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A Heater Made from Graphite Composite Material

for Potential Deicing Application
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and
Michael E. Dillehaytand Mark Stahl}
Cleveland State University, Cleveland Ohio

A surface heater was developed using a graphite fiber-epoxy composite as the heating element. This heater can
be thin and highly electrically and thermally conductive and can conform to an irrregular surface. Therefore it
may be used in an aircraft’s thermal deicing system to quickly and uniformly heat the aircraft surface. One ply of
unidirectional graphite fiber-epoxy composite was laminated between two plies of fiber glass-epoxy composite,
with nickel foil contacting the end portions of the composite and partly exposed beyond the composites for elec-
trical contact. The model heater used brominated P-100 fibers from Amoco. The fiber’s electrical resistivity,
thermal conductivity, and density were 50 xQ cm, 270 W/m-K, and 2.30 gm/cm"’, respectively. The electricity
was found to penetrate through the composite in the transverse direction to make an acceptably low foil-
composite contact resistance. When conducting current, the heater temperature increase reached 50% of the
steady-state value within 20 s. There was no overheating at the ends of the heater, provided there was no water
corrosion. If the foil-composite bonding failed during storage in liquid water, the heater would fail, primarily
due to the metal foil oxidation. Such bonding failure may be avoided if perforated nickel foil is used, so that the
composite plies can bond to each other through the perforated holes and therefore ““lock’’ the foil in place.
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Introduction

OTH military and civilian aircraft of the future will have

an increasing number of components fabricated from
composite materials. This motivation stems from the desire
not only to reduce the aircraft weight but also to make the air-
craft surface smoother, which could result in a larger amount
of laminar flow and hence less aircraft drag. If the leading
edges of lifting surfaces (i.e., wings and tails) and engine inlets
are to be made from composite materials, then one problem
that must be addressed is that of ice protection. Thermal anti-
icing/deicing systems that have been used for years by the air-
craft industry! do not appear to be useful for composite
designs, since composites characteristically have low thermal
conductivities on the transverse direction and hence large
amounts of heat would have to be provided to ensure that the
outer surface reaches the required anti-icing or deicing
temperature.

However, this paper presents a concept for the electric ther-
mal anti/deicing of composite surfaces which seeks to solve
the aforementioned problem. In particular, the use of a thin
graphite fiber composite for the heater is proposed. This thin
heater has three unique features: highly electrically and ther-
mally conductive graphite fibers are used in the composite

material as the heating element, nickel foil is used as the-

elecrical contact, and flexible prepreg (i.e., uncured com-
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posite) is used to conform to irregular surfaces and yield
uniform heating. Such a design would allow the heater to be
placed much closer to the exterior surface than would be the
case with a more conventional electric thermal device for a
composite installation. Other advantages of this anti/deicing
heater over previous ones will also be described in this report,
along with the structure and design details of the model
heater.

Apparatus and Procedure

Heater Materials and Design

The basic design of the heater is illustrated in Fig. 1. One ply
of highly electrically and thermally conductive graphite fiber
composite was laminated between two plies of electrically in-
sulating composite material, with nickel foil contacting the
end portions of the graphite fibers. Part of the foil was ex-
posed beyond the composite for an electrical contact. Several
model heaters were fabricated to demonstrate the concept and
perform the preliminary experiments. They were made from
the materials herein described.

Fiber-Epoxy Composite

The heating element was made of highly electrically conduc-
tive, brominated pitch-based P-100 graphite fibers (Amoco
Corporation). The bromination of the highly graphitized
pitch-based fibers was performed at NASA Lewis Research
Center, and the brominated fiber product has been studied ex-
tensively. The brominated fibers were shown to be stable in air
up to 200°C, 100% humidity at 60°C, vacuum,? liquid water,
and a variety of organic solvents.® Brominated P-100 fiber
surfaces contain very little, if any, bromine.* The physical
properties of pristine and brominated P-100 fibers are de-
scribed in Table 1. It is noted from Table 1 that the 10%
decrease in thermal conductivity due to bromination is a result
of the increase in the fiber cross-sectional area. This suggests
that the fiber structural damage due to bromination is very
small.
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The fiber-epoxy composite was made from the previously
mentioned fibers, with MY720 epoxy and HT976 hardener
(Ciba-Geigy). It was cured at 177°C and 100 psi for 90 min.
Some properties of the cured composite are listed in Table 2. It
is noted that a composite material with a 60% volume of such
fibers has a longitudinal electrical conductivity similar to a
typical chrome-nickel heater!® and a longitudinal thermal con-
ductivity about the same as aluminum 3003, or about ten
times that of the typical chrome-nickel heating element.

