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INTRODUCTION 

New aircraft designs are always seeking to exploit the advantages posed by composite mater- 
ials. Much has been said about the superior mechanical properties and significant weight savings to 
be realized. These properties can be directly translated into aircraft performance parameters such 
as increased range, improved flight capabilities, and greater payload. The general trend in military 
and to some extent commercial aircraft is to use polymer matrix composites in a greater propor- 
tion of the airframe. 

Most applications of composites have been with continuous graphite, Kevlar, or glass fiber in 
epoxy matrices. These materials make up the bulk of typical airframe composite components 
found on fixed and rotary wing aircraft. However significant payoffs are attainable by using dis- 
continuous fiber reinforced thermoplasticsC1). With inherent processing advantages, thermoplastics 
are amenable to mass production manufacturing methods such as injection and compression mold- 
ing. These methods are fast and relatively inexpensive in comparison to other methods such as auto- 
clave processing. Filling the thermoplastic with a suitable fiber such as glass or graphite imparts 
enhanced strength and stiffness to the material(2). 

Modern aircraft employ a number of small metallic components such as electrical connectors, 
avionics enclosures, and fittings. These components, because of their metallic nature, are vulner- 
able to corrosion. This naturally occuring process accounts for tremendous expenditures in main- 
tenance dollars. Because of the great number on the aircraft, the weight of these components 
is also a disadvantage. Metallic components have an inherent advantage in that they naturally pro- 
vide some measure of electromagnetic interference (EMI) attenuation by preventing interference 
between electrical signals. 

Thermoplastics filled with conductive reinforcements offer a significant level of EMI shield- 
ing.*;3'4). Typically chopped graphite fibers are used, but additional benefits are possible with the 
use of more highly conducting reinforcements such as metallized graphite and stainless steel. This 
effort was undertaken to develop such materials and establish the potential for their application 
on naval aircraft. A number of graphite and metallized graphite reinforced thermoplastics were 
characterized with regard to specific mechanical and electrical properties for this study. Data was 
generated from injection molded plaques and specimens. 

MATERIALS 

All of the matrix materials used for this work were injection moldable thermoplastics. A sol- 
vent resistance test screening was performed initially on six of the systems. These systems were*: 
30% NiGr/Nylon 66; 30% Gr/PEI; 12% SS/PPO; 35% AL FL/Nylon 66; 7% SS/PC; and 40% Gr/PPS. 
The stainless steel filled samples at the time were only available with PC and PPO. It was understood 
that these polymers would not have the best chemical resistance. Liquid crystalline polyester (LCP) 
with 40% Gr type 2330 from Celanese was also investigated. Due to the good solvent resistance 
and elevated temperature capability PPS# and PEI were chosen for further evaluation. The high 
elongation PPS (PPS#) was used for all tests'after the initial solvent screening. PPS with 10%, 20%, 
30%, and 40% by weight chopped graphite fibers and nickel coated chopped graphite fibers was ac- 
quired. PEI with 10%, 20%, and 30% by weight chopped graphite fibers was also acquired. Plaques 
of PPS with 50% and 60% NiGr were obtained for electrical measurements. Material was received 
as molded tensile specimens and plaques from LNP (Malvern, PA); RTP (Winona, MN); and Wilson- 
Fiberfil (Evansville, IN). 
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* Gr — Graphite 
NiGr - Nickel Coated Graphite 
PEI — Polyetherimide 
SS - Stainless Steel (Type 301) 
PPO — Polyphenylene Oxide 
AL FL — Aluminum Flake 
PC — Polycarbonate 
PPS - Polyphenylene Sulfide 
PPS# - High Elongation PPS 

EXPERIMENTAL PROCEDURE 

ELECTRICAL PROPERTIES 

Resistivity measurements were conducted on the materials molded into plaques and tensile 
bars. EMI measurements were made solely on the plaques. 

Volume resistivity measurements were made according to ASTM D257-76 across the thickness 
of the sheet material. A kelvin bridge was used to measure the resistance between copper plates 
under a pressure of 500 psi. 

The attenuation of electromagnetic energy was measured in shielded room tests on nickel 
plated plaques and unplated plaques. 

ELECTROCHEMICAL MEASUREMENTS 

The open circuit potential or driving force associated with corrosion reactions was measured 
with an electrometer or a potentiostat. Measurements were made in a 3.5% sodium chloride solu- 
tion with a saturated calomel electrode (SCE) as the reference standard. The output of either in- 
strument was connected to a strip chart recorder and the potential was recorded until it became 
constant (typically one hour). 

