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Abstract

Various factors affecting the electrical resistivity of the pyro-
technic pressed powder TiHX/KClO4, which is sensitive to hot wire
ignition yet quite spark insensitive, were evaluated. The electri-
cal resistivity of the TiHX and TiHX/KClO4 were correlated with
their pressing pressure, stoichiometry, powder surface area, and
temperature (from below liquid nitrogen temperature to 500 K).

Data show resistivity increasing with x and surface area, and de-—

creasing non-linearly with pressing pressure. It was concluded

that temperature coefficient of resistivity depends upon powder

surface features. 1In addition, it was found that electrostatic
discharge lowers TiHX and Tin/KClO4 pellet resistivity and that

the effect is larger for pellets with higher initial resistivity.

Introduction

Electrical properties of pyrotechnic
compositions are important because these
properties affect ignition behavior.

In actuators and ignitors that make use
of a bridgewire, sufficient electrical
conductivity on the part of the pyro-
technic material in contact can allow
the establishment of a parallel electri-
cal path between the bridgewire posts.
With the low energy delivered to this
type of device, a parallel-path condi-
tion can cause insufficient bridgewire
heating. The objective of this project
was to determine and evaluate factors
that affect the electrical resistivity
of pyrotechnic material. Since a
pressed-powder mixture of titanium sub-
hydride (TiHX) and potassium perchlorate
(KClO4) is used in certain pyrotechnic
valve actuators, these two materials,

individually and blended, were studied.

Four-probe
resistivity measurement

All resistivity measurements were made
using the four-probe technique illustra-
ted in Figure 1. An electrical current
is carried through the two outer probes,
which sets up an electric field in the
sample (in the figure, the electric

field lines are so0lid and the equipoten—
tial lines are broken), and the two inner
probes measure the potential difference
between point B and point C. These inner
probes draw no current because of the
high input impedance (1099) voltmeter in
the circuit. Thus, unwanted voltage

drop (IR drop) at point B and point C
caused by contact resistance between
probes and the sample is eliminated from
the potential measurements. Since these
contact resistances are very sensitive to
pressure and to surface condition (such
as oxidation of either surface), error
with the conventional two-electrode
techniqgue (in which the potential-measur-
ing contact passes a current} can be
quite large. With a four-point probe

of equal spacing, p (resistivity, ohm-



centimeters) of sample can be calculated
[l][zlfrom the measured quantities: Vv
(potential difference between point B
and point C in Figure 1, volts), I
(current, amperes) and S (electrode
spacing, centimeters) .
used is:

The equation

= T
p = 2718 7

Resistivity as a function
of pellet characteristics

All resistivity measurements in this
section were made using a spring-loaded
four-point probe of equal probe spacing
(0.025 in.), manufactured by Alessi
Industries. For each sample pellet,
resistivities of four different loca-
tions on each pellet side were averaged

to obtain the average pellet resistivity.
Pressed TiHy pellets

In order to investigate the factors

" affecting the resistivity of pressed
TiHX pellets at room temperature, 10
different batches of TiHX powder were
selected from the stoichiometry groups
of x=1.9, 1.5, 0.65, and 0.19. Each
group included a batch with high surface
area and a batch with low surface area.
Each batch of material was pressed into
several pellets with pressing pressures
varying from 10 to 160 kpsi. The results
as a function of pellet density are

shown in Figure 2.

Our findings were:

(1) When resistivities were compared
within a similar stoichiometric
group, higher surface area material

generally showed a higher resistivity.

(2) A resistivity versus stoichiometry
relationship was seen for a group
of high surface area materials, with
a high stoichiometry apparently
resulting in a high resistivity.
The difference in resistivity be-
tween x=0.19 and x=1.9 is about
two orders of magnitude. (See

Figure 3)

(3) The difference in resistivity be-
tween batches was larger at the

lower pellet density.

The resistivity data of Andrievskii [3]

on hydrided titanium rod shows a weaker
stoichiometric dependence. As shown in
Figure 4, Andrievskii observed the
change in resistivity of about a factor
of two, compared to our observations of
two orders of magnitude with pressed
pellets. A possible explanation for
this difference is that the individual
Tin powder particles are coated with

titanium oxide.

