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ABSTRACT

Ti-6Al-6V-2Sn was hydrated and deuterated. A facility 
for the introduction of gaseous hydrogen to 3-5 mil Ti-662 
lathe turnings was constructed and a procedure for its use 
was developed.

An elemental analysis of the Ti-662 was performed via 
neutron activation. Gravimetric analysis of hydrogen/ 
deuterium content was performed for each trial. Hydrated 
and deuterated specimens were examined using SIMS analysis 
to measure the near surface elemental distribution. X-ray 
diffraction studies were performed on unaltered, hydrated 
and deuterated samples to determine the lattice parameters. 
Optical studies including light microscopy and SEM 
examination of prepared surfaces to observe changes in the 
microstructure associated with hydration/deuteration. SEM 
examination of unprepared Ti-662 surfaces of unaltered, 
hydrated and deuterated materials to observe volumetric 
phenomena associated with the introduction of hydrogen/ 
deuterium. An EDS study was undertaken to identify the 
various phases observed on the prepared surfaces of 
deuterated and unaltered samples.

An assessed phase diagram for the Ti-662-H system was
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developed. It was determined that titanium hydrides 
preferentially precipitate from a-Ti. It was observed that 
the Ti-662 a- and 6-phases Ti swell with the introduction of 
H+/D+ according to theoretical expectation.
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Chapter 1 
Introduction

Scientific interest in the titanium-hydrogen and 
-deuterium systems began in the 1940's. The interest in 
these systems was two-fold; degradation of the mechanical 
properties of titanium by interstitial hydrogen from 
internal and external sources, and the potential use of the 
dihydride forming metals as hydrogen storage media.
Interest in the TiDx system was renewed in 1989 by reports 
of the observation of energetic particle emission from 
deuterated titanium [J89, F89]. This study was undertaken 
to response to the observation of this phenomenon in 
deuterated Ti-662.

In the present study, we developed a single step 
deuteration procedure to generate Ti-662Dx foils with 
0.5 < X < 1.0 using high-temperature (650°C), moderate 
pressure (20 psia), gas exposure. Deuterium uptake at this 
comparatively low pressure was facilitated by exploiting the 
fact that hydrogen solubility and rate of uptake are 
maximized during cooling as compared to prolonged isothermal 
contact or while heating. The material processed using this 
procedure was then characterized to provide basic 
information on the Ti-662-hydrogen and -deuterium systems.
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Previous Investigations :

Investigation of the titanium-hydrogen system prior to 
1989 has generated a large body of data on the Ti-H and to a 
lesser extent on the Ti-D system. These earlier 
investigations were primarily concerned with the affect of 
hydrogen on the mechanical behavior of titanium and its 
alloys [P80z S81, B83, G84], though some earlier work did 
address the general aspects of hydrogen behavior in titanium 
and its1 alloys [V71, P71, N75, P80] .

While these early studies addressing the mechanical 
degradation of titanium by hydrogen were being performed, a 
parallel effort was being made to use metal hydrides as 
storage media for hydrogen, deuterium and tritium. These 
studies were primarily concerned with gas storage for energy 
systems, production of accelerator targets for fusion 
studies, waste disposal applications, hydrogen getter 
systems and other industrial applications [R55, F70, V71,
G80, G84].

Since 1989, intense interest in metal-deuterium systems 
has resulted in a large number of studies using the TiDx and 
PdDx systems. Various means of producing metal-deuterides 
have been employed in these studies including electrolytic 
loading, ion implantation and variations on traditional
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high-temperature, high-pressure gas loading.
Electrochemically induced diffusion of external 

deuterium contained in an electrolyte is currently a common 
means of slowly loading metals with deuterium [F89, J89,
190, M90, Z90, W90, A90, A90a, B90a, Z90]. This method 
allows careful empirical control of the extent of 
deuteration of the titanium matrix, though in situ 
quantification of D/Me ratios has not been attempted.

The use of low energy accelerators to implant D+ ions 
into metal matrices has also been employed [C89, C90, B89, 
Z89] and has the distinct advantage of providing control of
the physical placement of D+ within the titanium bulk. In
the early stages of experimentation, the feasibility of 
loading Ti-662 with a deuterium ion beam at the CSM low 
energy accelerator facility was examined. It was 
experimentally determined that in order to saturate 2.5 cm2 
of Ti-662 in a zone to a depth of .6 ± .1 jtim  using a 150 jiiA  

incident beam of 70 keV D+ requires approximately six hours 
of continuous bombardment. Where saturation is defined as a 
leveling of the d(d,t)p reaction rate and is associated with 
a D/Me ratio of -2.3 within the assumed volume. This 
observation was confirmed using the TRIM computer code 
[Z89a] to load Ti-662 with D+ to a point that the percent of 
total incident energy transfer to deuterium present in the
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matrix did not vary with matrix deuterium content in the 
0.6 ± .1 /Ltm envelope.

The traditional method of introducing external 
deuterium, exposure of gaseous deuterium to clean titanium 
surfaces at high temperature, beyond being the basis of the 
method ultimately employed in this study and others by this 
group [C90], has been utilized by many other groups 
throughout the world. These studies have been dubbed 
• Frascati type1 experiments and involve essentially 
traditional methodology to deuterate titanium lathe 
turnings. Experiments of this type have been carried out by 
Jones, et al. [J89a] by employing a high temperature vacuum 
annealing process followed by prolonged high pressure (40-50 
atm) D2 exposure. The same methodology has been employed by 
many groups throughout the world [D89, M90, 190, B90, A90]. 
Price, et al. [P89] have employed a similar technique but 
first deuterated the titanium using traditional methodology 
and then placed the material into a high pressure D2 
environment for subsequent experimentation.