Corrosion rates displayed by galvanic couples were determined by a zero impedance technique. 
A potentiostat was used as a zero impedance instrument by appropriate external connections. In 
this mode composite samples were connected to the working electrode and samples of 7075-T6 
aluminum alloy to the reference electrode shorted to the auxiliary electrode. The potentiostat 
set at 0.000V applied potential allowed the galvanic current to be continuously recorded. 

Galvanic corrosion effects were further explored by exposing couples of PPS#/40% Gr and 
7075-T6 aluminum in a salt fog chamber in accordance with ASTM test method B117 for one week. 
Specimens were joined with nylon bolts and nuts and compared to control couples of aluminum 
and acrylic sheet. 

MOISTURE ABSORPTION AND CHEMICAL RESISTANCE 

Moisture absorption tests were conducted at 140°F and 95% RH in accordance with ASTM 
test method D570-63. Small coupons of the plaque materials were used. Chemical resistance tests 
were performed by immersing small coupons of the composite materials for one week in covered 
jars containing the different operational and maintenance chemicals commonly used on Navy air- 
craft. Table I contains a list of these chemicals. 
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TENSILE AND IMPACT PROPERTIES 

Tensile strength, modulus, and strain to failure were done as a quality check for the PPS# and 
PEI samples. The tensile specimens were tested as received from an end gated injection mold. Center 
gated plaques were used as drop weight impact specimens. A Dynatup, Model 502, instrumented 
drop weight impact tester was used. 

MICROSCOPY AND ORIENTATION STUDIES 

Scanning electron microscopy (SEM) was used to obtain photographs of the tensile fracture 
surfaces as well as the smooth surfaces. Various samples from the plaques were sectioned, polished, 
and photographed under 50X magnification. A reduced negative of this photograph was then used 
as a diffraction mask. A low power helium-neon laser can then be used as a source for generating 
a diffraction pattern indicative of the overall orientation of the chopped fibers. 

RESULTS AND DISCUSSION 

PHYSICAL AND ELECTRICAL PROPERTIES 

The volume resistivities of the various composite materials are listed in table II. Resistivities 
were similar for equal loading and fiber type. The nickel plated graphite fibers at 40 volume percent 
loadings provided the most conductive composites. The measured resistivity for this material was 
10"1 ohm-cm. 

EMI results for PPS + 40 wt % Gr are plotted in figure 1. Composite plaques in the bare and 
nickel plated condition are compared to a 0.125-inch thick aluminum alloy plate. The uncoated 
materials showed less attenuation than the aluminum plate at all frequencies except for the low end 
of the frequency spectrum. The degree of attenuation demonstrated by the aluminum could possibly 
have been greater at the lower end of the frequency range. The dynamic readings indicate the maxi- 
mum resolution of the equipment at a particular frequency and the attenuation by the metal is at 
these levels in some cases. Plating the reinforced thermoplastic brought the attenuation up to the 
same levels as that of the aluminum. 

Open circuit potential measurements were made in this study to show the degree of electro- 
chemical disparity between the reinforced thermoplastics and high strength aluminum alloys com- 
monly used in aircraft structural applications. Previous studies(5 >6) revealed that graphite epoxy 
composites are galvanically noble materials and tend to actively promote corrosion when fastened 
to active metals such as aluminum. The results of open circuit potential measurements made in 
this study are reported in table II. The potential differences of almost 0.9 volts between the alum- 
inum and any of the graphite or stainless steel reinforced materials is relatively large and provide the 
driving force for accelerated corrosion of the aluminum to occur. 

While the open circuit potential readings are used to predict the tendency for galvanic cor- 
rosion, they are not a measure of the corrosion rates. A powerful tool for that information is the 
zero impedance technique. Galvanic corrosion currents are approximated from the corrosion cur- 
rents which are obtained from polarization diagrams. 

Corrosion Current Data obtained from this technique are presented in table II. The data clear- 
ly indicate that a galvanic corrosion problem can be expected under suitable conditions when graph- 
ite reinforced thermoplastics are coupled to aluminum alloys. 
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Additional evidence of this problem is found in figure 2 which shows a comparison of the 
couples exposed in the salt fog chamber. While the aluminum panels in both couples were subjected 
to pitting corrosion the one coupled to the PPS+40%Gr was more severely corroded as evidenced 
by the number of pits and the volume of corrosion products. 

