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FOREWORD

This work was done at the United Aircraft Research Leboratories, East Hartford,
Connecticut, for the Air Force Rocket Propulsion Laboratory under Phsse I of
Contract FO4611-~T70-C-00T0., The work under this phase of the contract was carried out
during the period July 15, 1970 through December 31, 1970.

Work under Phase I of the Contract FO4611-70-C-00T0 was performed under the
direction of Dr. C, T, Brown, Principal Investigator.

Shis work was conducted under technical management of Capt. Douglas D, Huxtable,
USAF/RPCL, and the contracting officer is G. M. Plock of Edwards Air Force Base,
Edwards, California,

Publication of this report does not constitute Alr Force approval of the re-
port's findings or conclusions. It is published only for the exchange and stimula-
tion of ideus.

Douglas D. Huxtable, Captain
Project Engineer
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ABSTrACT

The United Aircrsft Research Laboratories have conducted s research program
under Phase I of Contract FO4611~T0~C~00T0, whici had as its objective the
selection of an electrolyte and electrode materials for an electrolytic ignition
system for millipound thrusters. This report describes the evaluation of electrode
polarization effects, ohmic effects due to both electrolytes and electrodes, and
possible catalytic effects on electrode surfaces, Electrical conductivity measure-
ments indicate that hydrazine-based salts must be added to hydrazine in order to
minimize ohmic effects and that the mixture of 77% hydrazine~23% hydrazine azide
is the most promising electrolyte candidate, Polsrization studies have shown that
platinum or pyrolytic graphite should be the best anode material for the electro-
lytic cell and that AM350 or 304SS should be the best cathode materisl in terms of
minimizing the power needs for the cell. These slectrodes were also found to
catalyze the propellant decomposition reaction in additior to providing simple
electrolytic decomposition. This result indicates that the reaction will be
self-propagating at power inputs considerably below theoretical.

iii
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SECTION I

INTRODUCTION

The advantages of monopropellants over bipropellants for specific rocket
engine applications have long been recognized. These advantages include the sim-
plicity and reliability of the system resulting from elimination of dual tenkage
and pumping requirements, as well as elimination of problems and inefficiencies
associated with residusl fuel or oxidizer at other than the deeign mixture ratio
fbr bipropellant systems. Consequently, & caonsiderable amount of research and
development has been carried on during the past fifteen years to develop suitable
monopropellants. This work has included studies of the quaternary ammonium salts
(cavea-type compounds), hydrogen peroxide, n-propyl nitrate, tetranitromethane,
hydrazine and a variety of other materials. In most instances, however, the simul-
taneous requirements of high performance and low shock sensitivity have screened
out the candidate propellants.

Among the various candidete monopropellants, hydrazine was early recognized
as presenting a good compromise between the requirements of performence and safety.
Early work was hampered, however, by the need for relatively high bed temperatures
to initiate the hydrazine decomposition in & reaction chamber and interest conse-
quently lagged. However, the development of spontaneous low-temperature catalysts
for monopropellant hydrazine has stimulated a considerable resurgence of interest
during the past decade in the use of hydrazine and hydrazine-based mixtuves as
moncpropellants for various applications in thrusters and gas generators and has
led to the recent successful use of hydrazine monopropellant thrusters for satel-
lite station-keeping operations.

One major problem remaining with the low-temperature catalyst for hydrazine-
based monopropellants is the present requirement for substantial smounts of critical
noble metals in systems which are to have multiple cold starts. Consequently, a
number of alternatives to the use of noble metal ceta.ysts for ignition have been
suggested. In particular, the need for rapid ignition with high reliability osver
a wide range of temperature and engine sizes has resulted in interest in the develw-
opment of an electrochemical means of ignition for hydrazine-btsed monopropellants
in small thrusters. The development of an electrochemical ignition system circume-
vents problems associated with catalyst degradation caused by spallation, sintering,
crystallite formation, and poisoning. In a&ddition, such an ignition method would
have a potential advantage in reduced chamber volume., An ignition system of this
general type has been demonstrated on a small scale (Ref. 1) but substantial design
information must still be cobtained before an optimized system can be fabricated
and tested. ’
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An experimental program designed to provide the necessary design data is now
being conducted by United Aircraft Research Laboratories (UARL) under AFRPL
Contract FOU611-TO-C-00TO. The work being performed under this contract comprises
three phases which include: Phase I, Study of the mechanism of propellant decompo-
sition; Phase II, Optimization of an electrolytic cell based on dats obtained in
Phase I; and Phase II[, Fabrication and evaluation of an electrolytic ignition
system designed for a propellant flow rate of approximately 5 x 10" 1bs/sec.

The results obtained at UARL during Passe I of the contract are reported
herein. Phase I had as its objective the selection of optimum electrode materials
and electrolytes for the electrolytic cell in terms of minimizing power losses
and maximizing heating effects. This work also included evaluation of the cata-
lytic effects of various electrode materials on the propellant decomposition and
the determination of the products of the electrolytic reaction. The latter can
be used to predict heating effects.
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SECTION II

: EXPERIMENTAL PROGRAM

The Phase I experimental program comprised three basic studies: (1) the
evaluation of the ohmic losses to be expected as a result of the resistivity
(conductivity) of the electrolytes used; (2) the determination of polarization
effects on various electrode materials as a function of the propellant/eiectrolyte
used; and (3) electrolysis of propellunt/electrolytes in order to determine the .
decomposition products formed and thus provide a basis for evaluating the theoretical
heat output to be expected from the electrolysis.

1, ELECTRICAL CONDUCTIVITY OF CANDIDATE ELECTROLYTES

-
5
r
i

;
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In order to provide the maximum current at minimum voltage in an electrolytic
cell, it is necessary to have an electrolyte with as high an electrical conductivity
as possible. Ohmic heating can represent a large power loss in the cell, and low

conductivity severely limits the current available for direct-low temperature de-
composition of the electrolyte.

Since the specific corductivity of pure hydrazine is of the order of ].0'6 ohms~1
em-1 (or a resistivity of one million ohms per centimeter) (Ref. 2), it obviously
cannot be used directly in an electrolytic cell. In order to raise the conductivity,
it is necessary to use hydreszine-salt mixtures. Conductivity data for hydrazine-
salt mixtures was found to be lacking, and it was thus necessary to determine this
parameter for electrolytes of interest. Conductivity measurements were made at

UARL for propellant grade hydrazine, hydrazine-2% hyirazine nitrate, hydrazine-2%
hydrazine azide and hydrazine-23% hydrazine azide.

a. Experimental Approach

(1) Materials

For the determination of electrolytic conductance, platinum electrodes were
used. The electrodes consisted of two parallel sheets of platinum foil (each
approximately one cmz); in order to aid in eliminating polarization effects

due to the current, the electrodes were coated with a layer of finely divided
platinum black.

The specific conductances of the following materials were determined: propellant
grade hydrazine, hydrazine + 2% ammonium nitrate, and twc solutions of hydrazine
and hydrazine azide, ore containing 23% hydrazine azide and the other containing
2% hydrazine azide, The nitrate solution was prepared by adding two weight percent
of ammonium nitrate to propellant grade hydrazine. The 2% hydrazine azide solution
was prepared by dilution of 23% hydrazine azide solution.
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(2) Apparatus

The study of the conductance of hydrazine and hydrazine-based solutions was
accomplished by the use of a conductance bridge in which the essentlal component
is a precision impedance comparator (General Radio Co.). The other components
were an adjustable resistance standard and a set of balancing capacitors. Capaci-
tance decade boxes (Electronic Instrument Co.) connected in parallel with the
resistance standard provided an auxiliary variable capacitor.

A constant temperature bath (Precision Scientific Co.) containing oil was
used to maintain the solutions at the prescribed temperature.

Two H-shaped conductivity cells were used - one with an electrode spacing of
one cm and one with a spacing of seven cm - in order to accommodate a wide renge
of resistances.

(3) Procedure

The conductivity cells were calibrated using a 0.01 Demal sclution of KC1
of known specific conductance. A cell constant was calculated from resistance
measurements using the KC1l solution according to the equation k = k R where k is
the speci®ic conductance of the KCl and R is the measured resistance., This constant
is then used to calculate the specific ccnductance of the hydrazine solutions. The
resistance was measured at four frequences, 1KC, 2KC, 5KC, and 20KC and plotted
against l/J?. The true resistance was found by extrapolatinz the plot to infinite
frequency. The specific conductance of each solution was found at three temperatures,
25°C, 35°C, and L5°C.

b. Results

The conductivity data for the four propellsnts at three temperatures are summarized
in Table I. It is apparent from these results that a small addition of a hydrazine
salt has a large effect on the conductivity of the propellant (i.e., about two orders
of magnitude for 2% nitrate and 2% azide). The use of the 23% azide provides
another order of magnitude in the conductivity.