Scope of this Study:

In chapter two the metallurgy of titanium, its alloys 
and hydrides is reviewed. A discussion of titanium alloys
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is presented including alpha-, beta-, and general 
alpha+beta-alloys. This information is then applied to the 
specific Ti-662 alloy system. Next, the hydrides of 
titanium including both the y- and <S-phases are considered. 
Then, factors affecting the uptake of hydrogen in titanium 
alloys are discussed. Chapter two concludes with in a 
discussion of the Ti-662-H system and the presentation of 
the Ti-662-H phase diagram constructed to support this 
research.

Chapter three addresses the material preparation 
portion of this effort. First, a complete description of 
the hydration/deuteration apparatus is provided. Next, the 
procedure used to prepare the materials is presented. 
Finally, a discussion of the phenomenological aspects of the 
material preparation are considered, addressing the 
preliminary degassing stage and the subsequent gas exposure 
portion of this deuteration procedure when carried out in 
the aforementioned apparatus.

Chapter four is a discussion of each of the 
characterization studies performed on the Ti-662Hx and Ti- 
662Dx samples and a brief discussion of the conclusions 
which can be drawn from the characterizations. The 
characterization studies included neutron activation 
analysis, secondary ion mass spectroscopy, x-ray



T-4043 6

diffraction analysis, optical studies including light 
microscopy and SEM examinations, and energy dispersive 
electron spectroscopy. Neutron activation analysis was used 
to determine the precise elemental abundances of the 
alloying metals as well as that of any contaminants. The 
SIMS study was used to determine the near surface alloying 
element distribution and positively demonstrate the presence 
of hydrogen/deuterium in the samples. The x-ray 
diffraction study was employed to measure the lattice 
parameters of the various phases and to confirm the presence 
of y-phase material in the samples. The optical studies 
were performed to observe the microstructural evolution 
resulting from the hydration/deuteration process. The light 
microscopy analysis was performed on polished, etched 
materials to observe the phase distribution in the final 
microstructure and allow visual distinction between each of 
the three phases. The SEM studies where performed on 
unprepared surfaces and etched-and-polished cross sections 
of the samples to observe the surface effects associated 
with the introduction deuterium and hydrogen and to more 
closely observe the microstructural evolution of the 
materials. The EDS analysis was used to confirm the 
identity the specific phases observed in the optical 
studies.
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Chapter 2 
Titanium Metallurgy

Introduction

Titanium (from the greek Titan) is the ninth most 
abundant element in the earth's crust and is a constituent 
of many common minerals. The two most common ores of 
titanium are ilmenite and rutile. Ilmenite (Fe0-Ti02) and 
rutile (Ti02) are both found in massive deposits in many 
parts of the world.

Alpha-phase titanium has a hexagonal close-packed (hep) 
crystal structure and is stable at low temperature. Beta- 
phase titanium has a body-centered cubic (bcc) structure and 
is not stable at room temperatures. The alpha-beta 
transition temperature in commercially pure Ti (99.95%) 
occurs at 885°C (1625°F). The actual transition temperature 
in titanium alloys is affected by the addition of alpha- and 
beta-phase stabilizers in the melt. The transition 
temperature is also affected by the abundance of common 
impurities present in the melt.

Titanium is one of a handful of transition metals that 
possess a strong affinity for hydrogen. These metals are 
included in groups IIIB, IVB and VB of the periodic table.
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Each of these metals will form a stable dihydride phase with 
a fluorite structure. The titanium-hydrogen system exhibits 
two hydride phases ; a face centered cubic (fee) y-phase and 
a metastable face centered tetragonal (fct) <S-phase.

In this chapter the basic properties of titanium and 
its alloys are considered. First, the a-phase alloys are 
discussed. Then the properties of ^-stabilized alloys are 
considered. Next, general a-R alloys and the specific 
Ti-6Al-6V-2Sn (Ti-662) alloy are presented. Then, a 
discussion of Ti and hydrogen is provided. Each of the 
hydride phases is presented. Factors affecting the uptake 
of hydrogen in high-temperature gas loading including 
solubility hysteresis, oxide scale and alloy content are 
discussed. Finally the Ti-662-H system is presented 
including an assessed phase diagram for this system.
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Titanium and Its Alloys

Titanium is typically alloyed with various metals. 
Alloying metals can act to stabilize one or both phases 
effecting the mechanical and corrosion properties and 
altering creep susceptance amongst other material 
characterisctics. Common alloying materials used as phase 
stabilizers include A1 and Sn for «-stabilization and V, Mo, 
Cr and Mn to stabilize the S-phase.

Common substitutional impurities present in titanium 
and its alloys include Fe (.35-1.0%) and Cu (.35-1.0%) found 
in the ranges listed if the alloy conforms to the ASM and 
MIL-T standards. Interstitial impurities common in titanium 
whose concentrations are also dictated by ASM and MIL-T 
standards include: O (0.12-0.20%), C (0.05% max), N (0.04% 
max) and H (0.015% max) [W72].
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Alpha Alloys:
The a-phase is the stable low temperature phase of 

titanium. The lattice parameters of this hep phase for 
titanium iodide (comercially pure titanium) are a=2.950Â and 
c=4.686Â. Figure 2.1 shows the relative dimensions of the 
a-Ti unit cell. These dimensions result in a c/a ratio of 
1.589, among the lowest observed in hep metals. The a-phase 
Ti owes its high ductility to the low c/a ratio, which

Figure 2.1 Schematic of the Unit Cell of a-Titanium
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promotes secondary (non-basal) slip and twinning systems.
Alpha-phase titanium is an extremely reactive material 

and exhibits a highly exothermic oxidation reaction. The 
most common oxide of a-Ti and its alloys is Ti02. The heat 
of formation of Ti02 in titanium iodide is -228 kcal/mol 
[W81]. The oxide layer forms as a brittle scale that may 
penetrate to a depth of 200 /m under severe conditions 
[173] .

