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Chapter 1

Titanium Subhydride as a Pyrotechnic



1-1 Introduction

Developing energetic materials, such as explosives and pyrotechnics, requires a constant
effort to improve both the safety and performance of the materials. When Sandia National
Laboratories established an effort to produce the pyrotechnic titanium subhydride/potassium
perchlorate, there was a renewed interest in manipulating the material characteristics of
titanium subhydride. Manipulation of titanium subhydride had not been conducted at Sandia
National Laboratories since the 1980’s. This work seeks to investigate novel techniques for
the passivation of titanium subhydride. The goal of novel passivation techniques would
ultimately be to achieve a level of surface engineering which improves the pyrotechnic safety
and/or performance of titanium subhydride/potassium perchlorate. This work investigates the
reaction kinetics involved with novel passivation techniques of titanium subhydride as well

as post reaction characterization the passivated material.

1-2 History of Pyrotechnic Titanium Subhydride

A pyrotechnic is a mixture of a solid fuel and an oxidizer which is capable of self-
sustaining combustion in the absence of air. Pyrotechnics differ from explosives in their
respective combustion characteristics. Explosives combust via detonation where a thermal
front propagates through a material above the speed of sound, creating a shock wave.
Pyrotechnics combust via deflagration where a thermal front expands rapidly but remains
subsonic. Pyrotechnics do not easily create a shockwave. 12

The pyrotechnic of interest in this study, titanium subhydride/potassium perchlorate
(THKP), was implemented in Sandia National Laboratories’ energetic device designs

following a series of policy decisions beginning in the 1970’s. The first of these decisions



was to transition away from the use of primary explosives to reduce the risk of accidental
detonation via electrostatic discharge (ESD) from a human body. This decision led to the
increased use of the pyrotechnic mixture titanium/potassium perchlorate (TKP).3

In 1974, researchers discovered that replacing titanium with titanium hydride rendered the
pyrotechnic mixture insensitive to electrostatic discharge. Unfortunately, titanium
hydride/potassium perchlorate exhibited multiple detriments including ignition failures and
long-term material compatibility concerns. These detriments led to an experimental program
which would investigate the performance effects of removing hydrogen from the titanium
lattice. This program produced titanium subhydrides with hydrogen compositions ranging
from 0.45 (TiHo.4s) to 1.70 (TiH1.70). Pyrotechnic mixtures using these subhydrides
demonstrated greater reliability than titanium hydride/potassium perchlorate while

maintaining some electrostatic discharge insensitivity.?
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Figure 1: Electrostatic Discharge required for initiation versus Hydrogen Content of TiHj. *

Following the findings of this work, Sandia National Laboratories began using TiHo.¢s in

its formulation of THKP. That pyrotechnic was soon replaced by THKP containing TiH; 65 in



the early 1980’s, after a requirement for improved ESD sensitivity was implement. The

TiH, ¢s formulation of THKP is used in Sandia devices to this day.’

1-3 Pyrotechnic Electrostatic Discharge Sensitivity

Accidental initiation of energetic material poses the greatest operational risk to those who
work with it. The main cause of accidental initiation is ESD, which predominantly originates
from human activity near an energetic material. Prior to the previously mentioned systematic
effort, ESD risk was primarily mitigated through engineering and operational precaution. The
scientific understanding of the phenomenon of ESD initiation has allowed for inherent safety
improvements ever since.*

Characterization of ESD initiation followed Sandia’s 1970’s effort to reduce the risk
posed by primary explosives. Notable works examined the mechanism of these initiations as
well as material characteristics which affect sensitivity.*>

Prior to 1980, It was a common belief that ESD initiation of TKP and THKP was due to a
pyrotechnic reaction, where electrostatic discharge provided the necessary energy required to
oxidize the fuel (titanium in TKP, titanium subhydride in THKP) via the oxidizer (potassium
perchlorate). An investigation of this mechanism was conducted to determine if the molar
concentration of atmospheric oxygen would affect the energy requirement for ESD initiation.
The results showed that decreasing the molar oxygen concentration increased the energy
requirement for ESD initiation. This relationship proved that ESD causes a metal/air reaction,
where the fuel is initially oxidized by oxygen in the atmosphere. The investigation also
showed that a higher surface area decreased the energy required for ESD initiation.* These

characteristics suggest that ESD sensitivity is a property of the surface of the fuel particles.
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Figure 2: The relationship between nominal electrostatic energy required for the initiation of
TiHo.i5 (triangle), TiHo.¢s (circle), and TiH3 (square) in atmospheres of varying oxygen
concentration in nitrogen. Dashed line indicates mixture with KclOy. *