Protective Layers

The electrically insulating, protective layers were 0.15 mm-
thick fabric fiberglass-epoxy composite.

Nickel Foil

The nickel foil, a product of AESAR, is 99% pure, 0.0254
mm thick, with an electrical resistivity of 6.8 uQ-cm.!* The
nickel foil was dipped in HNO, for 5 s to remove any oxides
on the foil surface prior to lamination.

Figure 2 is a photograph showing the three model heaters
cut out of a 7.62- x -20.32-cm composite, with the fibers in the
20.32-cm direction. They were used for three different tests: a
heating performance test, a corrosion test, and an ambient
condition (i.e., control sample) test. All three heaters were
20.32 cm long and had a 1.7-mm-thick heating element. The
top heater shown in Fig. 2 used to conduct the heating perfor-
mance experiment was 1.3 cm wide with 2.5 cm of fiber-foil
overlap. The middle heater was 3.4 cm wide with a 1.3-cm
overlap and was used to conduct the corrosion experiment.
The bottom heater was used as a control sample and was 2.9
cm wide with a 1.3-cm overlap. In order to measure the
voltage variation inside the composite, two narrow nickel foil
pieces were laminated into the middle section of the top heater
shown in Fig. 2. These two foils were 7 cm apart. Sketches of
the side view of this particular heater are shown in Figs. 3
and 4.

Heating Performance Experiments

FElectricity Penetration Across the Graphite Fibers in the Composite.

In order to heat uniformly, the current density in the heater
needs to be as uniform as possible, and the electricity penetra-
tion across the graphite fibers needs to reach completion
before it conducts through a significant length of the com-
posite. In the experiment to verify whether this is true, the
heater shown in the top of Fig. 2 was connected to a current
source (Keithley 225) and a voltmeter (Keithley 181) as
described in Fig. 3. The four contacts between the nickel foil
and the wires (points A, B, C, and D in Fig. 3) could be
opened or closed according to the needs of the experiment. A
constant current of 100 mA was conducted through the heater
via different combinations of contacts. The voltmeter readings
were compared to each other to determine if the electricity
penetrated through the composite in the transverse direction.
In the region of the composite between the two voltmeter ter-
minals, if the current conducting across the fiber did not reach
completion, then the current density and therefore the
voltmeter readings would not be a constant but would depend
on which contacts the current conducts through.

Contact Resistance

The heater shown in the top of Fig. 2 was also connected to
the current source and the voltmeter as described in Fig. 4. A
constant current of 100 mA was conducted through the heater
via the four foil contacts A, B, C, and D. One end of the
voltmeter was connected to one end of the heater (i.e., points
A and B), while the other end of the voltmeter was connected
to one of the two foil strips laminated into the middle section
of the heater or to the other end of the heater (i.e., points E, F,
or G). These voltages, together with the zero voltage at one
end of the heater (i.e., points A and B), were plotted as a func-
tion of heater position. Since the resistance per unit length of
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the heater was uniform, the voltage was expected to be a linear
function of position. The deviations of the measured nickel
foil voltages from this linear function at the nickel foil’s inner
edge position were defined as the contact potential. The con-
tact potential divided by the current passing through the
heater was defined as the contact resistance of the heater.