The fact that both the nitrate and azide mixtures have similar conductivities
at similar concentrations indicates that the mechanism of conduction may be the same
(i.e., both are completely ionized and the major conducting species is the N2H§* ion),
The activation energies for the conduction process were determined from the equation:

lnx=lnA—-A-E—-
RT
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where AE is the energy of activation for conduction in cal/mole, x is the specific
conductivity in ohm™l em™l, and R 1s the gas constant expressed in cal/deg K/mole,

A 1s an emprical constant, and T is the temperature in deg K. A plot of log x
versus 1/T yields a slope of -AE/2,303 R and thus AE can be calculated, The values
for the energies of activation obtained from plots of lnk versus 1/T using data from
Table I are 10,0, 1.6, 2.9, and 1.3 kcal/mole for WoH), NoH) - 2% NH NOg, NoH) -

2% N5H5 and NoH), - 23% N5H5, respectively, Although the high value of 2.9 for the
2% NgHg is unexplained, it is apparent that the values for the energies of activation
for the propellants contalning the two additives studied are all substantially
smaller than the velue of 10 kcal/mole measured for NoH),, These results add further
credence to the premise that the conduction mechanisms are similar for these addi-
tives and it 1s not necessary to screen a further large group of additives for

the sole purpose of finding one which will greatly increase the conductivity of the
propellant.

The use of azide additive is to be preferred over use of the nitrate, since the
azide decomposition products should be the same as those for neat hydrazine. Other
additives such as nitrates would be expected to yield a wide variety of products.

2, POLARIZATION OF ELECTRODES

Electrode polarization or voitage loss (overvoltage) due to electrode~electrolyte
. effects becomes important as the internal resistance effects are minimized. The
polarization effects asre due to a slow step in the electron transfer reaction in
the viecinity of the electrode surface (activation polarization) or to slow diffusion
of a reascting species into the electrolyte-electrode zone (diffusion polarization).
The latter case is usually important when the reacting species is present in low
concentrations in an electrochemically inert solvent., This solvent can be an
electrolyte whose ionic species are not discharged in the normal range of applied
potentials. Since the source of reactants in this case is hydrazine azide, which

is present in excess, there should be little or no diffusion polarization.

The preferred methods for electrode reaction studies are based on potentiostatic
(controlled potential) or galvanostatic (controlled current) techniques. 1In
either case, & noncurrent-carrying reference electrode is used to monitor potential
changes at the anode and cathode separately. In the studies reported herein, a stable
reversible reference electrode developed earlier at UARL was used.

Potentiostatic devices are used to maintain a set potential between the
reference electrode and the electrode under study and provide the current necessary
to maintain this potential. The system can be rapidly scanned and it is particularly
applicable to anode polarization studies where, for example, the presence of an
oxide film or of other protective films on the anode is easily detected as a plateau
in the current~voltage curves. The applied voltage in excess of the natural voltage
of the system can thus be measured in terms of the current flow through the cell,
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This excess voltage may be termed the voltage loss due to reactions at the electrode
surface, Another voltage loss which may also be present near the electrode

surface is due to pseudo-resistances that cccurs because of films that form on the
surface of the electrode or the layers of non-reacting ions that may build up near
the electrode surface.

Measurements of pseudo-resistance effects were accomplished in this program by
applying a known constant current to the cell (galvamostatic techniques). The circuit
is opened by means of a mercury-wetted reed ~witch and the potential decay noted as
a function of time using an oscilloscope as a recorder, Since transition times for
resistance effects are on the order of 102 sec, while decay of the potential due to
capacitance effects in the electrolyte layer near the electrode ﬁurface %nd/or
diffusion of reactant species requires times of the order of 10” ' to 107~ sec,
both effects are determined in the same experiment.

Deseriptions of both the potentiostatic and constant current devices are con-
tained in subsequent paragraphs.

a. Experimental Approach
(1) Materials

The electrolytes used were propellant grade hydrazine, T7% hydrazine - 23%
hydrazine azide and two dilutions of the latter containing 12% hydrazine azide and
4,8% hydrazine azide. Hydrazine with additions of 5% and 6% ammonium nitrate were
also used.

The first set of electrodes tested were flat plate electrodes of known surface
area (approximately 2 cm?). Each was spot welded to & wire of the same material.
Electrode materials used were platinum; the stainless steels, AM350, 30L4SS and
17-7 PH; tvo aluminum alloys, AA1100 and AA6061-T6; and HS141kh, a gold nickel
brazing alloy.

The second set of electrodes were rods of varying diameters. These were adjusted
in the cell so that a surface area of 2 cm® was obtained in all cases. Materials for
these electrodes were the three stainless steels cited above and two types of
graphite, pyrolytic, and spectirographic grade,

(2) Apparatus

The cell used in polarization experiments is shown in Fig. 1 (Item 1). This
cell consists of three compartments, and was designed to eliminate electrolyte resist-
ance effects through the use of a Luggen probe, which consists of a capillary tube
extending from the center coampartment to one of the side compartments. rIhus,
problems due to the wide range in conductivity of electrolytes should not effect
the results of polarization experiments., A fritted disk below the center chamber
allows nitrogen to be bubbled constantly through the solution in the cell. <hree elec-
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trodes are used: (1) the test or working electrode in the center chamber; (2) the
counter~electrode which was always & spectrographic graphite rod located in one
side chember; and (3) a saturated calomel reference electrode in the other side
chamber which fixes the potential of the electrode with respect to the hydrazine-
containing electrolyte. The solution in the cell was maintained at a constant

temperature, 28° C, by immersion in an oil hath [Precision Scientific Co. (Fig. 1,
Item 10)].

Current-voltage relationships were measured by means of a Wenking potentiostat
(Fig. 1, Item 8), a Wavetek Model 116 Function Generator (Fig. 1, Item 7) and a
DC Offset Device (Fig. 1, Item 6). A triangular wave output from the function
generator is fed to the potentiostat to provide the control signal between the
referencing and working electrodes. The initial voltage of the triangular wave output
is set by means of the DC offset device. The voltage range and sweep rate is set
by means of the function generator amplitude and frequency controls, respectively.
The potentiostat automatically provides the current flow between the working and
counter electrode necessary to maintain the potential difference between the reference
and working electrodes, The reference versus working potential is monitored using a
Kiethly Model 200B Vacuum Tube Voltmeter (Fig. 1, Item 5) and the current-voltage
relationships are recorded using a Tektronix Type 536, X-Y oscilloscope using Type G

differential plug-in units (Fig. 1, Item 9). Permanent records of the traces were made
using a C-12 Polaroid camera assembly,

Potentiai-time relationships were made using a regulated power supply [Dressen
and Barnes model 62-112 (Fig. 1, Item 4)] in conjunction with a decade resistor
[General Radic (Fig. 1, Item 2)] to meintain a constant cell current. A mercury-
wetted reeed switch (Fig. 1, Item 3) was used as a triggering device for the current
output. The oscilloscope was used to record the voltage-time relationship using

the Type G differential plug-in unit for voltage, and a Type T, time base generator,
plug-in unit for time.

(3) Procedure

(a) Current-voltage

The cell was filled with 40 ml of the electrolyte solution and placed in the oil
bath at 28°C. The electrodes were immersed in the electrolyte to the proper depth
and .connected to the potentiostat and voltmeter. The function generstor was always
set to give a triangular wave pattern, a span of one volt, and a frequency of 0.03
cycles per second equivalent to a scanning rate of 400 mv/min. The initial voltage
was set to the rest potential of the cell using the DC offset device, Once vertical
and horizontal adjustments on the oscilloscope had been made, a five-minute picture
was taken for both the anodic and cathodic process.