1-4 Production of Titanium Subhydride

The processes which yielded the titanium subhydride used in Sandia’s devices was
developed by Monsanto Research Corp. and patented in 1982. The patent for this process
provides no prior art for a method to reproducibly prepare titanium subhydride for a specific
and/or uniform hydrogen concentration.®

The original intention of the process was to produce a titanium subhydride having an
approximate hydrogen concentration of TiHo.¢3 to TiHo.¢7. The titanium subhydride was to be
in the form of a free flowing, dust-free powder, with particles having a size of about 2 pm.
The process was also designed to avoid sintering of the particles.b

The process described in the patent takes place in a closed cylinder containing a tray-
supporting assembly to hold static trays. Each tray is to be filled with titanium hydride (TiH>)

powder with a depth of 0.5 to 1.0 cm, uniform throughout each tray. The cylinder is also



fitted with an apparatus which allows dynamic vacuum control. The cylinder is heated to a
temperature in the range of 425° to 450°C and held at a vacuum pressure between 515 pm
Hg and 640 um Hg. As hydrogen is evacuated from the powder, it is captured, and its
volume recorded. This method prevents the system from ever reaching equilibrium. The
measured volume of evacuated hydrogen is used to calculate the stoichiometry of the powder
within the reactor. ©

The process is claimed to take about 20 hours to reach a stoichiometric ratio of TiHo.¢7s.
Once the desired stoichiometry is achieved, the powder can be treated with a suitable amount
of passivating gas to render it non-pyrophoric. This passivation can be conducted at
temperature or after the powder has been sufficiently cooled. This is claimed to be achieved
by introducing small additions of air to the cylinder. The patent also suggests that gasses
other than air can be used as the passivating agent to manipulate the desired properties of the
final subhydride powder. The suggest passivating agents are “carbon monoxide, ammonia,
sulfur dioxide, ‘oxides of nitrogen,” halogens, hydrogen chloride, hydrogen cyanide and

various organic gases, such as methane or acetylene.”



Length of Time

Reactor During Which Gas
Exam-  Batch Compo-  Temperature Was Withdrawn

ple Size (g) sition °C. From Reactor
i 15 TiHp 030 449.8 20.0 hr

2 15 TiHg.623 403.2 20.0 hr

3 15 TiH; 026 380.8 20.0 hr

4 150 TiH{ 202 380.5 20.0 hr

5 150 TiH1.043 406.7 20.0 hr

6 150 TiHp. 347 459.0 20.0 hr

7 150 TiHg 640 438.5 20.0 hr

8 150 TiHo.470 454.8 20.0 hr

9 150 TiHg.340 471.0 20.0 hr IS min
10 80 TiHj.440 399.8 3 hr 35 min
11 80 TiH | 600 381.8 3 hr 00 min
12 80 TiH) 110 454.6 4 hr 08 min
13 150 TiHp 640 439.0 21 hr 00 min
14 150 TiHg 630 440.0 19 hr 55 min
15 150 TiHg.675 435.5 20.0 hr
16 150 TiHp.570 441.2 20.0 hr
17 1500 TiHp.66 446.1* 20 hr 12 min
18 1500 TiHo.60 4474 20 hr 00 min

*Average of eight thermocouples.

Figure 3: Results of dehydriding trials reported by Richard Carlson. °

Mound Laboratories produced titanium subhydride for Sandia National Laboratories

beginning in the early 1980’s. The process used to produce TiHi.65 closely resembles that

described in the previously mentioned patent ¢, with minor operation changes to increase the

desired hydrogen stoichiometry. A simplified schematic of the reactor used by Mound

Laboratories can be seen in Figure 4.
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Figure 4: Schematic for the reactor used by Mound Laboratories to produce TiH; ¢s.’