Figure 3 shows the condition of the composite coupons after one week immersion in the three 
harshest solvents included in the study. The LCP 2330 which exhibited excellent chemical resis- 
tance was a 40% Gr reinforced thermoplastic polymer. Of the other materials evaluated the PPS# 
and to a lesser degree the PEI polymers demonstrated the best chemical resistance. The PPS# was un- 
affected by every chemical except the epoxy paint stripper which caused slight dissolution. PEI was 
severely deteriorated by the epoxy paint stripper and MEK solvent. 

The results of the water absorption tests are plotted in figure 4. As expected the Nylon 66 
showed the highest absorption values. The other materials showed much lower moisture saturation 
levels. 

MECHANICAL PROPERTIES AND MICROSCOPY 

Table III lists the results of the mechanical property tests. The tensile strength and strain to 
failure for the PEI was much higher than the PPS#. This was also true for the Drop Weight Impact 
Tests which were based on through penetration and therefore increased as the strength (fiber 
content) increased. Figure 5 shows force vs. time plots of the different fiber contents in PPS#. 
The higher fiber contents required more force (for through penetration) but failed in shorter times. 

Scanning electron microscopy (SEM) shows in figure 6 a comparison of the PEI and PPS# ten- 
sile fracture surfaces with uncoated Gr fibers (20%). The PEI samples show less fiber pull-out and 
increased fiber/resin adhesion over the PPS# samples. The nickel coating on the graphite reinforce- 
ment lowered the tensile and impact properties (see table 111 and figure 7). This was caused by an 
overall decrease in the stress transfer from the resin to the fiber by poor interfacial bonding. This 
was seen with SEM in figure 8 where fiber/resin bonding is compared on two tensile fracture sur- 
faces for nickel coated and uncoated fibers. The nickel coating or sheath inhibits chemical bonding 
between the fiber and the resin. The small improvement in electrical properties needs to be weighed 
against the decrease in mechanical properties. 

Optical microscopy was used to examine the quality of the molding as well as the fiber distri- 
bution and orientation. Figure 9 and 10 show photomicrographs of 20 and 30% Gr/PEI and Gr/PPS. 
The PPS samples contained more voids which would contribute to their lower strength. 

The 30% NiGr and Gr/PPS was found to contain an excessive amount of voids. This high void 
content was reflected by the low mechanical properties. Figure 11 shows a 40% Gr/PPS# photo- 
micrograph of an injection molded chopped fiber composite. Notice the fiber orientation change 
through the thickness. The fibers tend to align in the same direction along the surfaces (mold walls) 
while a more random orientation occurs in the center. This sample came from the edge of a plate 
that was gated at its center point. Obviously the pattern will change depending on the location in 
the sample. If the same location is chosen for each sample then a fair comparison is possible. 
By using the reduced negative as a diffraction mask a pattern indicative of the overall orientation 
can be generated. Figure 12 shows the laser diffraction patterns for 20% and 40% Gr/PPS#. The higher 
fiber content has a more random distribution based on the shape of the pattern. This technique 
is good for comparing samples within a particular fiber content as well. Through comparisons with 
computer-generated standards a quantitative degree of orientation can be assessed. Figure 13 shows 
a series of diffraction patterns corresponding to various levels of orientation from computer- 
generated examples. 
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Processing conditions such as gate location, flow patterns, and resin viscosity as well as wall 
thickness and geometry dictate the degree of orientation. An attempt will be made to correlate 
this data with electrical conductivity and electromagnetic interference (EMI) attenuation in the 
future. 

Scanning electron microscopy was also used to examine the as molded surfaces of the Ni Gr 
samples. Note in figure 14 the exposure of fiber on the rough resin surface. It is the non-uniformity 
of the exposed fibers that causes the inconsistency in resistivity measurements. 