From the pictures, points were plotted of the overpotential versus the log of the

current density (milliamps/cm2) to directly compare the different electrodes and
electrolyte solutions,
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(b) Potential-Time

The cell was set up in the same manner as for current-voltage runs, and leads
were connected from the electrodes to the voltmeter and regulated power supply.
The leads from the power supply were connected to the working and counter electrodes
with polarity appropriately adjusted to make either anodic or cathodic runs. Currents
of 10 ma, 50 ma, 75 ma, and 100 ma were set by the power supply and a resistance of
100 ohms was set by the resistance box for each of the currents used, The horizontal
time control on the oscilliscope was set at 0.05 millisec/cm or less in order to give
a smooth curve, The mercury-wetted reed switch assembly is provided with a time
delay which first triggers the oscilloscope and after 0.8 milliseconds connects

the power supply to the cell, Pictures of the traces were taken using a 10-sec.
exposure,

b. Potentiostatic Results
(1) Flat Plate Electrodes

Anodic and cathodic current-voltage curves have been measured for flat plate
electrodes having areas of approximately 2 em?, The following electrode materials
were investigated: 304SS, AM350, 17-T PH, spectrographic graphite, platinum,
HS1414 (gold-nickel brazing alloy), AAL100 uand AA6061-T6. The latter aluminum
alloys were used for comparison purposes only, since earlier work at UARL had
indicated that these alloys are highly polarized in hydrazine-based propellants.

The electrolytes used were propellant grade hydrazine (= 1 percent Hao) hydrazine -
5% hydrazine nitrate and hydrazine - 23% hydrazine azide.

The anodic polarization curves for the eight materials studied are illustrated
in Figs. 2-9. The graphs include those for all three electrolytes studied for
easy comparison. A Luggen probe was used in order to minimize resistance effects so
that differences in the curves should not reflect differences in the conductivites of
the electrolytes. The stainless steels, as well as platinum, graphite and Hs1lk1k
all indicate much lower anodic polarization effects in the nitrate and azide
electrolytes than in propellant-grade hydrazine. These materigsls also show a lower
polarization in azide than in the nitrate electrolyte with the exception of 17-T PH
which indicates the opposite effect (Fig. 2). The relstive smoothn.ss of the anodic
polarization plots in hydrazine azide and hydrazine nitrate indicate a lack of surface
inhibition of the anodic decomposition process. Slight dips are noted in the hydra-
zine curves for 17-T PH (Fig. 2) and graphite (Fig. 7) at an overpotentisl of aboat
500 mv indicating the formation of an intermediate species on these surfaces. A
pronounced double oxidation peak is noted on AA6061-T6 in hydrazine nitrate (Fig. 9)
indicating very complex reaction on this surface.

In order to compare the relative merits of anode materials, the current density
was used at an overpotential of 1000 mv. The data for the anodic current densities
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at this overpotential are summarized ia Table II, The aluminum alloys are obviocusly
the poorest anode materials in all three electrolytes, probably due to the ease with
which oxides are formed on the surface under oxidizing conditions. The alloys were
used for comparison purposes only and were not studied in subsequent experiments.
Platinum, HS141lls, and spectrographic graphite are all good candidate anode

. materials, but graphite is less promising that expected. The stainless steels
show polarizations about an order of magnitude less than the former group.

TIL TY T

The cathodic polarization curves for the eight materials studied in the three
electrolytes are illustrated in Figs. 10-17. A summary of the cethodic current densi-
ties at an overpotential of 1000 mv is shown in Table III. The cathodic process
in the azide electrolyte is much less inhibited than the anodic. Similarly, the
cathodic pracess on the two aluminum alloys appeers to be much less inhibited than
the anodic process, since it is observed that current densities for these two materials
at an overpotential of 1000 mv are of the same order as on the stainless steels and
graphite. Platinum and HS1414 show the most promise as cathode materials, but 17-T PH
also shows considerable promise. In hydrazine nitrate 17-7 PH is on a par with the
more noble metals., Graphite is very poor as a cathode material in both azide and
nitrate. The behavior of aluminum in the nitrate is considerably different than
that of the azide which is surprising, since it was expected that both cathodic
processes are due to the discharge of NpHg+ ions. The cathodic process in propellant
grade hydrazine is strongly inhibited for 304SS (Fig. 11), AM350 (Fig. 12), HS1iklh
(Fig. 13), and platinum (Fig. 14). In each case there is a permanent reduction
current at high overpotentials indicating complete surface coverage by an intermediate
species, There is also & partial inhibition at lower current densities in hydrazine
azide for 17-7 PH (Fig. 10), 304SS (Fig. 11), AM350 (Fig. 12) and a pronounced
plateau for HS1k1lh (Fig, 12) and graphite (Fig. 15). This effect at low over-
potential is also apparent in hydrazine nitrace for AM350 (Fig. 12) and graphite
(Fig. 15). These plateaus at lower overpotentials (300-500 mv) are not permanently
inhibiting since much higher current densities are achieved at higher overpotentials.
Evidently, the intermediate species responsible for the plateaus is reduced to a
final product as the overpotential is increased. The stainless steels, as well as
HS141k and platinum, appear to be good candidate materials for the cathode of the
electrolysis cell, while graphite is surprisingly poor.

HEV M L il oA A

As a result of this preliminary survey, it was decided to concentrate on the
stalnless steels, platinum and graphite in 23% azide. Although HS1kll and platinum
both show the lowest polarizatlon effects, they are expensive materials; however, the
acquisition of platinum data was continued ss a control for comparison of results.

It was also decided to look at rod shaped electrodes, since a cylindrical configura-
tion would probably be the most avrlicuble to the design ¢ an electrolytic cell.
The graphite tests were also revez.e ™ .t this time using pyrolytic graphite in order
to determine if this material I ndicates improved behavior over that achieved for

normel spectrographic grade -~phite. The former material has a more regular surface
than the spectrographic gi.Jic. .
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(2) Stainless Steel Rod Electrodes

Current-voltage polarization data was obtained using rod electrodes in & 23%
hydrazine azide solution in the same manner as previously described. Comparison of
the data between cleaned rod and flat plate electrodes show that anodie polarization
of 304SS and AM350 is similar in the two cases, but that the 17-T PH rod stock
was much less polarized that flat plate stock. The polarization plots shown in
Fig. 18 for 17-7 PH include data for the flat plate stock cleaned in the same manner
as the rod stock. The initial polarization of the 17-T PH rod stock is very high
up to an overpotential of about 600 mv. Following this point, there is an abrupt
rise in current which accounts for the improved behavior. This curve indicates
exlstence of a passive film which is removed at high overpotentials. Repeated runs
yielded erratic results, i.e., in some cases the passive state was retained up to
overpotentials of 1200 mv, while in others a high current was obtained after 600 mv.
Apparently, there is a condition of unstable passivity in this electrode-electrolyte
combination which makes the usefulness of 17-T PH as an anode doubtf«l.

Cathodic polarization of stainless steel rod electrodeg in 77% hydrazine - 23%
hydrazine azide indicates similar belavior for 304SS compared to the flat plate
stock but erretic results for 17-7 PB. The polarization on AM350 showed slight improve- °
ment when the flat plate stock, previously used, was cleaned in the same manner as
vhe rod. All materials were cleaned with fine emery paper followed by detergent clean-
ing, rinsing with deionized water, and air drying. The cathodic polarization curves
for AM350 are shown in Fig. 1¢. The shapes of the three curves are similar, but
the rod stock indicates a limiting current at 88 ma.

The data for AM350 and 17-T PH rod stock was repeated many times and in most

cases inconsistent data was obtained. The cathodic data for AM350 varied over

a fairly limited range (i.e., from 50-90 ma/ecm at n = 1000 mv) with no regular

pattern. However, the anodic AM350 data fell into two distinct groups, one set at about
17 ma/cm2 and the other at about 50 ma/cm?. Typical current-voltage curves for the

two cases taken directly from the oscilloscope traces are shown in Fig. 20B. Traces
similar to these were also obtained for 17-7 PH in both the anodic and cathodic

case. It was found that cleaning of AM350 prior to use could, in most cases, yield

a much lower polarization, but 17-7 PH yielded inconsistent results in spite of the

use of cleaning procedures. Therefore, 17-7 PH was tentatively.=liminated from
future studies.

(3) Pyrolytic versus Spectrographic Graphite

The anodic and cathodic polarization curves for spectrographic grade ard pyrolytic
graphite in 23% azide solution are shown in Figs. 21 and 22, respectively. The
anodic polarization of the two types of grephite are similar, but pyrolytic graphite
indicates a 35 percent improvement in current density at an overpotential of 1000 mv.

10
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The cathodic polarization is extremely high for doth graphites and shows a definite
"pessivation” plateau in each case, {The more regular suxface = pyrolytic graphite
18 more strongly affected than is that of spe-trographic grade.) Because of this
behavior, graphite has been eliminated as a candidate cathode msterial.