The process to produce titanium subhydride begins by filling the trays of the cylinder,
within the furnace, with titanium hydride. The cylinder is evacuated via vacuum for 1-2
hours, until a desired pressure is reached. The cylinder is then heated to a range of 450 °C to
500 °C. As hydrogen is evacuated from the powder, the pressure inside the cylinder will rise.
Once the pressure reaches a certain level, the gas within the cylinder is evacuated to a
reservoir tank T. This reduces the pressure in the cylinder before it is again sealed. Tank T is
then evacuated. The amount of hydrogen removed from the cylinder is recorded via a
calculation of the pressure measurement. This process is repeated until an adequate amount
of hydrogen has been removed to produce the desired subhydride composition. After the final

evacuation of the cylinder, the system is allowed to cool before the subhydride is passivated.’



The reactor originally used at Mound Laboratories is still in use and currently belongs to
Northrop Grumman Innovation Systems (formerly Orbital ATK). Little modification has
been made to the reactor, other than replacement of the manually controlled valves with
computer controlled valves. Tank T may need to be evacuated multiple times to reach the
desired subhydride composition. Figure 5 shows an in-situ pressure measurement from a
recent batch operation in the reactor.® Once the final pressure and desired subhydride
composition has been reached, the cylinder remains sealed while the apparatus is turned off

and allowed to cool overnight. Once cooled, the powder passivation procedure takes place.”®
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Figure 5: Hydrogen pressure measured during the dehydriding of a batch of TiH; at Northrup
Grumman Innovation Systems ®

The passivation procedure requires that a small portion of air be introduced to the
cylinder, and the subsequent pressure decrease (from the oxygen reacting with the surface of
the subhydride) monitored until and equilibrium is reached. This air introduction is repeated
multiple times until no noticeable pressure decrease takes place. The lack of a pressure
decrease indicates that the surface is fully passivated. The powder is then removed from the

cylinder.”® Extensive passivation is a precaution to prevent pyrophoric ignition of the



subhydride powder, caused by the exothermic reaction of bare titanium with the atmosphere.®
An in-situ pressure measurement of the passivation of a recent batch operation in the reactor
can be seen in Figure 6. Figure 6 demonstrates a decrease in pressure drop after each

introduction of air, as the surface of the powder because less reactive with the atmosphere.
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Figure 6: Air pressure measured during the passivation of a batch of TiH at Northrup
Grumman Innovation Systems ®

1-5 Dehydriding Titanium Hydride

The titanium-hydrogen system has been exhaustively characterized to understand its
behavior within an extensive range of temperatures, pressures, and physical manifestations.
The process for producing pyrotechnic grade titanium subhydride for use in Sandia National
Laboratories” THKP formulation relies on low pressure, isothermal dehydrogenation of
titanium hydride.>%’ This process is terminated without reaching equilibrium. Though
equilibrium processing is mentioned in the patent as prior art, it is unknown whether an
equilibrium process, taking advantage of known, low pressure titanium-hydrogen
isotherms®!?, would be successful in producing pyrotechnic grade titanium subhydride.

Isothermal operation of this process provides accurate control of the dehydrogenation rate
of titanium hydride. Isothermal operation is also required to prevent sintering of the

individual TiH; particles. Sintering of titanium hydride particles will severely alter their

10



material characteristics and can occur at temperatures well below 500°C.3%!1-13 Tt is crucial
to avoid sintering in the THKP process, as the BET surface area of the subhydride particles is

known to be incredibly important to pyrotechnic performance.?
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Figure 7: Data obtained from TiH; sintering experiments. (a) Heating profile in a vacuum
furnace, (b) shrinkage in axial and radial directions, (c) weight loss percentage, (d) densification
degree, (¢) open porosity measurements. '*

Fortunately, dehydrogenation can be performed effectively at temperatures under 400°C
to avoid sintering.”'* Low temperature dehydrogenation has been shown to be especially
effective with material that has a smaller particle size (similar to the 2um TiH; used in the
THKP process).'>!* The correlation of smaller particle size with more efficient low
temperature dehydrogenation is beneficial to an industrial process which is concerned with

strict preservation of material characteristics.
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Figure 8: TGA mass loss comparison of nano and micro size titanium hydride particles during
dehydriding."