SUMMARY 

A number of injection molded conductive fiber reinforced thermoplastics were characterized. 
The systems consisted of: A-30% NiGr/Nylon 66; 30% Gr/PEI; 12% SS/PPO; 35% Al flake/Nylon 
66; 7% SS/PC; and 40% Gr/PPS, B-10, 20 and 30 weight percent Gr/PEI, C-10, 20, 30 and 40 
weight percent Gr and NiGr reinforced PPS# and D-50 and 60 weight percent NiGr PPS#. Most 
of these materials A—D were supplied in molded plaque form or individually molded tensile 
specimens. Some of the tests such as drop weight impact testing or EMI measurements were con- 
ducted on full size plaques. Specimens were removed from the various plaque materials to conduct 
open circuit potential and galvanic couple corrosion rate measurements, assess effects of galvanic 
attack, measure moisture absorption, chemical resistance and conductivity. SEM and fiber orienta- 
tion studies were also performed on specific specimens. Group A had the solvent resistance and 
conductivity measurements performed while group D only had electrical resistivity tests conducted 
on full size plaques. The remaining groups had all the aforementioned tests conducted including ten- 
sile testing. 

The 40 weight percent Ni coated Gr provided the most conductive composites. Plating the 
thermoplastic plaques brought EMI attenuation readings up to that of bare aluminum. Various 
potential measurements indicated the possibility of galvanic corrosion between aluminum and Gr 
reinforced thermoplastics. The LCP and to a lesser degree PPS# material showed the best resistance 
to various solvents. The tensile strength and strain to failure of the PEI material was higher than the 
PPS, and this was true for drop weight impact tests which were based on through penetration. The 
Ni coating on the Gr although enhancing conductivity, lowered tensile and impact properties by 
causing a decrease in stress transfer from resin to fiber. Laser diffraction data permitted a quantita- 
tive assessment of fiber orientation and the possibility of correlation with electrical and mechanical 
properties. 

FUTURE EFFORTS 

Additional work should be performed with different fiber forms, in various combinations, 
to improve electrical properties of the chopped fiber composites. New tough solvent resistance 
thermoplastics should be investigated as matrix materials. Effort should be devoted to experimental 
configurations of promising conductive composite systems such as enclosures or black boxes for 
aircraft applications. Quantitative correlation of orientation with electrical and mechanical proper- 
ties in chopped fiber composites would be extremely beneficial and should be actively pursued. 
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TABLE I 

Operational and Maintenance Chemicals 

Designation Specification 

Mineral Spirits TT-T-281 
Naphtha (aromatic) TT-N-97 

Naphtha (aliphatic) TT-N-95 
Remover, Paint, Epoxy and 

Polyurethane Systems MIL-R-81294 

MEK TT-M-261 
Cleaning Compounds, Aircraft 

Surfaces 10% in Water MIL-C-43416Class 1 

Coolanol 25R Heat Transfer Fluid — 

Lubricating Oil MIL-L-6085 

Lubricating Oil MIL-L-23699 

Hydraulic Fluid MIL-H-5606 

Hydraulic Fluid MIL-H-83282 

Turbine Fuel JP-5 MIL-T-56240 

TABLE II 

Electrical and Electrochemical Properties 

Material 

PPS#+ 10% Gr 
PPS#+10%NiGr 
PPS# + 20%Gr 
PPS# + 20% NiGr 
PPS# + 30%Gr 
PPS# + 30%NiGr 
PPS# + 40%Gr 
PPS# + 40%NiGr 
PPS# + 50% NiGr 
PPS# + 60%NiGr 

PEI + 10% Gr 
PEI + 20%Gr 
PEI+30%Gr 

Nylon 6/6+ 30% NiGr 
Nylon 6/6+ 35% AL 
LCP + 40%Gr 
PPO + 12%SS 

PC + 7 SS 

AL (2024-T3) 
AL (7075-T65) 

Volume Resistivity Rest Potential Zero Impedance 
ohm-cm mV Galvanic Current 

M A/cm2 

105 57 8 
103 -260 1.5 
103 50 12 

10 2 + 45 25 

10 1 -260 50 

10 1 +105 26 
100 -200 85 
100 — — 
100 — — 

103 
103 
103 - 78 16 

10 1 -200 1.2 
105 
102 -145 28 
104 +100 4.7 

102 +110 1.4 

10-6 -790 
10-6 -780 
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Figure 3.  Effects of the Three Harshest Solvents After One Week Immersion 
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40% Gr/PPS 

Figure 11. Photomicrograph (50X) of 40% Gr/PPS 
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20% 

40% 

Figure 12.  Laser Diffraction Patterns for 20% and 40% Gr/PPS 
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Figure 14. SEM Photograph of NiGr Fibers on the As-Molded Surface (200X) 
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