(4) Effect of Azide Concentration

The polarization curves of 30488, AM350, platinum and pyrolytic graphite were
measured as & function of azide concentration to ascertein if therc is an optimunm
concentration where polerization and conductivity effects can be traded off. The
optimization of these effects will be important in a practical ignition cell
configuration where resistance effects will play an important part in determining the
power necessary to achieve ignitionm.

The anodic polarization of 30455, AM350, platinum and pyrolytic graphite as
a function of azide concentration are shown in Figs. 23 through 26. The anodic
current densities achieved at an overpotential of 1000 mv for each material at tihe
three azide concentrations studied are suumarized in Tadle V. The anciic data indi-

cates that the polarization of pyrolytic graphite compares favorably with pletinum and
that pyrolytic graphite can probably be used as an anode material in an electrolytic
cell. Tt is also apparent that the anodic polarization is a much stronger function

of azide concentration for platinum and pyrolytic graphite than for either 30485 or
AM350 and that the polarization for the latter two materisls are linear functions of
azide concentrastion. This behavior is shown in Fig. 31, which is a plot of current
density at an overpotential of 1000 mv versus azide concentration.

It is also interesting to note that AM350 an an anode zxhivits (Fig. 24) a cross-
over point where the polarization is independent of azide concentration (about B
ma/cm? at n = 700 mv) and that the reaction is strongly inhibited at higher azide
concentrations at overpotentials less than TQ0 mv.

It was alsn found thuat the anodic behavior of AM350 was considersbly different
in 23% gzide than previously measured (~ompare data in Table V with data in Table IV).
The latter case was due to passivity, as previously shown in Fig. 20B. However,
proper cleaning of AM350 surfece followed by repeated runs yielded consistent
current densities on the order of 50 ma/em at n = 1000 mv. The same anodic

polarization behavior for AM350 was also observed in 12% and L4.8% azide, as shom
in Fig. 20A.

The cathodic polarization of 304SS, AM350, and platinum as a function of azide
concentration is shown in Figs. 27 through 29. The cathodic c'irrent densities
achieved at an overpotential of 1000 mv for each material at the three azide
concentrations studied are summarized in Table VI, and plots of the current density
data versus azide concentration are shown in Fig. 30. The data for 3043S and AM350
are almost linear functions of azide conc gtion. The data for piatinum indicate
an irregular behavior as evidenced by the _.cremely low value at an-.azide concentra-
tion of 12%. The cathodic data for platinum at 12% azide was repeafed meny times and
found to be between 35 and 40 me/cm® at n = 1000 mv in each case. If the data at

11
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12% azide is ignored, however, the slopes of linear plots for all three electrode
materials are identical (i.e., = 4 ma/cm°/% azide) indicating a similar concentration
controlled process in each case., It is apparent from the above dats that the 304SS

and AM350 are comparable to platinum as a cathode for the electrolytic cell and there
is no optimum azide concentration below 23%. Even though there is some irregular
behavior as a function of azide concentration. uone of it 1s beneficial, It appears
that the most promising electrolyte would be 23% azide, the concentration corresponding
to the lowest melting point of any hydrazine~hydrazine azide solution,

As a corollary to this investigation, an evaluation of the relative merits of a
nitrate and azide electrolyte was also made., Polarization data was obtained for
platinum, pyrolytic graphite, 304SS and AM350 in hydrazine - 6% hydrazine nitrate,

This nitrate concentration is equivalent on a mole basis to a 4.8% hydrazine azide
concentration., Since the cathodic process is expected to be the same for both azide
and nitrate electrolytes (i.e., the discharge of the N2H5+ ion), the cathodic polariza-
tion should be similar in both cases. The polarization for the anodic process

should be differeey, since the N3~ ion i~ being discharged in the case of the

azide and the NO3 ion in the case of the nitrate.

The anodic polarization curves are illustrated in Figs. 32 through 35 for
304SS, AM350, platinum, and pyrolytic graphite. A comparison of the current
densities at an overpctential (n) of 1000 mv is summarized in Table VII, On the
basis of this date, 1t is apparent that the amodic polarization of all of the
materials except platinum is significantly different in the two ~lectrolytes.
Evidently, platinum can catalyze the reaction of both the azide and nitrate anions
equally well. The AM350 is less polarized in the azide propellant, while 304SS
and pyrolytic graphite are less polarized in nitrate.

Cathodic polarization curves for 304SS, AM350, and platinum are illustrated in
Figs. 36 to 38. The cathodic polarization of AM350 and platinum were similar in
both electrolytes as anticipated, since the NpHs+ ion is involved in the cathodic
reaction in both cases (the cathodic polarization of pyrolytic graphite was not
included, since it has been shown to be highly polarized in all cases). The cathodic
polarization in the two electrolytes was considerably different for 30483, This
alloy indicates a .ower cathodic pelarization in nitrate than in the azide which
is consistent with the anodic results.

There does not seem . be any clear cut advantage for either propellant
at these concentration levels, and an expected pattern for Nolig+ and either N3~
or NO3™ discharge is not consistently confirmed by these experiments. However, it is
known that propellants with high nitrate concentrations are quite unstable and would
probably not have an advantage over the 23% azide. (For example, a 20% nitrate
solution could not be used in the conductivity experiments because of its rapid
decompositicn in the presence of platinum.)

12
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c. Potential~Time Results at Constant Current

The potentiostatic current-voltage data previously discussed were obtained by
rapidly scanning over a voltsge range and, therefore, primarily indicates transient
effects. This technique is most applicable to the characterization of su ace
effects and provides a rapid means of surveying a large number of electrode materials,

An alternative approach, the steady-state constant current experiment, employing
potential-time measurement at constant applied current more closely represents
actual conditions of propellant electrolysis. By measuring the rapid potential
rise upon application of the constant current and also determining the total
steady-state overpotential, it is possible to obtain data in three important
areas: (a) an initial rapid (<10~> sec) rise in potential corresponds to resistance
effects uncompensated by the Luggen Probe (i.e., surface resistances as opposed to
electrolyte resistivity); (b) the slope of the succeeding potential time curve yields
information on the sequence of processes taking place as the electrode-electrolyte

interface is charged; and {c) the true resistance-free total polarization at constant
current can be cobtained.

Potentisl-time measurements at constant applied current were taken for the
original eight electrode materials in the three electrolytes. The measurements wexre
obtained by rapidly (<0.1 msec) applying a fixed current to the experimental cell and
recording the potential-time relestionship on an oscilliscope., Potential-time data was
cbtained at 1, 5, 10, 25, and 50 ma in hydrazine-23% hydrazine azide and hydrazine-5%
hydrazine nitrate; and at 1, 5, and 10 ma in propellant grade hydrazine, Subsequent
runs with the rod electrodes were made at 10, 50, 75, and 100 ma. The resulting
maximum current densities were approximately 25 ma/cm2 in the azide and nitrate and
5 ma/cm? in propellant grade hydrazine.

The total resistance~free polarization data at constant current was adjusted
for variation in electrode surface area. The order of preference of materials as
both anodes and cathodes is based on mr/ma/cm2 since all materials were run at
e constant current in spite of differences in electrode surface area. The relative
order of preference for cathode and anode materials based on this parameter
is summarized in Table VIII and IX for azide and nitrate., Although there are siight
variations, in general the order of merit for anode materials in azide and nitrate
is unchanged when compared to the current-voltage data, Typical potential.-time
traces are shown in Fig. 39 for AM350, 304SS and pyrolytic graphite in 23% azide.
During anodic polarizetion, no uncompensated resistance eftects were noted for any
material studied in the azide or anitrate electrolytes. Resistance effects in

propellant grade hydrazine were so large that it was impossible to use this technique
and obtain reliable data.