Aluminum is the most common a-phase alloying solute for 
the titanium system. The addition of aluminum up to ~7 at% 
acts to stabilize the a-phase by inhibiting the a->6 phase 
transition. Other common a-stabilizers include Sn and Zr, 
although Zr is not as effective as A1 and Sn. Sn additions 
above ~1.5at% also may stabilize the 8-phase [G90].
Addition of aluminum above ~7 at% results in the formation 
of Ti3Al, a brittle intermetallie compound. It is for this 
reason that aluminum addition is generally limited to ~6 wt% 
and Sn is then added in small quantity to further increase 
the stability of a-Ti alloys.

Beyond their high strength to weight ratio, the alpha 
stabilized alloys possess two main attributes: good 
weldability and high-temperature strength retention. The 
first attribute is a result of the single-phase 
microstructure and the second from the suppression of the
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a-+& phase transition by the alloying metals. Though the 
properties of a-Ti cannot be significantly altered by heat 
treatment, coldworking and grain size control are effective 
means of strengthening these alloys.
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Beta Alloys :
8-phase titanium has a bcc lattice with a=3.299Â for 

titanium iodide. This structure is shown in figure 2.2.
Beta-phase alloys are typically used in industry as 

aircraft skins and other applications requiring high 
strength and high operating temperatures, light weight and 
good forming properties. Typical alloying metals added to 
stabilize the beta alloys include V, Fe and Cu. The 8- 
phase is also stabilized by gaseous interstitial impurities.

Figure 2.2 Schematic of the Unit Cell of 8-Titanium
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The beta alloys respond favorably to heat treatment and, 
being single-phase, are easily weldable.
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Alpha-Beta Alloys :

The two-phase titanium alloys contain enough beta 
stabilizing alloying metals to allow the beta phase to 
persist in a metastable state at room temperature and enough 
a stabilizers to insure a-phase precipitation. These alloys 
are generally stronger than alpha alloys. They can be 
further strengthened by appropriate heat treatment. A 
typical heat treatment for an alpha-beta alloy consists of a 
rapid guench from the beta phase field followed by 
artificial aging at moderate temperature to allow alpha- 
phase precipitates to form. The heat treated forms of a+B- 
Ti demonstrate high strength and low ductility due to the 
refinement of the grain structure. The annealed and furnace 
cooled alloys have a coarse grain structure, producing 
lesser strength and greater ductility. The properties of 
these alloys vary widely with relative abundance of the two 
phases and thus with the alloying and contaminant elements.

The two phase a-B alloys and particularly those with 
high A1 content have been observed to oxidize at a lower 
rate than titanium iodide and only to a depth of 60-80 fim.
As in pure Ti the primary oxide in these alloys is 
Ti02[I73].
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Metallurgy of Ti-662:

Ti-6Al-6V-2Sn is a highly beta-stabilized alpha-beta 
alloy. The A1 and Sn act as ^-stabilizers and the V 
stabilizes the 8-phase. The alloy typically has 65 vol% ex- 
phase and 35 vol% 6-phase material [W72]. This alloy is an 
extension of the Ti-6A1-4V alloy providing improved annealed 
strength and heat-treatment response.

Prior to application, this alloy is generally 6- 
annealed and then subjected to an artificial age to control 
the extent of ex-phase formation. The amount of ex- 
stabilizing material in this alloy provides excellent 
strength retention and phase stability for duty in the 400- 
600°C operation range.

The substitional impurities Fe, Cu and the alloying V 
act as beta-phase stabilizers in this alloy. The A1 and Sn 
provide alpha-phase stabilization. This alloy exhibits its 
alpha-beta transition at 968°C (1775°F).
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Ti and Hydrogen

Titanium possesses a strong affinity for hydrogen 
especially at elevated temperatures. Clean Ti surfaces are 
reactive with hydrogen at temperatures as low as -183°C at 
hydrogen pressures as low as 10"6 torr [G80]. Vacuum 
annealing can effectively remove hydrogen from titanium 
alloys [Y81].

In solution and at low levels, hydrogen has little 
effect on the mechanical properties of two phase titanium 
alloys. Hydrogen preferentially resides in the more open 
bcc 8-phase and upon saturation enters the hep a-phase 
increasing the c/a ratio and thereby reducing the number of 
slip systems available in this phase and embrittling the 
alloy. At concentrations above 5-10 atomic percent, 
hydrogen further embrittles this alloy as the hydrogen forms 
a semi-coherent fcc y-phase precipitate (TiH2) from the 
saturated a- and 8-phases.

The hydride phase forms with habit planes which are 
aligned with the primary slip planes of the a-phase. The 
primary slip plane in the a-phase is a function of aluminum 
content. The primary slip plane is observed to change from 
the prism planes, {1120}, to the basal plane {0002} as the 
A1 content increases above 3 wt% [P76].
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The tensile stresses existing at the a-B phase 
interfaces resulting from hydrogen solution provide stress 
concentration zones. Hydride formation is observed to 
preferentially occur at these locations promoting cleavage 
along a-B interfaces [S81].

The formation of hydride phases is manifested by 
volumetric expansion, a reduction in the impact and notch 
tensile strengths and the promotion of delayer cracking due 
to the formation of specific hydride habit planes [S81].