As shown in a hypothetical picture of
powder particles (Figure 5), overall
resistivity of the sample has three
components. One component is the resis-
tivity of the titanium hydride particle
core, which is on the order of m10—49-cm.
A second component is the resistance

from the titanium oxide layer, which
depends upon the layer's composition and
defect structure as well as its thickness,
2 Qecm to lOll Qecm. A

third component is the contact resis-

and may be 10~

tance between adjacent powder particles,
which is likely to be dependent on the
pressing pressure, surface area, and
particle size distribution. It's
expected to be much greater than 10—4
Q+cm. Since the first component is most
likely much smaller than the others,




D.C. Current
Source

Ammeter

Hijh Input
Impedance
Voltmeter

FIGURE 1 - Four-point probe for resistivity measurements.
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FIGURE 2 - Resistivity of Tin

pressed pellets.
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FIGURE 3 - Resistivity of high surface area T1'HX pressed pellets.
the resistivity variation we observed Figure 6. It can be seen that when TiHX
between different batches and different is mixed with KC104, hydride stoichio~-
pressing pressures must be caused by metry becomes the dominating factor.
the second and/or third components. A difference in resistivity of six orders

of magnitude was observed between
Pressed Tin/KCIO4 pellets materials with x=0.19 and x=1.9. This

can be compared to two orders of magni-

Several batches of TiH_/KC10, (33/67 wt %) tude difference observed for TiH

- blends with various Tin stoichiometries without KClO4. These results indicate
were pressed into pellets using pressures that titanium subhydrides of different
of 10 and 20 kpsi. Results of resis- stoichiometries are interacting with
tivity measurements are shown in their environment to considerably
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(STOICHIOMETRY OF TiHy)

(31

(sample is in the form of hydrided Ti rod)

different extents in the presence of
KClO4. It is possible that the variation
is due to the difference between rutile
and defective (or mixed phase) titanium
oxide on the particle surface. Table I
shows the resistivity of titanium oxide

(4] Departure

as reported in literature.
from Tloz’ooo

drastically reduce titanium oxide

stoichiometry is seen to

resistivity.

Resistivity as a function
of temperature

A cryostat system capable of attaining
from 3 to 500 K was constructed to
investigate the effect of temperature
on resistivity. The cryostat (Oxford
Instrument Model CF 100) was cooled by

a controlled, continuous flow of liquid

helium delivered through a transfer tube
from a 60-liter storage vessel. A 39 Q
internal heater on the heat exchange
block and a temperature controller
(Oxford Instrument Model DTC2) were

used along with helium flow to maintain
any desired temperature. Two thermo-
couples were located inside the cryostat.
One, on the heat exchange block, moni-
tored the heater output; the other was
used for sample temperature measurement
and for indication of thermal equilibrium.
Cold exhaust helium gas returning from
the cryostat insulated the transfer tube,
as did an evacuated space in the outer
jacket. Two vacuum spaces separated

by a radiation shield insulated the
cryostat. The initial checkout of the
system was accomplished using a piece

of titanium metal as a standard sample.



Powder Particle

Rpellet = - - -+ RTiHx * Roxide * Rcontact * Roxide * RTiHx + - - -

(p%104{bcm)

? ?

(p~102 t0 1011 -cm)

(o>10462°cm)

FIGURE 5 - A hypothetical picture of powder particles.

The probe spacer was made of reinforced
phenolic to better withstand the thermo-
cycle.

A schematic diagram of the experimental

setup is shown in Figure 7.

Pressed TiH, pellets

Fourteen samples of pressed TlHX pellets
were examined in this study. A thermo-
cycle consisted of: (1) cooling to 70 K,
(2) heating to 460 K (sometimes up to

500 K), and (3) cooling back to the room
temperature. The heating and cooling

rates were held close to 10°C/min, and
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Table 1 - TiOX Resistivity

X 2.0000 1.9995 1.995 1.75
0 1010 10 1.25 1072 2 cm
A
pSlecm
106 —
@ 10 kpsi
© 20 kpsi
105 =
104
103 =
102
10 =
Sy
@ T | T >
05 10 15 20 X

STOICHIOMETRY, X

FIGURE 6 - Resistivity of TiHX/K0104 pressed pellets.
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FIGURE 7 - Schematic diagram for temperature experiment.




the samples were soaked at each temper-
ature for 10 min before the measure-
ments were taken. Any residual voltage
output (that is, voltage output when no
current is delivered to the sample) was
probably caused by thermal EMF's of
various connections in the measuring
circuit and was subtracted from each

reading.