Cathodic resistance effects were noted in the case of 304SS only. In the example
shown in Fig. 39, half of the total overpotential at 100 ma (50 ma/cmz) is due to
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uncompensated resistance, Cleaning techniques were applied to 304SS to no avail; the
resistance effect was always present,

In most cases, the potential transients were found to have a simple logarithmic
relationship with time. On occasion a curve similar to that shown for the anodic
polarization of 304SS (Fig. 39) was obtained where the initial portion of the
potential-time curve is linear., This portion of the curve may be due to the charging
of the electrode~electrolyte interface or the removal of species adsorbed on the
electrode surface and represents a voltage loss in addition to those due to electro-
lyte resistivity and the actual electrochemical discharge of a reacting ionic
species, This effect wag always present in the case of the anodic polarization of
304SS and could not be eliminated. It was found that this linear portion of the
curve was present in some instances for AM350 and 17-T PH,

A series of experiments were run in 23% azide to determine the IR drop and
polarization characteristics of several materials using the oscillographic
recording technique. A summary of this data for both the anodic and cathcdic process
is shown in Table X. Experiments in which cathodic and/or anodic deposits were
electrolytically placed on the surfere prior to anodic and cathodic polarization,
respectively, show that these dep.sits result in sbnormally high polarizations due
to the extra current necessary to remove these deposits before normal polarization
sets in. This effect is particularly aspparent in the case of anodic polarization
of AM350 and 17-  PH. (The overpotential value of 1100 mv for 17-7 PH (Table X) is
apparently due to a cathodin deposit, even though it was not deliberately placed
on the surface.) It is these materials which seemed to yield inconsistent results.
It is now apparenc that these results were due to the prior polarization history of
the electrodes. In each case the initial linear portion of the potential-time curve
was present when this high overpotential was noted for AM350 and 17-7 PH. However,
it has been found that platinum, 304SS, both anndic and cathodic, and pyrolytic graphite
during anodic polarization only, are not subject to this prior history end are,

therefore, more relisble electrodes (pyrolytic graphite as an anode only) for use in
an electrolytic cell.

Constant current total overpotential data was also obtained as a function of
azide and nitrate concentrations and is summarized in Tables XI and XII. In general,
those results confirm the current-voltage data. Platinum and pyrolytic graphite are
superior to the stainless steel as anodes at all concentrations, but the difference
diminishes as the concentration is lowered, There is little difference between
platinum, AM350 and 304SS as cathodes; however, based upon the equilibrium data
platinum is best at both 12% and 4,8% azide, This latter data does not confirm
the current-voltage results which show high platinum polarization at 12% azide, but

the constant current data iz considered more relieble for the purpose of designing
an electrolytic cell.
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E The polarization data for the 6% nitrate and the 4.8% azide is summarized in

‘ Table XII for a constant current of 50 ma (25 ma/cm?), The cathodic polarization is

E . sirilar in both electrolytes for Pt, 304SS and AM350, but the data for pyrolytic

E grephite indicates a much higher polarization in hydrazine nitrate. The latter is

E not surprising, since the cathodic process on graphite has always been highly inhibited.
' It is possible that both azide and nitrate are preferentislly adsorbed on the

graphite surface or even react chemically with the graphite.

3 The anodic data indicates & large polarization difference in the two electro-
) lytes for both platinum and pyrolytic graphite. The anodic process for 304SS is

¢ similar for both electrolytes, but the difference in the anodic process is much

¥ greater than the difference in the corresponding cathodic process, AM350 seems to

be equally good in doth electrolytes, indicating that the anodic process in this

case is independent of the anodic species involved in the reaction.

The above data does not correspond to the current-voltage results summarized
in Table VII. Irn the latter case, the anodic polarization of platinum was almost
the same in azide and nitrate, while the rest of the electrodes indicated large
anodic differences. The results are somewhat similar in the cathodic case with the
. exception of 304SS, The earlier results (current-voltege) indicate a large polariza-
tion difference in this case. Again, the constant-current data is considered to

be the most reliasble and seems to confirm the postulate that the cathodic species
‘ are the same in both cases (NyHs+).

3. ELECTROLYSIS AND PRODUCT ANALYSIS

Electrolysis experiments were performed using a dual-column chromatograph to
analyze gaseous and liquid products from both anode and cathode compartments for
specially constructed cells. On the basis of this product analysis, the relative
proportions of nitrogen, hydrogen, and ammonia were determined.

The electrochemical reactions for the decomposition of hydrazine azide (NsHs)
may be written as follows:

55

ionization of N.H.:
+ -
NSHS 2 N2H5 + N3
anode:
2N3""+ 3N2 + 2e
cathode (no NH3 decomposition):

+ -+
2N2H5 + 2e 2NH3 + N2 + 2H2
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cathode (complete NH3 decomposition):

2 NoHg* + 2e + 2N, + 5H
overell (no NH3 decomposition):

2 NgHg + 2NHg + UN, + 2H,
overall (complete NHgy decomposition):

2NgHs + SNy + SHp
A generalized overall reaction for t™e decomposition of Ngli; may be written as:
2NgHs + 2(1 - x)NHg + (4 + x)Np + (2 + 3x)H,

vhere x is the fraction of NH3 decomposed, This equation is analogous to the
generalized NoH) decomposition reaction which is

3NoH), + B(1 - x)NH3 + 6x Hy + (1 + 2x)Np

The difference between the two decomposition reactions is the cathodic discharge of the

N2H5* ion in NgHg ion which requires the formation of Hy in all cases, even if there
is no catalytic decomposition of NH3, For NoH) the overall rcaction can yield RNy
and No as the only products.

a. Experimental Approach

(1) Materials

Rod type electrode=z of stainless steel and graphite and flert plate platinum
electrodes previously described were used in these experiments,

In addition to the test electrolyte, TT% NoH)-23% NsHs, several standard solutions

were used to calibrate the chromatograph. These were: hydrazine, hydrazine plus
1%, 5%, and 10% water; and hydrazine plus 1%, 5%, and 10% ammonia,

(2) Apparatus

The cell used for electrolysis is shown in Fig. 40, It consists of two cells
Joined by a glass frit (Fig. 4O, Item 5), each cell having a gas inlet (Fig. L0,
Item 8) located at the bottom. A rubber septum (Fig. 40, Item U4) for taking liquiad
samples, a reference electrode (Fig. 40, Item 3) and a working electrode (Fig. L0,
Item 2) are fitted into the three openings of each cell. Lines from anode and cathode
compartments of the cell are connected to a chromatograph by means of a special
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valving system, This sytem provides for gas samples to be taken from one compartment
while the other compartment is being -rented.

The gas chromatograph used in these tests (Fig. 4l) was developed at United
Alrcraft Research Laboratories and corsists of two adsorption columns connected in
series, One column separates gaseous ammonia, water and hydrazine. The other column
gseparates the permanent gases - H2, N2, and 02.

The carrier gas used in this chromatograph is 91.5% He ~ 8,5% Hy at a pressure of
50 psig and a flow rate of 170 cc/min., The carrier gas flows through a heat exchanger
coil which serves to equilibrate its temperature with that of the hot-wire detectors
befores flowirng through the reference chambers, From there the carrier gas flows
through & heated inlet which is used to vaporize liquid samples and then through a
10cc sample loop section of an automatic gas sampling valve (Beckman 102396). The
sample is swept through the first column held at a temperature of 110~115° C.
At this temperature, Hp, Np, and Op are not held back, while the other components, i.e.,
ammonia, water, and hydrazine, are separated in that order. Each component gives rise
to a separate peak on the recorder corresponding to the output of the first detector.

After the gases have emerged from the sample side of the detector, they

enter a second column which separates the Hp, 05, and N, into its components at
30-32°C.

The oven (Fig. 41, Item 1) is a Blue~-M model OVBA modified with a circulating
fan and a themistor-Triac-IC tempersture controller.

The control unit of the chromatograph (Fig. 41, Item 2) consists of a power
supply and attenuators for the detector output. The recorder is a Hewlett~-Packard
Model 7100 B dual-pen strip chart recorder with built-in integrator.

A Kiethly Model 600 B vacuum tube volt meter is used to measure rest potential
of the cell and operating potential during electrolysis, The power supply (Harrison
Labs Model 6201 A) supplies a constant current to the cell in conjunction with a
General Radio decade resistor.

(3) Procedure

Calibration curves for liquid and gas samples were obtained using standard solutions
for liquid samples and flowmeter calibrations for gas samples.

For any liquid a one microliter sample was taken with a Hamilton microliter
syringe and injected into the rubber septum of the heated inlet, the plunger depressed
and withdrawn after five seconds. -The peaks were recorded on the strip chart recorder,
and peak heights or areas calculated. Gas samples consist of mixtures of either
nitrogen or hydrogen and the helium-~hydrogen carrier gas.
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In taking a gas sample, the gas mixtures were passed through the cell valving
system (Fig. 40, Item 1) and then through the 10cc sample loop section of the
automatic gas sampling valve, The sample switch on the chromatogrsph control unit
opens the sample loop to the chromatograph, peaks corresponding to nitrogen, hydro-
gen and ammonia are recorded, and areas and peak heights calculated. Calibration
curves were constructed by plotting the known percent of water, ammonia, or the
gases Ny and Hp, versus peak height and peak area.