Titanium Hydrides :

The y-phase has a fee, CaF2 (fluorite) structure ; Ti at 
fee lattice points with H occupying all the tetrahedral 
holes. The crystal structure of the y-phase is shown in 
figure 2.3. The lattice parameter of the y-phase in 
titanium iodide is 4.448Â. The y-phase preferentially 
orients itself in gabit planes parallel to the a-phase basal 
plane in Ti-662 [P76]. Hydrides are known to precipitate on 
slip planes of Ti alloys [B69]. There is some indication 
that the slip plane in Ti alloys above 3 wt% A1 is the basal 
plane [P76]. The formation of titanium hydride once H+ is 
present in the lattice is rate controlled by highly 
anisotropic diffusion to crystallographically oriented free
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surfaces. The diffusion anisotropy is due to the local 
stress concentrations resulting from the anisotropic 
expansion of the a-phase with respect to the 8-phase.

The fct 5-phase hydride forms below room temperature 
due to the anisotropic behavior of the y-phase under the 
stresses mentioned above. The 5-phase is a metastable non- 
stoichiometric form of the y-phase. The 5-phase has lattice 
parameters of a=3.12Â and c=4.18À in hydrated titanium

Figure 2.3 Schematic of the Unit Cell of fee Titanium 
Hydride
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iodide. This phase tends to age to the y-phase. Figure 2.4 
shows the unit cell of a stoichiometric fct Ti-hydride.

Factors Affecting Gaseous Hydrogen Uptake:

Many factors affect the affinity for and ultimate 
solubility of hydrogen in titanium. High amounts of fi- 
stabilizing elements enhance hydrogen solubility via the 
increased interstitial spacing in the bcc structure. High 
annealing temperatures and fast cooling rates promote 
hydrogen pickup due to the higher solubility of H in the 
high temperature phase and the ability of the hep a-phase to 
trap interstitial hydrogen during rapid phase 
transformation. Highly textured materials (i.e., those with 
large surface area) act to promote hydrogen pickup by 
providing a large number of sites for the H2(g)->2H+ reaction 
to proceed.

Oxide films on titanium surfaces slow hydrogen 
adsorption onto the metal surface. The first step in 
hydrogen-titanium interaction is dissassociative 
chemisorption of the gas onto the metal surface. With an 
activation energy of 41.9 kJ/mole at 500-700°C, the H2(g)-»-2H+ 
reaction is generally considered to be the rate-limiting 
step in the interaction process [G80]. The diffusion rate
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Figure 2.4 Schematic of the Unit Cell of fct Titanium 
Hydride

of H in Ti02 is less than in the underlying metal [W81] . In 
the case of heavily oxidized surfaces, diffusion through the 
oxide layer acts as a secondary limiting factor.

A surface hydride layer also can impede hydrogen 
adsorption onto titanium. If an oxide layer forms on the 
hydride layer, hydrogen penetration will be completely 
stopped because the oxygen occupies all the available sites 
for the hydrogen dissociation reaction [G80].

Once hydrogen has chemisorbed onto the metal surface,
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it is free to diffuse into the matrix. The activation 
energy for diffusion in titanium iodide is 0.54eV in the em
phase and 0.29eV in the 6-phase [G80]. The average 
diffusivity (D) of hydrogen in pure a-Ti at 500°C is
1. 5xl0"6 cm2/sec [N75] . It is reasonable to expect D to be 
much higher in refined a-6 alloys due to pipe and stress 
assisted diffusion mechanisms.

A hysteresis in the solubility of H in Ti is observed 
between heating and cooling cycles of Ti metal immersed in 
hydrogen. The magnitude of this hysteresis is augmented 
with increasing aluminum content. The hysteresis is 
observed between room temperature and 295°C, with higher 
solubility in the cooling leg [G80]. A maximum differential 
is observed at ~50°C with a 250 ppm (weight) solubility 
difference [P71]. At this point the solubility of the 
heating leg is the same as that on the cooling leg at -2 0°C. 
The hysteresis loop shifts upward in temperature by repeated 
cycling through the loop [G80] .

The solubility hysteresis associated with heating and 
cooling cycles can be attributed to the plastic work 
performed as the y-phase grows. This work is irreversible 
and results in a higher solubility due the decreased amount 
of available free energy for y-phase precipitation on the 
cooling leg with respect to the heating leg. This work is
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manifested in dislocation loops punched out from the a-y 
interface [N75].

The effects of alpha stabilizers on hydrogen solubility 
are marked. For pure Ti the y"hydride phase forms at 2 at% 
H, and in a 6 wt% aluminum alloy the hydride forms at a 
concentration of 6-8 at% H [P76]. Aluminum acts to inhibit 
the formation of the hydride phase from a-phase alloys 
[P71]. This phenomenon is probably due to the high rigidity 
of the a-phase Al-Ti matrix with respect to pure a-Ti, 
increasing the plastic work associated with the 
precipitation of the y-phase. This work term results in a 
higher required supersaturation prior to precipitation than 
for the less rigid pure a-Ti matrix.

Initially, the extent of y-phase precipitation is also 
dependant upon the cooling rate of the hydrated material. 
However, even quickly quenched H-a solutions will 
precipitate the hydride phase after only a few days of aging 
at room temperature [B82].

Ti-662 and Hydrogen:

Figure 2.5 shows an assessed phase diagram for the Ti- 
662 -H system produced to support this study. The diagram 
was constructed using available thermodynamic data for the
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Ti-H, Ti-Al, Ti-V, and Ti-Sn systems [G80, L61, R85, J89a, 
N75, B83, S67]. As this data is not isotope dependent, 
figure 2.5 is equally applicable to the Ti-662-D system.

In Ti-662, considering the high «-stabilization and the 
relative solubility of hydrogen in the hep a- and bcc 6- 
phases, the y-phase can be expected to preferentially 
precipitate from the a-phase via a martensitic 
transformation mechanism.

