg aging study was carried out by expos-
ing the prepreg materials at room temperature in two
separate environmental chambers, controlled at 16 and
95% relative humidity, respectively. At the end of every 4
week period, sufficient material was removed to fabricate
a 16-ply laminate and its flexural and shear properties
were evaluated. The short beam shear strength of unidi-
rectional C-10/T-300 composites, a resin-dominated
property, was found to remain unchanged over the 28
week period. This result suggested that room tempera-
ture aging had caused no chemical degradation in the
C-10 phthalocyanine resin. Further results from chemi-
cal analysis indeed confirmed this [12] This observation
is in contrast to a similar aging study previouslv carried
out for polyimide-graphite prepregs. in which room
temperature aging was shown to greatlv affe~t the pro-
cessibility and. consequently, the laminate mechanical
properties of that material {13]

Mechanical Properties of Composites

Sixteen-plv angle plies consisted of the onentations of
* 15° and * 45°and quasi-isotropic laminates (90°,
+ 45°, 0°) were prepared. Tensile tests were carried out
using 10 X 125 X 0.2 cm specimens. For angle plies, the
specimens were machined in such a way that the load-
ing direction bisected the included angle between fiber
orientations. A three-point flexural test was also per-
formed in accordance with ASTM-D730
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TABLLE 2

Vamiaate Mechanical Properties at Room Temperature

Orientation Property (GPa) 5208/1-300 F-17¢/7-300 C-10/T-300
strength: tensile 048 0.39 047
Quasi-isotropic flexural — 052 036
Modulus: tensile 383 628 752
flexural — 373 338
strength: tensile 0.75 0.61 0.56
2430 flexural 1.03 0.81 066
Modulus: tensile 1049 97.3 93.2
flexural 107.0 91.1 752
Strength: tensile 0.16 013 0omn
2H O a9 flextral — 0.28 0.18
Modulus: tensile 269 10.7 373
flexural — 173 97
2# - 150 5!!‘(‘”(.{”L tensile 0.031 0.035 0.031
Modulus . tensile 104 262 228

All test results are given in Table 2, where the data for
the Narmceo 5208 T-300 tepoxv—graphite) and Hexcel
F-178 1-300 polvimide-graphite! composites are also
included It can be seen that the C-16.T-300 svstem ex-
hibited tensile and flexural moduli similar to those of the
F-178 T-300 material. In all cases. the 5208/T-300 showed
higher strength than the F-178/T-300 and C-10/T-300
samples, particularly when the fiber orientation was 26
= 30°. The tensile moduli of angle-plv laminates were
plotted as a function of the included angle in Figure 5 to
show the strong dependence on fiber orientation. For
small 6 the tensile properties are dominated by the fiber
strength. As the included angle increases, the role of the
matrix becomes increasingly important in its contribu-
tion to the distribution of the load. In those cases, the
data clearlyv showed that the three composite systems
were similar. For the popular quasi-isotropic design of
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FIGURE 5 Laminate tensile modulus as a
function of fiber included angle.

140 160

laminates, the C-10,T-300 composite exhibited good
strength properties, with an even higher tensile modulus
than the other two systems. The fracture behavior of the
C-10/T-300 laminates under complex in-plane loading
has also been studied (14]. The onset of crack propaga-
tion under various combinations of in-plane loading
conditions was determined both at room temperature
and at 232°C. The results again showed that the C-10/
T-300 composites exhibited a similar performance in
both cases to the epoxy and polyimide systems. Physical
characterization of the laminates showed that all lami-
nate thicknesses were in the range of 0.0125-0.014 cm/
ply. The resin contents ranged from about 30% for the
5208/T-300 laminates to approximately 38% for the C-10/
T-300 and the F-178/T-300 laminates.

Concluding Remarks

The C-10 phthalocvanine resin has been demonstrated
to be a potential matrix material for advanced compos-
ites. This polvmer exhibited long-term stability at tem-
peratures up to 245°C, and its moisture uptake is less
than that in epoxies or polyimides [1}. The phthalo-
cvanine reaction can be induced to proceed simply by
heating the resin at temperatures above the melting tem-
perature without any curing agent or catalyst. The resin
monomer represents a chemically simple and pure svs-
tem for easy quality control when compared with the
complex formulations of other systems such as epoxies.
The resin monomers and prepolymers are also virtually
ineit at room temperature, so that no cold storage is
required. Upon melting, the resin flows readily, and suc-
cessful prepregging has been demonstrated. The pro-
cessibility of C-10 phthalocyanine was comparable to
that of conventional epoxies, but at higher temperatures.
The processing was also shown to be unaffected by room
temperature aging of the prepregs of up to 28 weeks.
Mechanical properties have been determined in both
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tensile and flexural tests for the C-10T-300 system. The
results were compared with those of the 5208/T-300 and
the F-178T-300 composites to show that the C-10/T-300
samples exhibited similar properties

Robert Y. Ting
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