There are two distinct atmospheric conditions under which dehydrogenation is regularly
performed. Dehydrogenation of TiH> under vacuum is commonly used as a method to
remove hydrogen quickly, which is beneficial when processing bulk quantities of
material.'%!316 The THKP process is demonstrated to use dehydrogenation under
vacuum.>%7# Dehydrogenation under an ultra high purity argon atmosphere removes
hydrogen less rapidly, but has the benefit of greater prevention of atmospheric contamination
of the highly reactive, bare titanium surface.'?'*!> The effective dehydrogenation provided
by both methods stems from the minimization of partial pressure of hydrogen. Atmospheric
hydrogen partial pressure is a determining factor of the hydrogen concentration in titanium
subhydride. Titanium-hydrogen isotherms, like the one shown in Figure 9, provide
equilibrium conditions to manipulate the amount of hydrogen in a given subhydride.” As
previously mentioned, it is unclear whether such a process would produce acceptable

pyrotechnic titanium subhydride via these equilibrium conditions.
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Figure 9: Isotherm of titanium hydride hydrogen weight percentage at various temperatures
and pressures.’

1-6 Passivating Titanium Hydride

Surface passivation of the subhydride particles is an important processing step, as it
prevents pyrophoric ignition upon first exposure to atmospheric oxygen.>®’ Titanium
hydride is normally stable under atmospheric conditions due to the presences of a thin
titanium oxide layer on the surface of each particle. The formation of this layer is rapid and
can occur at low vacuum. The formation of this passivating layer occurs via the exothermic
reaction between titanium and atmospheric oxygen. Titanium’s natural affinity for oxygen is
so high that this surface reaction can become pyrophoric if a sufficient amount oxygen is
present.!”13

Dehydrogenation of titanium hydride has been shown to remove the passivating oxide

layer from the surface of the material. This process occurs as hydrogen passes through the

13



surface of the material, reducing the various titanium oxides present in the layer. This
reaction produces H>O which is released along with hydrogen gas. The remaining material is

titanium subhydride lacking a surface layer of titanium oxide.!%-?02!
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Figure 10: Composition of the efflux of titanium hydride during dehydriding.?

Due to titanium’s high affinity for oxygen, both pure O and regular air will effectively
passivate a bare titanium surface.>%72>23 This reaction will yield a thin film of titanium oxide
on the surface of the material and will proceed rapidly at a wide range of temperatures and
pressures.?*?326 The reaction between oxygen and a bare titanium surface exhibits a
logarithmic mass increase. The logarithmic nature of this reaction can be explained by the
following mechanism: An initial, rapid mass uptake occurs as the bare titanium surface first
reacts with atmospheric oxygen. This happens almost instantaneously due to the oxyphilic
nature of titanium. Following this initial surface reaction, the rate of mass uptake rapidly
decreases as oxygen diffuses through the now present oxide layer, to the bare titanium

beneath. As the thickness of the oxide layer increases the mass uptake from oxidation

14



becomes negligible as oxygen will no longer be able to diffuse far enough to reach bare
titanium. Increasing the temperature, pressure, or oxygen concentration gradient will increase
the diffusivity of oxygen in the titanium, leading to a thicker surface oxide layer, 2223:24.25:26

Titanium is known to produce a powerful catalytic effect for certain hydrocarbon
reactions. These reactions are normally performed over titanium which has an oxide layer
present on the surface.?’?%?° It is also known that gas containing carbon will react with a bare
titanium surface.’ Reactions with gasses containing carbon have the potential to create a
passivating reaction layer of titanium carbide which would present significant differences in
material properties compared to the common titanium oxide passivating layer.