It is reasonable to assume that the y-phase in Ti-662 
will form habit planes nearly parallel to the a basal plane, 
the slip plane in the a-phase of this alloy. This 
assumption promotes the idea that y-phase material 
preferentially originates from supersaturated a-phase 
material.
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Chapter 3 
Hydration and Deuteration of Ti-662 

in a Vacuum Furnace

Introduction

A simple vacuum furnace apparatus was used to hydrate 
and deuterate small samples of Ti-662 at approximately 
650°C under mechanical pump vacuum. As previously 
discussed, this methodology proved to be less time consuming 
than loading the specimens with an accelerator.

The apparatus used in this experiment was more 
economical than constructing the 'standard' high vacuum 
apparatus with RF heating coils and a quartz chamber with 
additional facilities to precisely control the quantity of 
hydrogen added to the system.

In this chapter the hydration/deuteration facility will 
be completely described. The procedure employed in the 
production of the hydrated and deuterated materials is 
presented, and discussion of the characteristics of the 
major stages in the procedure is provided.
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Sample Geometry
Ti-662 lathe turnings 0.003-0.005" (0.075-0.125 mm) 

thick and approximately 0.4" (1.2 cm) wide are assembled in 
a target holder consisting of two stainless steel annul! as 
shown in figure 3.1. Each target assembly is fitted with 
two turnings each 0.75" long and held together with four #6- 
32 stainless steel machine screws. After processing, the 
mounted targets are used in subsequent experimentation 
requiring the structural support provided by the annuli.

<8.130 thru  x2

# 6 -3 2 x 4

TITANIUM

Stain less Steel 
W ashers

FRONT SIDE

Figure 3.1 Schematic of a Target Assembly
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Prior to hydration, each target was cleaned in acetone 
and methanol. No other surface pretreatment was required 
due to the large surface area resulting from the lathe 
cutting process. Each batch of material produces a total of 
six target assemblies and a quantity of unmounted material 
for gravimetric analysis.



T-4043 29

Cradle Geometry
Each target assembly and a length of loose lathe 

turnings for gravimetric analysis are placed on a cradle 
assembly as shown in figure 3.2. The skewer was constructed 
of 0.125" stainless steel rod stock welded into the final 
geometry. The targets are then slid onto the cradle through 
the oversized holes on the stainless annuli. The loose 
lathe turnings are placed on stainless steel mesh in the 
center of the skewer.

TARGETS

SKEWER

S.S. MESH FOR 
LOOSE TURNINGS

Figure 3.2 Cradle for Holding Targets During Processing
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Loading Apparatus
A schematic of the loading apparatus is shown in figure 

3.3. The sample cradle is attached to the end of a rigid 
type E thermocouple and then placed in the physical center 
of the vacuum vessel.

The vacuum vessel is a mild steel flanged right 
cylinder (diameter 5.7 cm, length 86 cm). The vessel has 
multiple valved breaches, a vacuum pump outlet, a gas feed

TO MECHANICAL VACUUM PUMP

GAS FEED

TUBE FURNACE

PR ES SU R E/VA C U U M  GAUGE

FLANGE ASSY.

THERMOCOUPLE VACUUM GAUGE

TYPE "E" THERMOCOUPLE
SAMPLE "CRADLE"

MILD STEEL VACUUM VESSEL

Figure 3.3 Schematic of the Hydration/Deuteration 
Apparatus
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inlet, a thermocouple vacuum gauge for use during degassing 
and a pressure/vacuum gauge for monitoring pressure during 
gas addition.

The vessel is placed into a 14kW tube furnace with the 
Ti targets located at the physical center. The furnace 
temperature is controlled by means of a variac limiting the 
input voltage.
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Hydration/Deuteration Procedure
The procedure used for the hydration and deuteration 

was designed to maximize the utility of a mechanical vacuum 
(-10 millitorr) and moderate temperature (<750°C) apparatus 
to obtain hydrogen to metal ratios at or below 1:1. The 
procedure consists of a cyclic degassing stage and a loading 
stage. All samples were prepared in batches of six target 
assemblies using the following procedure :

1. Bake out the empty vacuum vessel at 750°C for 1 
hour or until the pressure drops below 10 
millitorr and allow to cool to room temperature.

2. Load degreased targets onto cradle and seal 
vessel.

3. Evacuate chamber using a mechanical vacuum 
pump to <20 millitorr.

4. Turn on furnace at 115 VAC and heat samples 
to 750°C.

5. Allow furnace to cool to 650°C at 0 VAC.
6. Heat to 750°C at 115 VAC.
7. Cool to 650°C at 0 VAC.
8. Heat to 750°C at 115 VAC.
9. Slowly cool to 650°C and hold using the 

variac at -86 VAC until the pressure drops to 
<20 millitorr.

10. Hold until temperature is stabilized at 650°C 
and P < 20 millitorr and then close the 
valves to the mechanical pump and the 
thermocouple vacuum gauge.
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11. Add H2/D2 to 2 0 psig on the pressure/vacuum
gauge through the gas feed line.

12. Hold at 650°C for 1 hour.
13. Allow furnace to cool at 0 VAC for 2 hours or

until T < 175°C.
14. Evacuate excess gas from chamber to -100 

millitorr using the mechanical vacuum pump.
15. Allow to cool to room temperature.
16. Remove targets and Am turnings from the 

furnace.
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Stages in Material Processing 

Degassing Stage

Degassing of the Ti-662 is performed in the procedure 
over steps 3-10. The typical response of the material 
during degassing is shown in figure 3.4. During the first 
temperature rise to 750°C a very large pressure spike is 
observed representing a majority of the dissolved gasses and

1000

~w•n — O

(m to r r )  
RE (C)

a a a a a  PRESSURE 
Onooo TEMPERATU

100

20 6040 80 120100 140 160
ELAPSED TIME (MIN)

Figure 3.4 Behavior of Titanium-662 during Degassing
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the oxide being liberated from the material. Upon cooling 
to 650°C (t= 60-70 min. in figure 3.4) the pressure drops 
sharply with the temperature gradient as the material ceases 
desorbing and commences adsorbing the residual gas in the 
chamber assisting the action of the mechanical pump. This 
effect was dramatically demonstrated in a trial with a large 
mass of Ti-662 in the form of 02" x 0.25" thick disks when 
the pressure in the chamber fell well below the lower limit 
of the mechanical pump and of the TC vacuum gauge to 
measure. Upon reheating an additional pressure spike, lower 
than the previous spike, is observed. The cyclic processing 
continues with each 750°C pressure spike lower than the 
prior spikes and the pressure at 650°C slightly decreasing 
with each cycle.