All resistivity data (p) obtained as a
function of temperature (T) were nor-
malized by dividing by the room tempera-
ture resistivity value (po). Therefore,
the slope of this %— vs. T curve is a
visual indication o% the temperature
coefficient of resistivity (o), that is,
1 3
@ =7 3

[

©

l

3

This allows comparison of various sets
of data in different resistivity ranges
and also permits visualization of
percentage changes in resistivity during
. each thermocycle. The resistivity value
at room temperature before going through
the thermocycle was taken to be 100%.

In these experiments, the observed

change in resistivity during the thermo-
cycle is most likely caused by resis~-
tivity changes of powder surface coatings
and changes in contact resistance be-

tween adjacent powder particles.

The group of TiHl_9 samples showed

large negative temperature coefficients
(Figures 8-12), which indicates that the
material probably has a semiconductor-
like oxide coating. The high surface
area samples (Figures 8 and 9) showed
much steeper slopes compared to the

low surface area samples (Figures
10-12). When the data are compared as a

12

function of pressing pressure, the
pellets pressed at lower pressures show
slightly larger variations over identi-
cal temperature intervals. One can see
that the powder contraction and expan-
sion contributes to a negative tempera-
ture coefficient. This is an indication
that the TiHl.9 powder particles con-
tract and expand noticeably with temper-
ature and the larger surface area en-

hances this effect on resistivity.

For TiHO.GS and TiHO.19 samples, varia-
tion in slope from different pressing
pressures was very slight. The samples
with high surface area showed a slightly
negative temperature coefficient (Figures
13, 14, 18 and 19); whereas the ones

with lower surface area showed a slightly
positive temperature coefficient (Figures
15, 16, 17, 20 and 21) at below room
temperature. This might indicate that
the surface of TiH0.65 and TiHO.19 is
dominated by an oxide with a slightly
positive temperature coefficient that is
partially cancelled by the negativeness
in slope due to particle expansion and

contraction.

As for the region above ~400 K, all sam-
ples examined showed a decrease in resis~-
tivity upon heating. Also, once the
sampies were heated to above V400 K, the
cooling curve did not coincide with the
heating curve; and it was observed that
the magnitude of permanent reduction in
sample resistivity upon heating depends
on maximum temperature exposure. This
suggests some irreversible change in
material occurs, such as off-gassing of
surface hydrogen or moisture, a break

in the surface coating, or annealing of

the surface coating.
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Some of the samples were analyzed for
hydrogen content after the thermocycle.
No change in bulk hydrogen content was
detected.

An attempt was made to see if the de-
crease in resistivity upon heating

above V400 K was due to loss of moisture.
Figuring to suppress the possible off-
gassing of water from the samples in the
10_5 torr vacuum, some above room
temperature experiments were conducted
in a static helium atmosphere and some
experiments were performed in air with
no significant difference in results.

Pressed TiH,/KC104 pellets

Five batches of blend materials were
selected from three stoichiometric
groups of Tin (x=0.19, 0.65, and 1.11).
Pressing pressure of the pellets was

20 kpsi.

As can be seen in Figures 22-30, resis-
tivity generally increased when the
temperature was lowered, which was
probably caused by powder contraction.
Even after the sample was rewarmed, the
resistivity remained higher. This was
possibly caused by permanent shifting
of the powder due to differences in
thermal expansion coefficients between
TiHX, the surface coating, and KC104.
This effect was the largest for TiH
KClO4 and negligible for TiH

1.117/
0.19/KC10,

as can be seen by comparing Figures
22-24 with Pigures 28-30.
tivity of TiHl.l
rapidly (by six orders of magnitude)
when heated, while TiHO.lg/KClO4

This might be due
to factors dependent on the hydride

The resis—

1/KClO4 increased very

showed
very little change.

stoichiometry at each temperature

range.

Similar pellets behaved more or less in
the same way, as can be seen by comparing
Figures 22-24 (the sample for Figure

22 being pressed 2 years earlier),
Figures 25 and 26, and Figures 28 and
29. For TiHl.ll/KClo4' reproducibility
of data seems to depend on the soaking

time at each temperature.

Effect of electrostatic dis-
charge on pellet resistivity

All measurements shown here were made
using an Alessi Industries eight-probe
station. The probe spacing was adjusted

to S$=0.020 in.

The electrostatic pulse was generated
by discharging a 600 PF capacitor
through a 500 Q resistor to simulate
a human body electrostatic discharge.
The capacitor was charged at 5 kV for
all tests.
between four probes and a fifth probe

The discharge path was either

on the same face of the pellet, or be-
tween four probes and the entire opposite
face of the pellet.

measured both before and after the sample

Resistivity was
received an electrostatic pulse.