Heating Rate and Temperature Distribution

The heater shown at the top of Fig. 2 was heated at room
environment by a 6-A-dc current at a voltage of 0.563 V. The
temperature of the heater was monitored by a noncontact IR
thermometer. The temperature as a function of heating time
was recorded at three different positions: the foil-composite
overlap areas at both ends and the center of the heater. The
final, steady-state temperature was recorded at five different

Table 1 Properties of pristine and brominated P-100 fibers

Pristine Brominated
P-100 P-100
Electrical resistivity 250 (Ref. 5) 50 (Ref. 6)
in fiber directionn, uQ-cm
Thermal 300 (Ref. 7) 270 (Ref. 7)
conductivity, W/m-K
Diameter, u 9.1 (Ref. 6) 9.5 (Ref. 6)
Density, gm/cm? 2.18 (Ref. 8) 2.30 (Ref. 8)
Bromine/Carbon 0 0.18 (Ref. 9)

weight ratio

Specific heat, cal/gm-°C 0.17 (Ref. 12) 0.20 (Ref. 12)
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Fig. 1 Structure of the composite material heater.

Fig. 2 Model heaters used in the testing. Top: heater for heating per-
formance experiment. Middle: heater for corrosion test. Bottom: con-
trol sample.
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Table 2 Transport properties of chrome-nickel alloy, aluminum 3003, and the brominated
P-100 fiber-epoxy composite with 60% fiber volume fraction

Brominated P-100
fiber-epoxy composite

Longitudinal Transverse Typical chrome
direction direction nickel alloy Aluminum 3003¢

Electrical 83x 106" 0.5 95% 106 3.4-4.3x1076

resistivity, uQ-cm (Ref. 10) (Ref. 13) (Ref. 13)
Thermal 162 2.2 15 155-193

conductivity, W/m-K (Ref. 8) (Ref. 8) (Ref. 13) (Ref. 13)
Density, g/cm? 1.90° 1.902 8.3 2.73

(Ref. 13) (Ref. 13)

Specific heat, 0.22 0.22 0.11 0.23

cal/gm-K (Ref. 12) (Ref.12) (Ref. 13) (Ref. 13)
Thermal 0.93 0.013 0.039 0.59-0.74

diffusivity, cm?/s

2Calculated value (fiber density =2.30 g/cm3, Ref 8, epoxy density =1.30 g/cm3, Ref. 11). bCalculated value (fiber
resistivity = 50 uQ-cm, Ref. 6). ©98.8% aluminum and 1.2% maganese.

Table 3 Potential difference between the ends, and temperature at the center and both ends of the

3.4-cm wide heater while under dry heating tests at a 20-A current

Total
Total duration End-to end
duration with 20-A potential Center End 1 End 2
in water, applied currents difference, temperature (—) temperature (+) temperature
day h v °C ° °C
0 0 0.65 91 90 75
12 6 0.65 90.5 84 82
59 7 0.69 86 86.5 80
73 28.8 0.73 88.4 78 86
87 59.2 0.95 94 94 90
119 79.5 2.05

heater positions: the inside and outside edges of the foils at
both ends and the center of the heater.

Corrosion Experiment h

The heater shown in the center of Fig. 2 was heated by a
20-A current at 0.65 V at room environment until the steady-
state temperature was reached. The steady-state temperatures
at the center and both ends of the heater were measured by an
IR thermometer. This heater, together with the terminal wire,
was then immersed in a container of tap water. It was heated
in the water by a 20-A current for a few hours once every few
days. The heater was then taken out of the water every 2-7
weeks, dried, and heated by a 20-A current at ambient condi-
tions. The time schedule is shown in Table 3. The steady-state
temperature at the center and both ends of the heater and the
potential difference between the foils at both ends of the
heater were again measured. The comparison of the pre- and
post-water immersion heating data described the extent of the
water corrosion.

Results and Discussion

Advantages of the Composite Material Heater as a Deicer

The conventional deicing heater uses metal foil as the
heating element. One of the disadvantages of using the metal
foil is that is does not have a good, durable bond to the protec-
ting layer. The other disadvantage is that heating may not be
uniform, resulting in cold spots that hold ice on the airplane
and hot spots that cause the ice to melt and refreeze at dif-
ferent sites.

The composite-composite bonding in the composite mate-
rial heater is more uniform and stronger than the composite-
metal bonding found in conventional deicers. The good bond-
ing and high thermal conductivity of the graphite fiber results
in uniform heating.