Three cycles where observed to be sufficient to allow 
the pressure at the upper and lower temperatures to nearly 
converge at which point the material is as degassed as is 
practical using this apparatus. Further degassing would not 
be observable due to the limiting pressure of the mechanical 
vacuum pump. Attempting a complete degassing of the 
material is impractical due to the fact that a metal vacuum 
vessel is used. The metal vessel also contributes to the 
observed degassing behavior despite the initial bake-out of 
the vessel. The extent of the degassing is observed to be
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sufficient to allow the desired uptake of H2/D2 into the 
target assemblies.

An additional function served by the cyclic degassing 
relates to the oxide layer necessarily present on the Ti-662 
samples. The minimum pressure and maximum temperature of 
the system is too low to completely remove the oxide layer 
but the thermal cycling is sufficient to create breaches and 
cracks in any remaining oxide scale and thereby create clean 
Ti surfaces suitable for the introduction of hydrogen or 
deuterium.

The temperature range of the degassing was chosen due 
to a number of considerations. The primary consideration 
was to remain well below the a++8 transition temperature 
(968°C) to avoid substantial alteration of the original 
microstructure of the Ti-662. The secondary consideration 
used in the determination of the high-temperature value came 
from the mild steel vacuum vessel. To insure the long term 
integrity of the vessel, the temperature had to kept below 
one-half of the melting point of the vessel (.5Tm = 770°C). 
The ultimate temperature of 750°C is well suited to meet 
both of the criteria. The lower temperature of the cycle 
was arbitrarily chosen to be 650°C to avoid the observed H2 
solubility hysteresis between 20 and 300°C and to avoid 
overproduction of the hydride phases (i.e., greatly
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exceeding the H/Me ratio of 1:1).
The mass of Ti lathe turnings was measured before and 

after the degassing stage. The mass loss associated with 
degassing was found to be negligible with respect to the 
mass increase associated with the introduction of the H2 or
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Hydration/Deuteration Stage

This stage of the process takes place over steps 10-14 
of the aforementioned procedure. When the material has been 
sufficiently degassed and the temperature is stabilized at 
650 ± 10°C the gas is added to the vessel through the gas 
feed port to a pressure of -20 psig. The 20 psig is far in 
excess of that required to load the material with the gas 
but insures adequate adsorption at 650°C.

The material is then held at 650°C for one hour. This 
time interval was chosen as a conservative benchmark to 
accommodate the fact that an oxide layer persists on the 
material. The oxide layer hinders the gaseous 
disassociation reaction at the metal surface and decreases 
the diffusivity of the H+/D+ in the near surface layer. The 
uptake of the H2/D2 during the isothermal period was 
observed to be nominal after the first few minutes of 
exposure.

During the cooling of the process the pressure is 
observed to decrease faster than the ideal gas relation 
indicating uptake of the gas. It is impossible to resolve 
the uptake of the Ti from that of the chamber itself.
Further, the potential for gas leakage prohibits the use of 
the pressure change within the chamber as a reliable means
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of in situ quantification of the gas uptake of the Ti target 
material. For this reason, the mass of the loose Ti-662 
lathe turnings was measured before and after the processing 
and the mass increase of the turnings was taken to be 
indicative of the entire batch.
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Chapter 4 
Analysis of Deuterated and Hydrated Ti-662

Introduction

Ti-662 samples in the unaltered, deuterated and 
hydrated forms were analyzed using a variety of techniques. 
The start material was chemically analyzed in the mill ladle 
and the analysis was confirmed by neutron activation. The 
hydrated and deuterated materials were assessed by 
gravimetric studies to determine the total gas uptake of the 
alloy. A secondary ion mass spectroscopy (SIMS) study was 
performed to measure the distributions of hydrogen and 
deuterium as a function of depth into the material. Each 
material was also examined using x-ray diffraction 
techniques in order to obtain the lattice parameters of the 
various phases. Optical studies of the material including 
metallography and electron microscopy were performed to 
assess the changes in microstructure and surface 
characteristics due to the addition of hydrogen/deuterium. 
Additionally, an energy dispersive spectroscopy (EDS) study 
was undertaken to identify the phases of the observed 
microstructure in the optical studies.

The Ti-662 alloy used in this study was cold rolled
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into 1.5" 0 circular rod stock, annealed at 705°C (1300°F) 
for two hours to stabilize the 6-phase and subsequently air 
cooled to control the extent of 8-phase precipitation. This 
stock was then turned on a lathe, the resulting 3-7 mil 
turnings were used throughout the experimentation.
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Elemental Analysis

The alloy used in this study was chemically analyzed in 
the mill ladle by the manufacturer (Precision Rolled 
Products Inc.). The composition shown in table 4.1 is the 
result of assaying only those elements listed and was not 
intended to be complete. This assay is provided to prove

Table 4.1 Results of Mill Ladle Analysis of Ti-662

Element wt% total
Al 5.6
V 5.4
Sn 1.9
Fe 0.58
Cu 0.54
0 0.18
C 0.020
N 0.010
H 0.0007
Ti bal

compliance to ASM and MIL-T specifications. The a-Ti is 
stabilized by the Al and Sn. The 6-phase is stabilized by 
the V, Fe and Cu and the interstitial gasses. The carbon 
is present in low enough concentration that it is 
essentially inert, but can precipitate Tic after prolonged 
aging.