During actual test operationé, each compartment of the cell was filled with 20
ml of T7% hydrazine - 23% hydrazine azide, The electrcdes were set in place end lines
were connected from the valving system to the cell.

First, e liquid blank sample was taken with the microliter syringe. The helium-
hydrogen carrier gas was then bubbled through the cell in order to remove all air.
Gas samples from the cathode compartment were taken by meens of the automatic gas
sampling valvz until the nitrogen and oxygen peaks had gone down sufficiently to
insure rep’icate runs. The last run before electrolysis was the cathode gas blank.
Leads were thien connected from the power supply and voltmeter to ihe electrodes, and
rest voltages °or anode and cathode were recorded. A current of 30 me with a
resistance of 200 R was set by means of the power supply. After the onset of
electrolysis, gas samples from the cathode compartment were taken at 10 minutes,

25 minutes, and 40 minutes and from the anode compartment at 55 minutes, 70 minutes,
and 85 minutes. Then, liquid samples were taken from anode and cathode compartments

Just prior to termination of electrelysis. Cell voltages during electrolysis were
also recorded.

The percent of ammonia, nitrogen, and hydrogen for blank and electrolysis runs
were determined from the calibration curves. From these results, the percent
increase for each component was found and the total percent of ammonia, nitrogen
end hydrogen produced was determined. This procedure was followed for each of the
following electrodes: platinum, pyrolytic graphite rod, 30USS rod, and AM350 rod.

b. Results

The gas analysis and the polarization of each electrode couple are summarized in
Tables XIII and XIV, recpectively. The gas analyses show that the value for x using
the equations derived earlier in this section is zero for 304sS, AM350, and pyrolytic
graphite, and is unity for platinum. The relative proportions for Hp, No, and NH3
(where applicable) are in good agreement with the values predicted using the above
equations. Apparently platinum catlyzes the thermal decomposition of NH3 while the
remainder of the materials do not. The totel overpotentials using identical materials
for both anode and cathode indicate that platinum would be the best electrode
material. If platinum were excluded, the best electrode couple would be pyrolytie
graphite as an anode and 304SS as a cathode for a total cell voltage of 1.0lv
at 30 ma/em2, If platinum were used as a cathode with a pyrolytic graphite as an

anode, the total polarization would be 0.97v. Since platinum yields only Hp and N>

18
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at the cathode, and thus less heat would be released, it is recommended that the
pyrolytic graphite -~ 30lSS couple te used, This couple should give the most heat
output for the least power lnput based on e¢lectrolytic decomposition only.

The faradaic efficiency for the decomposition of the 77% hydrazine - 23%
hydrazine azide was calculated on the basis of the amount of ammnnia produced during
electrolysis for 30458, AM350, and pyrolytic graphite. The calculations were based
on ammonia, since it was determined that ammonia analyses were the most accurate
obtained using the chromatograph. The increase of dissolved axmonia in the electro-
lyte (40cc) was used as the dasis of the calculations, and the amount of ammonia
expected per faraday of electricity pessed was based on the postulated decomposition
equations (i.e., one mole NH, per faraday).

The results are summarized in Teble XV. It is obvious from this data that much
more ammonla was produced than predicted from electrolysis alone. About thirty times
the expected amount was produced on electrolysis using AM350 and pyrolytic grapnite
and almost ten times the amoun’ expected using 304SS.

Apparently, the cathodic reaction is highly catelyzed on the surface of these
materials at essentially room temperature. This effect is extremely encouraging, since
it suggests that the power levels that may have to be used in the electrolyhic cell
will oe much less than those predicted on the basis of electrolysis as the sole
source of decomposition energy.

19
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SECTION III

SUMMARY AND CONCLUSIONS

In the course of the work done on Phase I of Coniract FO4611-70-C-00T0,
experimental investigations have been carried out on candidate electrolytes (pro-
pellante) and electrodes to determine their usefulness in an electrolytic ignition
system for millipound thrusters. The primary objective of Phase I was to select
electrodes and an electrolyte suitable for this purpose.

Electrical conductivity data was obtained as a function of temperature between
25°C and 45°C, for propellant grade hydrazine, hydrazine-20% hydrazine nitrate, hydra-
zine-2$ hydrazine azide, and hydrazine-23¢ hydrazine azide. This data was of pri-
mary importance since ohmic losses due to poor electrolyte (propellant) conductivity
in the electrolytic cell will be one of the primary factors in its design.

Voltage losses due to slow electrochemical processes at the electrode-
electrolyte interface will also effect the design and performance of the electrolytic
ignition cell. For this reason polarization studies /measurements of voltage losses
under conditions of current flow) were carried out on platinum, pyrolytic, and
spectrograpkic graphite, three types of stainless steel; AM350, 17-TPH, and O4SS,
two aluminum alloys, AA1100, and AA6061-T6; and a gold-nickel brazing alloy, B31hlk,

. The electrolytes used in these studies include propellant grade hydrazine, hydra-

zine-5% hydrazine nitrate, and hydrazine-23% hydrazine azide,

Preliminary electrolysis experiments (at low currents) were carried out and
an analysis made of tlie products of the electrolysis reaction. These experiments
were designed to determine the theoretical heat output, as well as the efficiency

of the electrolysis process. Hydrazine-~hydrazine azide was the only electrolyte
used in these studies.

The results of the conductivity studies showed that the additiomn of smsll
amounts of hydrazine-based salts enhances the conductivity of propellant grade
hydrazine by at least two orders of magnitude. Both 2% hydrazine nitrate and 2%
hydrazine azide additions showed conductivities of 3.0 x 10~2 and 3.5 x 10-2
omms=! em~l at 259C compared to 1.6 x 104 ohms=1 em~! for propellant grade hydra-
zine at the same temperature. The addition of 23% hydrazine azide yielded a
conductivity value of 1.8 x 10-1 ohm=l em-l, another factor of ten better thun
obtained with the low percentage additions.

The polarization results were evaluated in terms of both transient and steady
state effects. The former studies were designed to determine if any films were
formed on the surface of the electrodes that would impede or stop the electro-
chemical procoss. The cell used in the experimental apparatus was designed to
eliminate any effects due to differences in the conductivities of the electrolytes

20
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used. It was found that all electrodes were highly polarized in propellant grade
hydrazine and that the aluminum alloys performed very poorly as ancdes in all the
electrolytes studied. Almost without exception the best performance of all
electrodes, anodic or cathodic, was obtained using the 23% hydrezine azide solution.

In hydrazine-23% hydrazine azide, platinum was found to be the least polarized
material, as both an anode and a cathode. However, pyrolytic graphite was found
to behave in a similar mammer to platinum as an anode.

The three stainless steels were found to be relatively poor anodes but good
cathcdes with some notable reservations. It was found that the anodic and cathodic
behavior of 17~-TPH was unpredictable and often indicated very high polarizatiom,
and that the same effect applied to the cathodic behavior of AM350, although not

to as great an extent. 30LUSS. was the only low cost cathodic material that indica-
ted consistant performance.

Steady state experiments were designed to evaluate resistarce effects not
connected with electrolytic resistivity and to compare tutai voltage losses at a
steady current input to the cell. In general, the steady state results confirmed
those obtained in the transient studies, The only true electrode resistance
effects obtained were found under conditions of cathodic polarization of 304SS.

The effect of hydrazine azide concentration was also studied in the range of

_ 2 to 23 weight percent azide to determine whether there was an optimum concentra-

tion where minimum polerization would be realized. However, the lowest polariza-
tion was always found &t the 23% hydrazine azide level., The polarizations of the
stainless steels were found to be linear functions of azide concentratiopn while

the relationship between polarization and azide concentration for platinum and
graphite was irregulsar. '

The products of electrolysis of hydrazine-23% hydrazine azide were determined
using platinum, pyrolytic graphite, AM350, and 3045S. In all cases nitrogen was
the only anodic product. The cathodic products for graphite, AM350, and 304SS
vere ammonia, nitrogen, and hydrogen in proportions consistent with the reactions:

aqzﬁs‘l- + 2e » QNHB + N2 + 232

indicating no ammonia decomposition, and thus producing the highest heat output
possible for the reaction. The cathodic process on platinum yielded nitrogen and

hydrogen only, indicating catalytic decomposition of ammonia on the platinum sur-
face, and thus 2 lower heat output.