Bare titanium also has an affinity for nitrogen, especially at high temperature.’!-*233
Titanium can be nitride completely or treated to create a surface layer similar to the process
mentioned for oxidation.?!32333435 Unfortunately, nitrogen has a much lower diffusivity in
titanium at low temperature compared to that of oxygen.***> This means at equal temperature
and pressure. Nitrogen has a much lower passivating potential than oxygen. Titanium nitride
is also susceptible to oxidation.** This oxidation occurs rapidly at high temperatures but can
progress even at room temperature

The reactions of bare titanium subhydride with various passivating agents is of interest
because of the opportunity for surface engineering. The possibility of manipulating the
pyrotechnic characteristics of THKP via novel passivation was first suggested in the patent
for the dehydrogenation process.® Since it has been shown that ESD sensitivity is a surface
property of titanium subhydride?, then it is possible that ESD sensitivity can be manipulated

by producing passivating layers other than titanium oxide on the fuel particles. Titanium

oxide has considerably different material properties than titanium nitride and titanium

15



carbide. If a passivation process were to produce a surface layer of titanium nitride or
titanium carbide rather than titanium oxide, then the ESD sensitivity of the residual THKP
formulation could possibly be improved. This possibility is of interest to Sandia National
Laboratories in their ongoing effort to improve the safety of their employees and the
materials they handle.

This work has been conducted with the main objective of observing the reaction kinetics
of bare titanium subhydride with three passivating agents; nitrogen, oxygen, and propane.
Following the measurement of reaction kinetics, the passivated titanium subhydride samples
were characterized to observe the effect of each passivating agent on the surface of the fuel

particles.

16



1-7 References

l.

10.

11.

12.

13.

14.

Brown, M. E. “Chapter 14 - Pyrotechnics.” Handbook of Thermal Analysis and
Calorimetry, by E. L Charsley and P. G. Laye, vol. 2, Elsevier, 2003, pp. 777-815.

Helmenstine, Anne Marie. “Distinguish Between Deflagration and
Detonation.” ThoughtCo, ThoughtCo, 11 Jan. 2019, www.thoughtco.com/explosions-
deflagration-versus-detonation-607316.

Massis, Thomas. “The Processing, Properties and Use of the Pyrotechnic Mixture-
Titanium Subhydride/Potassium Perchlorate.” 32nd Joint Propulsion Conference and
Exhibit, July 1996.

Collins, L.w., et al. “The Electrostatic Initiation of Nondispersed
Pyrotechnics.” Combustion and Flame, vol. 38, 1980, pp. 155-158.

Collins, L.w. “Role of Potassium Perchlorate in the Desensitization of Titanium
Powder to Electrostatic Ignition.” Combustion and Flame, vol. 40, 1981, pp. 263—
268.

Carlson, Richard S. PROCESS FOR REPRODUCIBLY PREPARING TITANIUM
SUBHYDRIDE. 5 Jan. 1982

Morley, J. A., et al. PREPARATION OF TITANIUM SUBHYDRIDE TiH]1.65. Issue 3,
1983, pp. 1-21, MD-21799, Mound Laboratories.

Personal Communication. Data courtesy of Dr. Brian Ingram of Northrop Grumman
Innovation Systems.

Blackledge, James P., et al. Metal Hydrides. Academic Press, 1968.

Haag, R. M., and F. J. Shipko. “The Titanium-Hydrogen System?.” Journal of the
American Chemical Society, vol. 78, no. 20, 23 Apr. 1956, pp. 5155-5159.

Qian, Ma, and F. H Froes. Titanium Powder Metallurgy. Elsevier, 2015.

Wang, Hong Tao, et al. “Titanium and Titanium Alloy via Sintering of TiH>.” Key
Engineering Materials, vol. 436, 2010, pp. 157-163.

Chen, Gang, et al. “Dehydrogenation and Sintering of TiH2: An In Situ
Study.” Metallurgical and Materials Transactions A, vol. 48A, no. 6, June 2017, pp.
2949-2959.

Bhosle, V, et al. “Dehydrogenation of TiH2.” Materials Science and Engineering: A,
vol. 356, no. 1-2, 2003, pp. 190-199.

17



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Ma, Mingwang, et al. “Kinetics of Hydrogen Desorption from Titanium Hydride
under Isothermal Conditions.” International Journal of Hydrogen Energy, vol. 43, no.
3, 2018, pp. 1577-1586.

Hirooka, Yoshihiko. “Thermal Decomposition of Titantum Hydride and Its
Application to Low Pressure Hydrogen Control.” Journal of Vacuum Science &
Technology A: Vacuum, Surfaces, and Films, vol. 2, no. 1, 1984, pp. 16-21.