The ladle analysis was confirmed and the metal 
contaminant assay expanded using neutron activation analysis
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(NAA), the results of which are shown in table 4.2. Table 
4.2 lists all positively detected elements present in 
quantities above 50 ppm. A complete listing of these 
results is provided in the appendix. The presence of Zr, 
Dy, Ni, Cr and Mn in small concentration is not unusual. 
The Zr and Dy both act as weak a-phase stabilizers and the

Table 4.2 Elements with Greater Than 50ppm Atomic 
Abundance Identified by NAA

Element Abundance foom)
Ti 759,800
Al 63,170
V 49,320
Sn 16,860
Fe 4,872
Cu 4,253
Cl 285
Zr 216
Dy 149
Ni 134
Mn 93
Cr 89

Ni, Cr and Mn act to stabilize the 8-phase. Each of these 
additional contaminants is present in such small quantity 
that their effect on the overall properties of the alloy are 
insignificant.

Neutron activation is a very precise means of 
quantifying elements with long-living isotopes and those 
short-lived isotopes with highly unique decay spectra.
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However, this NAA assay is not a reliable technique for 
identifying elements with small fast-neutron cross sections, 
or those elements that form stable or extremely short-lived 
isotopes.

In this analysis, four samples of the Ti-662 
approximately 3 0 mg each where activated in a fast neutron 
flux of 5xl011 s'1cm'2 for 100 minutes at the University of 
Wisconsin TRIGA Reactor Facility (Madison, Wi.). The 
activated samples were then analyzed using gamma ray 
spectroscopy for ten minutes to observe the decay of short
lived isotopes. The samples where then allowed to decay for 
six days and counted again for two hours to accurately 
quantify the long-lived isotopes.

The gamma ray spectroscopy was performed using a 
shielded Ge-Li detector, Tracor-Northern electronics and a 
Vax PDP-1120 series computer for the statistical analysis. 
The technique provides a <2% standard deviation on the 
quantification of identified elements.
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Gravimetric Studies

In each trial a length of loose turning, of equal 
thickness as the Ti-662 target assemblies, was placed in the 
cradle for gravimetric analysis. The turnings were 
degreased just as the assembled targets and then the mass 
was carefully measured on an analytical balance before the 
material processing and then again after completion. The 
mass change in the loose turnings was taken to be indicative 
of all the target assemblies in the batch. The turnings had 
a typical start mass of approximately 500 mg.

In the case of hydration of the Ti-662 alloy, a 
hydrogen to metal ratio (H/Me) of 1.00 is equivalent to a 
mass increase of 2.09%. For the deuteration of Ti-662, a 
deuterium to metal ratio (D/Me) of 1.00 is equivalent to a 
mass increase of 4.18%.

The results of the gravimetric analysis of the hydrated 
samples are shown in table 4.3. These values represent a 
conservative measure of the H/Me ratios because the hydrated

Table 4.3 Gravimetric Data for Hydration Trials

Trial % mass increase H/Me
H II 1.86 0.86
H IV 3.02 1. 39
H V 3. 08 1.42
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material was severely embrittled and the potential for loss 
of small pieces of the samples existed. In trial H-I no 
attempt to monitor the mass change was made. In trial H-III 
an error was made in recording the initial mass of the 
sample. The comparatively low H/Me produced in trial H-II 
can be attributed to exposing the material to the atmosphere 
after degassing and prior to hydration.

The results of the gravimetric analysis of the 
deuterated samples are shown in table 4.4. The data 
provided in table 4.4 are somewhat misleading. The very 
high D/Me of trials D-III and -IV is due to the use of thin 
turnings; 2 and 0.7 mils respectively. In trial D-V thick 
(5-7 mil foils were used, the reduction in the D/Me 
demonstrates that the ultimate uptake of D2(g) is limited by 
surface phenomena. All other trials used 3-5 mil turnings.

Table 4.4 Results of Gravimetric Analysis of Deuterated 
Ti-662

Trial % mass increase D/Me
D I 3.70 0.85
D II 3.12 0.72
D III 4.70 1. 09
D IV 5.57 1.29
D V 2.45 0.57
D VI 2 .49 0.58
D VII 2.84 0.66
D VIII 2 .14 0.49
D IX 3.22 0.74
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In trials D-VI through D-VIII the turnings may not have been 
adequately degreased and thus the D2(g) uptake was limited. 
The D/Me of trials D-I, D-II and D-IX was chosen as the 
optimum deuteration range for additional experimentation.
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SIMS Studies

The secondary ion mass spectroscopy (SIMS) facility at 
the Solar Energy Research Institute was used to characterize 
the hydrated and deuterated materials. A 9kV 02+ beam was 
used to sputter away the surface material and the resulting 
emission of secondary ions was examined to obtain a depth 
profile of the relative concentration of the material 
constituents and dissolved gasses.

Figures 4.1 and 4.2 graphically show the results of 
this analysis for hydrated and deuterated Ti-662. The 
hydrated sample (fig. 4.1) has a H/Me ratio of 1.42 and the 
deuterated sample (fig. 4.2) has a D/Me ratio of 0.85.