The deicer needs to conform to an irregularly shaped sur-
face in order to heat the surface uniformly. The metal foil
heating element in the conventional deicer is either flexible but
fragile, or strong but inflexible. The composite heating ele-
ment described here is both strong and, before curing, flexi-
ble. Therefore, it can conform to irregularly shaped large sur-
faces and yield uniform heating on such surfaces.

Due to the high electrical conductivity of the graphite fibers,
heating is achieved in the thin layer of the heating element
(0.17 mm thick in the model heater) without using high
voltage. Since the voltage drop across the heater is not high,
the thin protection layer can be used without dielectric
breakdown.

Since the heater can be thin, the heat is applied directly to
the region very close to the surface to be heated. Therefore the
amount of heat accumulated by the composite heater is
minimized, and the heating rate can be high despite the low
transverse thermal conductivity. Also, since the heater can be
thin, the electricity can penetrate through the heating element
in transverse direction despite the low transverse electrical
conductivity.

Complete Electricity Penetration in the Transverse Direction

With a 100-mA current conducted through the heater
described in Fig. 3, the voltmeter readings obtained were
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found to have essentially the same value (3.545 mV) for all
possible combinations of contacts. Since nonuniform current
density in the heater would result in different values of such
voltmeter readings, it was concluded that the current density
in the section of the heater between the two voltmeter ter-
minals was a constant. Therefore, in this section of the heater,
there was no transverse current, and the electricity penetration
in the transverse direction was complete. '

Electrical Resistivity and Heating Performance of the Model Heater
If I is the curent conducted through the heater, E the voltage
drop across the heater, P the power per unit area of the heater,
and p, L, W, and ¢ the resistivity, length, width, and thickness
of the heater, then the equation relating the required power
and the heater’s resistivity and dimension is
pLiw=1E=1PL
Wt
Knowing that the heater described in Fig. 3 was 0.17 mm thick
and 1.27 cm wide, the distance between the foil in the middle
section of the heater was 7.0 cm, and the voltmeter réading
was 3.545 mv when the current was 100 mA, the resistivity of
this particular composite was calculated to be 109 uQ-cm.

If the 0.17-mm-thick heating element with a resistivity of
1094 cm is used to fabricate a 2.54-cm-wide, 91.44-cm (3-ft)
long deicer with a 4.65-W/cm? power density (30-W/in.2, the
power density réquired for airplane deicing application), ac-
cording to the preceding equation, the current conducting
through and the voltage drop across the deicer would be 68A
and 15.8 V, respectively. '

Contact Resistance

Figire 5 shows the voltage as a function of position in the
heater under 100-mA current. This function is the straight line
connecting the two middle data points in the plot. The straight
line intercepts the nickel foil position (shaded area in Fig.-5) at
points A and B. The contact potential, or the deviation be-
tween the electrical potential represented by these two points
and the measured nickel foil potentials, were 0.62 and 0.68
mV. These contact potentials were equivalent to the voltage
drop across 1.3 and 1.4 cm of this heater respectively. There-
fore, if the heaters are much longer than 1.4 c¢in, the contact
potential effects would not be significant.

The contact resistance (the ratio of contact potential to cur-
rent) was 6.2x 1073 and 6.8x10~3 @ at the two ends of the
heater, whose heating element was 1.27 cm wide, 0:17 mm
thick, and had a 2.5-cm overlap with the nickel foil.

~ SIDE VIEW OF
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Fig. 3 Electrical circuit used to test the electricity. penetration in the
transverse direction. Width of the heater: 12.7mm (in the direction
perpendicular to the paper).
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Fig. 4 Electrical circuit used to estimate the contact resistance be-
tween the foil and the composite.
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It was noted that in a defective heater, the contact potential
was equivalent to 10-15-cm composite length. This is much
longer than the 1.4 cm previously described and may result in
overheating at the end portion of the heater if the foil-
composite overlap is not long enough. It is thought that the
defect is closely related to the process of heater fabrication.