Paulin, Irena, et al. “Surface Characterization of Titanium Hydride Powder.” Vacuum,
vol. 86, no. 6, 2012, pp. 608—613.

Zhang, Yeguang, et al. “Surface Characterizations of TiH2 Powders before and after
Dehydrogenation.” Applied Surface Science, vol. 410, 2017, pp. 177-185. vol. 86,
2012, pp. 608-613.

Wang, Chunming, et al. “XPS Study of the Deoxidization Behavior of Hydrogen in
TiH 2 Powders.” Powder Technology, vol. 302, 2016, pp. 423-425.

Wang, Chunming, et al. “Deoxidization Mechanism of Hydrogen in TiH2
Dehydrogenation Process.” International Journal of Hydrogen Energy, vol. 41, 2016,
pp. 14836-14841.

Wang, Pu Sen, and T. N. Wittberg. “Surface Oxide Dissolution in Titanium
Subhydrides Studied by Auger Electron Spectroscopy and X-Ray Photoelectron
Spectroscopy.” Journal of Materials Science, vol. 20, no. 5, 1985, pp. 1733—-1738.

Pidgeon, L. M., and W. A. Alexander. “Kinetics Of The Oxidation Of
Titanium.” Canadian Journal of Research, vol. 28b, no. 2, 1950, pp. 60-72.

Kofstad, P., et al. “Investigation on the Oxidation Mechanism of Titanium.” Acta
Chemica Scandinavica, vol. 12, 1958, pp. 239-266.

Kofstad, P. “High-Temperature Oxidation of Titanium.” Journal of the Less Common
Metals, vol. 12, no. 6, 1967, pp. 449-464.

Smith, Tennyson. “Oxidation of Titanium between 25°C and 400°C.” Surface
Science, vol. 38, no. 2, 1973, pp. 292-312.

Baumard, J.f. “The Chemical Diffusivity of Oxygen in Oxygen Deficient Rutile for
Compositions Close to Ti02.” Solid State Communications, vol. 20, no. 9, 1976, pp.
859-862.

K. C. Stein Chemist , J. J. Feenan Chemist , G. P. Thompson Physical Science Aid , J.
F. Shultz Chemist, L. J. E. Hofer & R. B. Anderson (1960) The Oxidation of
Hydrocarbons on SimpleOxide Catalysts, Journal of the Air Pollution Control
Association, 275-281.

18



28.

29.

30.

31.

32.

33.

34.

35.

Lake, I. J. S., and C. Kemball. “Reactions of Unsaturated Hydrocarbons with
Deuterium on Titanium Dioxide.” Transactions of the Faraday Society, vol. 63, 1967,
p. 2535.

Feng, Z, et al. “Reactions of Propane on Modified Metal Oxides.” Journal of
Catalysis, vol. 136, no. 2, 1992, pp. 423-431.

Kasemo, B., and E. Térnqvist. “Quartz Crystal Microbalance Measurements of O/Ti
and CO/T1 Atom Ratios on Very Thin Ti Films.” Surface Science, vol. 77, no. 2,
1978, pp. 209-218.

Wyatt, James L, and Nicholas J. Grant METHOD FOR NITRIDING TITANIUM
SURFACES. 27 Aug. 1957.

Strafford, K. N., and J. M. Towell. “The Interaction of Titanium and Titanium Alloys
with Nitrogen at Elevated Temperatures. 1. The Kinetics and Mechanism of the

Titanium-Nitrogen Reaction.” Oxidation of Metals, vol. 10, no. 1, 1976, pp. 41-67.

Sundgren, J.-E., et al. “Kinetics of Nitride Formation on Titanium Targets during
Reactive Sputtering.” Surface Science, vol. 128, no. 2-3, 1983, pp. 265-280.

Tompkins, Harland G. “Oxidation of Titanium Nitride in Room Air and in Dry
02.” Journal of Applied Physics, vol. 70, no. 7, 1991, pp. 3876-3880.

Bell, T., et al. “Surface Engineering of Titanium with Nitrogen.” Surface
Engineering, vol. 2, no. 2, 1986, pp. 133—-143.