For both TiHX and Tin/KClO4 (Figures 31
and 32) the electrostatic pulse had no
effect when the resistivity of the pellets
was lower than 1 Q+cm. The pellets with
higher resistivity, however, wer; all
affected by the pulses. For very high
resistivity pellets, the resistivity
decreased by orders of magnitude after
being pulsed. A possible explanation
for this behavior can be found in the
way the pellets were pulsed. Since we
had a 500 Q resistor in series with the
pellet, and the total power (QO) avail-

able in the capacitor is a fixed value

19
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in this experiment, the power actually
delivered to the pellet (Q

described as:

pellet) 18

R

Q T 7500 "%

pellet =

where R is the resistance of the dis-
charge path through the pellet. Thus,
for the pellets with approximately mega-
ohm range resistance, almost all the
power is dissipated in the pellet;
whereas for the low resistivity pellets,
only a small percentage of the total
power is dissipated in the pellet.

Overall reduction in resistivity might

be caused by fractures in the surface

oxide coating, or by further introduc-
tion of defects into the oxide structure

when subjected to the pulse. Defective

TiO2 is known to have a lower resistivity

than that of rutile Tioz.

For all the pellets examined, the cur-
rent flow through the outer two probes

' (A and D in Figure 1) increased after

pulsing even for low resistivity samples

whose resistivity was not affected by

the pulse. This may be a consequence

of the probes being pushed down into

the sample when subjected to pulses.

(See the Appendix for details.)

Summary and conclusion

In this series of studies, we have
determined the resistivity variation of
pressed TiHX and TiHX/Kclo4 pellets as
functions of pellet density (or pressing
pressure) , TiHX stoichiometry, TiHX
powder surface area, and temperature.

In addition, we studied the effects of
electrostatic discharge on sample

resistivity.
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Resistivity of titanium hydride particle
cores plays an insignificant role in
overall pellet resistivity. The most
probable explanation for the resistivity
variations observed among different
batches of materials and different
pressing pressures is that the powder
particles are coated with an oxide

layer of varying composition, defect

(mixed phase) structure, and thickness.

Stoichiometry of Tin is the main factor
determining the resistivity of Tin/
KClO4 blend material. High stoichio-
metric TiHX seems to interact with its
environment more, especially in the
presence of KClO4.
When pressed TiHX/KClO4 pellets were
heated above room temperature, increases
in resistivity were very rapid (by six
orders of magnitude) for TiHl.ll/KClO4
and very little for TiHO.lg/KClO4.

When pressed Tin pellets were cooled
below room temperature, the pellet
resistivity went up because of powder
contraction; but the resistivity of the
oxide coating may go up or down depend-
ing on the type of oxide dominating.

So, the overall temperature response of
the samples is either cancellation or
enhancement of these two effects. High
surface area materials, when contracted
by cooling, appear to contribute more

to an increase in resistivity. For
T:‘LHl'9 the dominating surface oxide
seems to have a negative temperature
coefficient which is, in general, a
characteristic of semiconductors. For

TiHO 65 and TiH this semiconductor-

0.19’
like behavior disappears.



Electrostatic discharge affects the
higher resistivity material more, part-
ly because the power delivered to the
sample pellet depends on the resistance
of the discharge path in the pellet.
The electrical discharge seems to
either break the surface oxide coating
or introduce further defects into the
oxide structure to reduce the resis-

tivity.

As a general conclusion, resistivity

measurements on pressed pellets
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Appendix

The current (I) flowing through the
sample can be described as:

Vo
I-.
R+ Rcontact
where
o) 1 2
R = & j 0 —_ —————
27 ro L

and where Vo is the voltage output of

current source, R is the contact

contact

resistance between probes A, D, (Figure
1) and the sample. R is the resistance
of the sample, p is the resistivity of
the sample, r, is the radius of the
probe tip actually buried in the sample
and L is the distance between point A

and point D. R can be derived from
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calculating the power dissipated in

the sample:

r1? = [[fos? desineder®dr

Since at any point in the sample, current
density, J = I/2nr2, the above equation

reduces to:

2 2
RIZ:DI'_(_l‘lsz 1_%

N

Besides the reduction in resistivity, two
factors exist which lead to the overall
decrease in current (I). One is the
reduction in contact resistance Roontact’
the other is the increase in the probe
tip radius (ro) actually in contact with
the sample. Since the probe tip has a
conical shape, r, increases when the probe

is pushed down into the sample.
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