Heating Rate and Temperature Distribution

When the heater previously described was heated starting at
room temperature with a dc current of 6 A at a potential of
0.563 V, the temperature rise near the two ends and at the
center of the heater was monitored with time (Fig. 6). It was
observed that the temperature increase reached 50% of its
final, steady-state value in 20 s. The steady-state temperature
as a function of heater position is shown in Fig. 7. It was
found that the heater was uniformly heated except at the very
edge, where a lower temperature was observed.

Figure 5 shows that the temperature at one end of the heater
was lower than the center temperature, as had been expected.
This is because the heat generated by the contact potential and
absorbed by the 2.4-cm end section of the heater is equal to the
heat generated by the voltage drop across a 1.3-cm center sec-
tion of the heater and absorbed by this center section.
Therefore, the rate of heat absorbed by a unit length of the
heater at the the center section was higher than that at this end
of the heater, resulting in a higher center temperature and a
lower end temperature. However, that the center temperature
was about equal to the temperature at the other end of the
heater was not expected. Again, this phenomenon is thought
to be related to the process of the heater fabrication. Based on
this argument, it is possible to have a heater with uniform
temperature across its full length if one carefully adjusts the
foil-composite overlap length to fabricate the heater.

It was found from this and other unpublished experiments
that the negative end of the heater (i.e., the end where elec-
trons go to the graphite fibers from the nickel foil) is con-
sistently hotter than the positive end of the heater (i.e., the end
where electrons went to the nickel foil from the graphite
fibers). This can be explained by the phenomenon that elec-
tron emission from a sharp surface (i.e., graphite fibers, 10
pm diam) to a flat surface (i.e., nickel foil) requires less energy
or electric potential than electron flow in the other direction.
This argument suggests that at the negative end of the heater,
most electrons are ‘‘emitted’’ from the inside edge of the
nickel foil (25 pum thick) to the graphite fibers, while at
the positive end, the electrons are ‘‘emitted’’ uniformly from
the graphite fibers to the nickel foil. Thus the inside edge of
the nickel foil at the negative end of the heater has the highest
current density in the heater. The same argument suggests that
using perforated foil at the negative end of the heater will in-
crease the sharp-edged region of the nickel foil. This may
result in a more uniform distribution of the current density,

g2 T 152 —{2.4|—
, NICKEL FOIL
LA,
0 "I 7.0 4.9 /' VOLTAGE
~ .
V= 0.62 M
8 |—
6 — -
AV =068 MV
z 1.4 T
y ‘
2
1 ] ] J
NICKEL O / 5 10 15 20 25
FOIL POSITION, cm
VOLTAGE ~/

Fig. 5 Voltage distribution in the 0.17-mm-thick heater; AV =con-
tact potential, current =100 mA. All dimensions in cm.
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and reduces the possibility of overheating at the inside edge of
the foil.

Corrosion by Immersion in Water

Before immersing the heater shown in the middle of Fig. 2
in water, it was test heated by a 20-A currerit at 0.65 V in a
room environment. The steady-state temperature at both ends
and the center of the heater were 91, 90, and 75°C réspec-
tively. Knowing this composite was 3.4 cm wide, 0.17 min
thick, and 17.8 cm long, and neglecting the contact potential,
the resistivity of the composite was calculated to be 105 uQ-
cm.

After immersing this heater into the water and taking it out
once in 2-7 weeks to dry for the heating test, the center and
end temperatures and the voltage drop across the heater were
recorded as functions of immersion and heating time. The
time schedule and results are shown in Table 3. The voltage
across the heater was found to initially increase slowly, then
accelerate. After 119 days of water corrosion and 79.5 h of
20-A current heating, some overheated spots on the heater
started to turn brown during the dry heating test. At that time
the voltage drop across the heater was 2.05V. The center of
this discolored, overhieated part was the inner edge of the
nickel foil at the negative end of the heater. This result agrees
with the suggestion given earlier in this report, that the inner
edge of the nickel foil at the negative end of the heater has the
highest current density in the heater.

For both the corrosion test sample and the control sample,
the nickel foil was found to separate from the composite after
some time of repeated mechanical handling and examination.
But, unlike the corrosion test sample, the voltage across the
control sample under a similar current density was found un-
changed after 87 days of storage and was not affected by foil-
fiber separation. Therefore, it is believed that when the fiber
and the foil start to separate, the water begins to oxidize the
nickel foil, creating an electrically insulating layer on the foil
and therefore degrading the composite heater.