19



Chapter 2

Experimental Method for Producing Titanium Subhydride
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2-1 Titanium Hydride Starting Material

The original Mound Laboratories process for creating TiH|.¢s for use THKP formulations,
used TiH> powder with an average particle size of 2 pm as the starting material %7 For this
work, Sigma Aldrich 325 mesh (44 pm) titanium(II) hydride power with an assay of 98%
was used as the starting material. While this TiH> powder has a considerably larger particle
size, it provides an economical supply choice which should acts as a strong representation of
the chemical properties of the material used in Mound’s process. The comparative decrease
in total surface area of the material also reduced the risk of a pyrophoric ignition throughout
exponentiation.

To ensure a full understanding of the reaction kinetics for the surface reactions that takes
place in this experimental work, the surface area of the starting material had to be
determined. The surface area of the TiH> powder was measured via krypton gas sorption at
77.35 K in a Quantachrome ASiQwin automated gas sorption analyzer, using the Brunauer-
Emmett-Teller (BET) model. Two separate samples of the TiH; starting material were
analyzed via this method. The BET surfaces areas were 0.958 m%/g and 0.918 m?/g
respectively. This analysis was conducted at Sandia National Laboratories and closely

followed the procedures of similar analysis conducted for previous pyrotechnics projects.>

2-2 Dehydriding and Passivation Under Thermogravimetric Analysis

In the interest of observing the reaction kinetics of passivation, the TiH» starting material
was dehydrided in a similar fashion to the original production process. Individual samples
(15-25 mg) of TiH2 were heated under an argon atmosphere at 420°C with a with a Netzsch

STA 449 F3 Jupiter Thermogravimetric Analyzer (TGA). The argon atmosphere was
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produced from a source which was 99.999% pure and flowed at 100 mL/min while
maintaining an internal pressure of 600 torr. This internal atmosphere was constantly
removed by vacuum to prevent any accumulation of gas released from the starting material.
The heating rate for the TGA was 5°C/min. Each sample was dehydrided under these
conditions for a period ranging from 109 to 1159 minutes. Mass data was recorded as a
relative percentage of the initial sample weight. This percentage is normalized with the
assumption of stoichiometric TiH> and then converted to a corresponding molecular weight.

Upon completion of the predetermined dehydriding time period, the passivation time
period commenced. Passivation was achieved by altering the internal TGA atmosphere from
a 100 mL/min flow of argon (at a pressure of 600 torr) to a flow of a gas mixture which
consisted of 20 mL/min of a passivating agent (creating a partial pressure of 120 torr) and 80
mL/min of argon (creating a partial pressure of 480 torr). Three separate passivating agents
were used in these experimental trials; oxygen, nitrogen, and propane. The temperature
remained at 420°C throughout the passivation period. Each sample was passivated under
these conditions for a period ranging from 60 to 1500 minutes. During this period, the mass
gain of each sample was recorded at a 4 Hz sampling rate.

Dehydriding and passivation trials showed that in the allotted time for each process, full
dehydrogenation and full reaction with the passivating would not occur. This showed that the
allotted time of treatment achieved the intended goal of surface reactions upon particles of
titanium subhydride. This analysis was also conducted at Sandia National Laboratories and
closely followed the procedures of a similar experiment conducted for previous pyrotechnics

projects.’®
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3-1 Titanium Subhydride Stoichiometry

This work analyzed a total of 27 experimental trials. These trials began with a dehydriding
period of either 109, 559, or 1159 minutes, during which the initial sample of titanium
hydride was heated at 420°C under a flowing (100 mL/min at 600 torr) ultra high purity
argon atmosphere. Samples dehydrided for 109 minutes showed minimal hydrogen
evacuation, with a calculated hydrogen concentration range of TiHx X =1.97 to X = 2.
Samples dehydrided for 559 and 1159 minutes showed varied levels of hydrogen loss, with
the calculated hydrogen concentration range of TiHx X =1.13 to X = 1.89 and TiHx X = 0.94

to X = 1.81, respectively.
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Figure 11: Hydride composition of each experimental sample calculated from TGA mass loss
data versus the time of dehydriding.
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