The amount of ammonia produced during electrolysis was found to be almost ten
times thet predicted from current messurements for 304SS and thirty times that
predicted for AM350 and pyrolyti: graphite. These results indicate & substantial
catalytic effect at the electrode surface nct connected with the actual power input.
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The power input data for the cell indicates that the best electrode cambinatiom
vould be & pyrolytic graphite anode and a 304SS cathode if platinum were excluded
as an electrode material.

On the basis of the above vesults, the following coaclusions have been
reached.

(1) Hydrezine-23% hydrazire azide is the best electrolyte studied.

(2) Either platinum or pyrolytic graphite should be used as the anode
of the electrolytic cell.

(3) One of the stainless steels (AM350 or 304SS) should be used as
the cathode for the cell, since:

8. both electrodes yleld ammonia as & cathodic product and
thus provide meximum heat output, and

b. their polarization characteristics as cathodes are similar
to platinum in 23% hydrazine azide.

A choice between the two cannot be made without further experi-
mentatim, since AM350 yields better catalytic effects, but may
be unreliable for repeated runs, while the opposite is true of
304s8S.

(L) There is a definite catalytic effect during electrolysis (even-at

room temperature) which indicates that the decomposition may be
self.sustaining at relatively low power inputs.

22
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TABLE I

SPECIFIC CONDUCTANCE OF SELECTED HYDRAZINE-BASE PROPELLANTS

Sample

Propellant Grade Hydrazine

" " n

" " "

98% NoHl + 2% NHLNO4
" n

"

" 1" "
T7% NoH) + 23% NoHs
1" " 1"

98% Nenh + 2% NSHS .

" n HJ

Temperature

(°c)

259
35°
L=
25°
35°
450
25°
35°
L,?
25°
35°
45°

2

Specific Conductance
(omM~1 cm~1)

0.000163
0.000260
0.00047T
0.02861
0.03038
0.03201
0.19711
0.20022
0.22191
0.03124

0.03562
0.04086
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TABLE II

ANODIC POIARIZATION IN HYDRAZINE-BASE PROPELIANTS AT 300°K

Current density Sm{cmel at ¥ = 1000 mv
Material NoHy - 23% Ngls NoH), - 5 NgHsNO}. . Ep:‘&
17-TPH 5.5 2k 0.40
3043s 19 8.0 0.13
| AM350 16 T.4 0.35
k HS1h1k 120 70 1.2
! ) ' Pt 150 35 1.0
C 66 24 0.28
AA1100 0.012 0.016 0.052
HA6061-T6 0.11 0.019 0.043
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TABLE III

CATHODIC POLARIZATION IN HYDRAZINE-BASE PROPELLANTS AT 300°K

Material
17-TPH
30kss
AM350
HS1h1h

Pt
C
AA1100

AA6061-T6

Current density (ma/cm?) at N = -1000 mv

NoH), - 23% Nl

86

T0
148

95
32
148

50

26

NoHy, - 5% NoHgNOg NoH),
102 0.3k
6.2 0.08
70 0.17
103 0.19
33 0.19
16 0.56
1.5 0.13
0.68 0.08
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TABLE IV

COMPARISON OF ANODIC AND CATHODIC POLARIZATION OF STATINLESS
STEELS IN 77% HYDRAZINE - 23% HYDRAZINE AZTDE

Current Density (ma/cm?‘)_a.t n =+1000 mv
30488 AM350 17-TPH
Material Condition Ancde Cathode Anode Cathode Anode Cathode

Rod-Cleaned 18 85 17 88 Ll 78

Plate-Uncleaned 19 T0 16 48 5.5 86

Plate-Cle2aned 19 T0 17 68 5.5 20
TABLE V

ANODIC POLARIZATION OF AM350, 30L4SS
PYROLYTIC GRAPHITE AND PLATINUM AS
A FUNCTION OF AZYIDE CONCENTRATION

Current density (ms/cm®) at n = 1000mv

f Aulde 3088 AM350 Bt EyC
23 18 5k 100 92
12 k.9 32 78 70
L8 1.3 21 27 26
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TABLE VI

CATHODIC POLARIZATION OF AM350,
304SS AND PLATINUM AS A FUNCTION
OF AZIDE CONCENTRATION

Current density (ma/cm®) at n = -1000 mv

% Azide 30kss AM350
23 85 90
12 45 47
4.8 13 18

28

|¥

95

39

27
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TABLE VII

. COMPARISON OF ANODIC AND CATHODIC
POLARIZATION IN AZIDE AND NITRATE PROPELLANTS

Current Density (ma/cm?) at n = £1000 mv

92, 5} NoHy - 4.8% NeHg 94% NoHY, - 6% N, HeNO4

Material Anodic Cathodic  anodic Cathodic
AM350 a 18 T.b 15
F’ 30488 1.3 13 T.5 24
% Pyrolytic Graphite 26 - 55 -
Platinum ' 27 28 2k 23
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TABLE VIII

ORDER OF CATHODIC POLARIZATION AT A CONSTANT CURRENT OF 50ma

NoHY - 23% NsHs

NoHy - 5% NoHsNO3

Total Total
c.d. Polarization c.d. Polariz.,tion
Material (ma/cm2) (mv/ma/cm2) Material (ma/cm2) (mv/ma/cm?)

Pt 31.8 11.3 Pt 31.8 18.9

c | 25.0 18.8 HS1h1k 22.6 23.9
30Lss 20.0 19.0 30Lss 20.0 24.0
AM350 20.0 19.0 c 25.0 27.2
HS1h1k 22.5 19.5 17-TPH 2k.7 32.4
17-TPH 23.6 26.6 AM350 19.4 36.0
AA6061-T6 21.0 88 AA1100 15.8 177
AA1100 17.0 127 AA6061-T6 21,8 179

30
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:»i TABLE IX
| : . ORDER OF ANODIC FULARIZATION AT A CONSTANT CURRENT OF 50ma
. . NoH), - 23% Nsls NoHy- 5% NoHsNOg
1 Total Total
- c.d. Polarization c.d. Polarization
_ Material (ma/cm2) (mv/may cm?) Material (ma/cm?) (mv/ma/cm?)
gi Py . 3.8 14,8 Pt 31.8 18.2
%5 c 25.0 23,2 C 25.0 26.4
ig HS1h41k ~22.5 24,1 HS141l 22.6 28.8
E g 30kss 20.0 40.0 304sS 20.0 38.0
; 17-TPH 23.6 46.6 17-TPH 2k, 7 52.6
) AM350 20.0 k7.5 AM350 19.4 53.6
AAGO61-T6 21,0 95 AA6061-T6€ 21.8 229

AA1100 17.0 135 AA1100 15.8 a7’
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TABLE XI

POLARIZATION AS A FUNCTION OF AZIDE CONCENTRATION AT 50ma

nv/ma/cn?
Cathodic
Material 23% Azide 128 Azide 4.8% Azide
Pt 12,6 16.0 24.8
Py C -~ -— 45.6
jolss 17.0 2.8 35.2
AM350 19.1 21.6 26.4
Anodic
Material 23% Azide 128 Azide 4.8% Azide
Pt 21.5 22,8 35.2
Py C 15.8 27.2 21.2
304sS 51.8 50.0 57.5
AN350 37.0 30,0 k1.5
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Material

Materisl

TABLE XiI

Cathodic

L4,.8% Azide
n (mv) nv/ma/cm®

620 2h.8
1140 45,6
880 35.2
660 26.4
Anodic
4,.8% Azige

n (mv) mv/ma/cm®

880 35.2
530 21.2
1kko 57.5
1040 h1.5
34

COMPARISON OF POLARIZATION IN HYDRAZINE-HYDRAZINZ AZIDE
AND HYDRAZINE~-HYDRAZINE NITRATE AT A CONSTANT CURRENT OF 50ma

6.0% Nitrate
n (mv) mv/ma/cme

540 21.6
1550 62.0
920 36.8
T20 28.8
6.0% Nitrate

n (mv) mv/ma/cm?