One method of avoiding the foil-fiber separation is to use
perforated nickel foil as an electrical contact. In this case, the
graphite fiber-epoxy composite and the fabric glass-epoxy
composite can actually bond through the holes on the nickel
foil, preventing the foil-fiber separation by *‘locking”’ the foil
in place.

The behavior of the heater temperature as a function of im-
mersion time is not well understood. However, it was found
that the center temperature was hotter than the end
temperatures before the corrosion test experiments. After a

. long time in the water corrosion test though, the end
temperature was about the same as the center temperature.
This suggests that corrosion took place at the end portion of
the heater, i.e., the place of foil and fiber contact.

Alternative Materials

The individual components of the heater were chosen to
demonstrate the concept and perform the preliminary heating
experiment. It is possible that alternative materials could be
used. For example, the brominated P-100 fibers in the heating
element could be replaced by other kinds of highly electrical
conductive fibers such as brominated P-75 fibers' or fluorine
intercalated P-55 fibers.!® This change would reduce the
heater’s cost but would result in a hlgher electrical resistivity
of the heating element.

Nickel was used as the foil material because it is relatively
electrically conductive, more corrosion resistant than copper
and aluminum,!” and less expensive than precious metals.
Titanium, monel, or stainless steel foils may be used because
they are more corrosion resistant and are known to be com-
patible with graphite,!® but they have a rather low electrical
conductivity. Platinum and gold may be used because they are
more corrosion resistant and electrically conductive, but they
are much more expensive than nickel. The actual choice of the

DEICING APPLICATION

729

TEMPERATURE
O CENTER
< ONE END
O OTHER END

TEMPERATURE, C

| I I I J
0 20 4 6 8 100 120
HEATING TIME, sec

22

Fig. 6 Temperature near the two ends and at the center of the heater
as a function of time. Heater width: 1.27 cm; current: 6 A.
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Fig. 7 Steady-state temperature as a function of heater position.
Heater width: 1.27 ¢cm; current: 6 A.

foil material may depend on a compromise between cost and
durability in the functional environment of the particular
application.

High Temperature Composite Material Heater for Other Applications

It is hoped that the heater described in this report can be
used in other unidentified applications where fast and uniform
heating on large and irregularly shaped surfaces is necessary.
In some applications, the heater temperature may need to be
higher than the maximum operating temperature of both
epoxy and brominated fibers (200°C). For those applications,
epoxy needs to be replaced by other high-temperature matrix
materials such as polyimide or ceramic and brominated fibers
need to be isolated from the air and heated to the heater’s
operating temperature before fabrication. Unpublished data
indicate that after heating brominated P-100 fibers in vacuum
at 650 and 800°C for 2 weeks, their resistivities become 83 +8
and 132+38 uQ-cm respectively. Although this heating pro-
cedure significantly increases the fiber resistivity, the fibers are
still highly conductive. Therefore they are still applicable as
the heating element in high-temperature heaters.

Future Work

In the immediate future, the heater described herein will be
mounted on a model airfoil to conduct icing experiments in
the Icing Research Tunnel at NASA Lewis Research Center.
Also, additional experiments will be conducted to further ex-
amine the heaters made from different materials and the foil-
composite contact.

Conclusions
The composite material heater using brominated P-100
graphite fiber-epoxy as the heating element, fabric glass-epoxy
as the protecting layer, and nickel foil as the electrical contact
was demonstrated to have acceptable heating performance.
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The resistivity of the heating element was 105-109 uQ-cm, and
the current density in the heater was uniform. For the 20.3-cm
model heater used in the heating performance experiment, the
sum of the two foil-fiber contact potentials at the ends of the
heater represented 14% of the total heater voltage drop.
Overheating due to poor electrical contact may occur if the
heater is poorly fabricated or badly corroded. When current
was conducted through a room-temperature heater, its
temperature increase reached S50% of the final steady-state
value of 20 s. Foil-fiber separation can cause high contact
potentials but might be prevented by using perforated nickel
foil instead of plain foil.
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