350 14.0
1020 40.9
1550 62.0
1050 k2.0
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Material
30k4ss
AM350

PyC

TABLE XV

FARADAIC EFFICIENCY FOR ELECTROLYSIS
OF T7% HYDRAZINE-23% HYDRAZINE AZIDE

Faradays Moles NH3 (Theoretical) Moles NH3 (Experimentel)
2,52 x 10-3 2.52 x 10~3 2,12 x 10-2
1,02 x 10-3 1.02 x 10-3 5.18 x 10~2
1.68 x 10-3 1.68 x 10-3 3.06 x 10~2
/
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ANODIC POLARIZATION OF 17-7 PH IN HYDRAZINE-BASE PROPELLANTS
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ANODIC POLARIZATION OF 304SS IN HYDRAZINE-BASE PROPELLANTS

O = NaHy = 23% Hg Hg
A =NaHy
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AFRPL-TR-70-153 FIG. 4
ANODIC POLARIZATION OF AM 350 IN HYDRAZINE-BASE PROPELLANTS
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A =NaHy
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ANODIC POLARIZATION OF HS 1414 IN HYDRAZINE-BASE PROPELLANTS
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ANODIC POLARIZATION OF PLATINUM IN HYDRAZINE-BASE- PROPELLANTS

0=NaH, - 23% NsH g
A=NyH,
O=NaH, ~ 5% NaHgNO 5
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ANODIC POLARIZATION OF GRAPHITE IN HYDRAZINE-BASE PROPELLANT!
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ANODIC POLARIZATION OF AA 1100 IN HYDRAZINE-BASE PROPELLANTS

FiG. 8

O =NoHy -~ 23% NsHg
& =NaHy
Q=N Hs ~ 5% NaHzNO3

10

=]
—
T

0.0

CURRENT DENSITY — mo/cm?

0.00‘ =

b e e

o.m ‘ 1 1. ] ) L 4
0 200 400 600 800 1000 1200

OVERPOTENTIAL ~ mv




e Jon AL IS N

H
1
H
3

3
£
£
!
i
k

A e A S PNyt mstorms

FiG. 9

OVERPUTENTIAL -~ mv

AFRPL-TR-70-153
ANCDIC POLARIZATION OF AA 6061-T6 IN HYODRAZINE-BASE PROPELLANTS
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CATHODIC POLARIZATION OF 17-7PH IN HYDRAZINE-BASE PROPELLANTS
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CATHODIC POLARIZATION OF AM 350 IN HYDRAZINE-BASE PROPELLANTS

0 = NgH, = 23% NoH g
A = NyHy
Q =N2H4—5% N2H5N°3

FIG. 12

1000
"
ok
(]
\f-, 10
[ 4
o
l ~
3=
=
[
z
w
o
- B
z
w
o
10
()
-
0.1
0.01 1 ] - 1 1 1
0 -200 ~400 ~600 -800 ~1000 -1200

OVERPOTENTIAL ~ mv




e et e i 8 T

) AFRFL-TR-TC-153

FI6. 13
CATHODIC POLARIZATION OF HS 1414 IN HYDRAZINE-BASE PROPELLANTS
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FIG. 4
CATHODIC POLARIZATION OF PLATINUM IN HYDRAZINE-BASE PROPELLANTS
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AFRPL-TR-70-15 FIG. 15
CATHODIC POLARIZATION OF GRAPHITE IN HYDRAZINE -BASE PROPELLANTS
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CATHODIC POLARIZATION OF AA1100 !N HYDRAZINE-BASE PROPELLANTS
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CATHODIC POLARIZATION OF AA6051-T6 IN HYDRAZINE-BASE PROPELLANTS
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FIG. 18
ANODIC POLARIZATION GF 17 -7 PH
IN 77% HYDRAZINE-23% HYDRAZINE AZIDE
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FIG, 19
CATHODIC POLARIZATION OF AM 350
IN 77% HYDRAZINE-23% HYDRAZINE AZIDE
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AFRPL-TR-70-153 FIG. 21

ANODIC POLARIZATION OF GRAPHITE IN 77% HYDRAZINE-23% HYDRAZINE AZIDE
O SPECTROGRAPHIC GRAPHITE
O PYROLYTIC GRAPHITE
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FIG, 22
CATHODIC POLARIZATION OF GRAPHITE IN 77% HYDRAZINE-75% HYDRAZINE AZIDE

100
10
™~
13
2
-]
g .
!
D=
=
Z 10
7]
Q
[
x
o -
ol
=2
(]
-
001 -
-
0.01 I ‘ 1 . 1 .
0 -200 -400 -600 -800 - 1000 1200

OVERPOTENTIAL - mv




AFRPL-TR-70-153 FIG. 23
ANODIC POLARIZATION OF 304SS AS A FUNCTION OF AZIDE CONCENTRATION
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AFRPL-TR-70-153 FIG. 24
ANODIiC POLARIZATION OF AM 350 AS A FUNCTION OF AZIDE CONCENTRATION

O 77% HYDRAZINE - 23% HYDRAZINE AZIDE
0 88% HYDRAZINE — 12% HYDRAZINE AZIDE
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: FIG, 25
ANODIC POLARIZATION OF PLATINUM AS A FUNCTION OF AZIDE CONCENTRATION
i O 77% HYDRAZINE ~ 23% HYDRAZINE AZIDE
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FIG. 26
ANODIC POLARIZATION OF PYROLYTIC GRAPHITS
AS A FUNCTION OF AZIDE CONCENTRATION
O  77% HYDRAZINE - 23% HYDRAZINE AZIDE
O 88% HYDRAZINE ~12% HYDRAZINE AZIDE
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AFRPL ~TR~70-~153 FiG. 77

CATHODIC POLARIZATION OF 304SS AS A FUNCTION OF AZIDE CONCENTRATION

o) 77% HYDRAZINE — 23% HYDRAZINE AZIDE
0 88% HYDRAZINE ~ 12% HYDRAZINE AZIDE
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FIG. 28

CATHODIC POLARIZATION OF AM 350 AS A FUNCTION OF AZIDE CONCENTRATION
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AFRPL-TR-70-153 FIG. 2
CATHODIC POLARIZATION OF PLATINUM AS A FUNCTION OF AZIDE CONCENTRATION

O 77% HYDRAZINE - 23% HYDRAZINE AZIDE
O 88% HYDRAZINE ~ 12% HYDRAZINE AZIDE
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AFRPL-TR-70-153 FIG. 30
CATHODIC CURRENT DENSITY VS AZIDE CONCENTRATION
AT p- 1000 mv
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AFRPL-TR-70-153 FIG. 31
ANODIC CURRENT DENSITY VS AZIDE CONCENTRATION

AT n - 1000 mv
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AFRPL-TR-70-153 FIG. 32
ANODIC POLARIZATION OF 304SS IN 6% HYDRAZINE NITRATE
AND IN 4.8% HYDRAZINE AZIDE
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AFRPL-TR-70-153 Fi1G, 33
AMODIC POLARIZATION OF AM350 IN 6% HYDRAZINE NITRATE
AND IN 4.8% HYDRAZIME AZIDE
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AFRPL-TR-70-153 FIG. 34

ANODIC POLARIZATION OF PLATINUM IN 6% HYDRAZINE NITRATE
AND IN 4.8% HYDRAZINE AZIDE
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AFRPL~TR-70-153 FIG. 35

ANODIC POLARIZATION OF PYROLYTIC GRAPHITE IN 6% HYDRAZINE NITRATE
AND IN 4.8% HYDRAZINE AZIDE

O 94% HYDRAZINE ~ 6% HYDRAZINE NITRATE
O 95.2% HYDRAZINE ~ 4,8% HYDRAZINE AZIDE

1000

100—

CURRENT DENSITY — ma/cm?
o

10—

0.1 1 | | 1 |
0 200 400 600 800 1000 1200
OVERPOTENTIAL - mv .




AFRPL ~-TR-70-153 FIG. 36

CATHODIC POLARIZATIOM OF 304SS IN €% HYDRAZINE NITRATE
AND IN 4.8% HYDRAZINE AZIDE

O 94% HYDRAZINE - 6% HYDRAZINE NITRATE
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AFRPL-TR-70-153 FiG. 37

CATHODIC POLARIZATION OF AM350 IN 6% HYDRAZINE
AND IN 4.8% HYDRAZINE AZIDE
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FiG. 38
CATHODIC POLARIZATION OF PLATINUM IN 6% HYDRAZINE NITRATE
AND IN 4.8% HYDRAZINE AZIDE
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AFRPL~TR-70-153 FIG. 39

POTENTIAL-TIME RELATIONSHIPS AT 100 ma IN 77% HYDRAZINE - 23% HYDRAZINE AZIDE
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AFRPL-TR-70-153 FIG. 40
ELECTROLYSIS CELL
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