The samples were profiled to an approximate depth of 
2jLim at a rate of -l/un/hr. The data indicates a number of 
trends ; the surface layer, to a depth of .25-.5 /m appears 
to be the extent of the remaining oxide layer, though 
without data to a greater depth and/or Cs" ion beam data 
this observation is inconclusive. The surface variation 
could be a result of sample topography. Also, the hydrogen/ 
deuterium concentrations appear to be saturated and 
relatively homogeneous in the near surface. In figure 4.1 
the hydrogen level is well above the deuterium contaminant 
level. The deuterium level is an artifact of previous



4043

5 _

O

[0 ®
12e 14B 13380 100

SPUTTERING TIMEI Minutes
40 80

SPUTTERING
200

Figure 4.1 SIMS Results on Hydrated Ti-662 
(H/Me = 1.42)

m

210 in

3 _

10 0
120 15380

SPUTTERING TIME: Minutes
40 600

SPUTTERING

Figure 4.2 SIMS Results on Deuterated Ti-662 
(D/Me = 0.85)



T-4043 50

deuteration trials and provides a measure of the degree of 
contamination from the steel vacuum chamber. In figure 4.2 
the deuterium level is shown to be substantially higher than 
that of the hydrogen contaminant. This observation is 
significant as SIMS is the only technique that was employed 
in this study which can conclusively identify the presence 
of deuterium and hydrogen in the samples.

To get all the data on a single scale and to preserve 
sensitivity for the hydrogen, 120Sn and dimers of 48Ti, 27A1 
and 51V were examined to obtain the metal depth profiles.
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X-rav Diffraction Studies

Unaltered, hydrated and deuterated Ti-662 samples were 
examined with the 20 powder diffractometer in the CSM 
Physics Department using unfiltered Cu-Ka (X = 1.541Â) x- 
rays over the range 2OO<20<9O°. From this data, the cell 
dimensions of each phase of the Ti-662 system were 
determined using a least squares regression. These results 
are summarized in table 4.5
Table 4.5 Lattice Parameters of each Phase from X-ray 

Diffraction Analysis (Â)

Ti Iodide 
[ W81 ]

Unaltered
Ti-662

Hydrated
Ti-662

Deuterated
Ti-662

a :
a = 2.950 2.931 2 . 891 2 .94
c = 4 . 686 4.655 4 . 638 4.77

8:
a = 3.299 3.283 3 .307 3 .351

%:a = — -- 4.493 4 . 505

The variation between the lattice dimensions of each 
phase of the unaltered Ti-662 and those of titanium iodide 
is to be expected in light of the alloy content.

Figure 4.3 shows a typical intensity spectrum for 
unaltered Ti-662. Table 4.6 lists the planes to which the 
numbered peaks in figure 4.3 can be attributed.
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Table 4.6 Originating Planes for Numbered Peaks in 
Figure 4.3

Peak Number Plane
1 a 100)
2 13 110)
3 a 002)
4 a 101)
5 a 102)
6 8 200)
7 a 110)
8 8 121)
9 a 200)
10 a 112)
11 a 201)
12 8 220)
13 a 202)
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Figure 4.4 is a typical intensity spectrum for the 
hydrated Ti-662 specimen examined in this analysis. This 
sample had a H/Me ratio of 0.86. Table 4.7 lists the planes 
associated with the labeled peaks in figure 4.4. Peaks 1 
and 8 cannot be positively to a single plane, each possible 
plane is presented and in all likelihood the visible peak is 
the superposition of each of these planes. These peaks were 
not used in the lattice spacing determination.

In the hydride, both the a- and 8-phases parameters 
showed a small variation with respect to Ti-662 associated 
with the presence of interstitial hydrogen in the sample.
The phase dimensions cannot be taken to be at saturated 
conditions because the depth of hydrogen penetration is not 
well quantified in these samples. The y-phase lattice 
dimension was not observed to change with hydrogen content.

Figure 4.5 is a typical intensity spectrum for a 
deuterated Ti-662 specimen examined in this analysis. This 
specimen had a D/Me ratio of 0.72.

The deuterated Ti-662 was also determined to be a three 
phase material. The expansion of both the a- and 8-phase 
unit cells was observed to vary with the D/Me ratio 
determined by the gravimetric analysis.

The hep a-phase was observed to expand in the c- 
dimension with increasing D+ content and appeared to



Figure 4.4 X-ray Diffraction Spectrum for Hydrated 
Ti-662

Table 4.7 Associated Planes for Numbered Peaks in
Figure 4.4

Peak Number Plane
1 a ( 100)

Y ( H I )2 13(110)
3 a(101)
4 Y (002)
5 a (102)
6 13(200)
7 a (110)
8 a (103)

6(121)
Y (311)

9 y(222)
10 8(220)
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Figure 4.5 X-ray Diffraction Spectrum for Deuterated 
Ti-662

Table 4.8 Associated Planes for Numbered Peaks in 
Figure 4.5

Peak Number Plane
1 a 1 0 0 )
2 Y 1 1 1 )
3 a 0 0 2 )
4 8 1 1 0 )
5 a 0 0 2 )
6 a 1 0 1 )
7 Y 0 0 2 )
8 a 1 0 2 )
9 Y 2 2 0 )

1 0 & 2 0 0 )
1 1 a 1 1 0 )
1 2 a 1 0 3 )
1 3 8 1 2 1 )
1 4 Y 3 1 1 )
1 5 Y 2 2 2 )
1 6 8 2 2 0 )
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saturate at 4.Ilk, this dimension was observed in samples 
from trial Dili (D/Me = 1.09) and in the saturated 
accelerator loaded target. The range of deuterium content 
in the samples was insufficient to conclude that this value 
is the true saturation value. The a-dimension did not 
fluctuate beyond experimental error within the range of 
deuterium loadings. The trends conform to expectation based 
upon the close-packed directions of a-Ti (fig. 2.1).

The bcc 8-phase lattice parameter increased very 
slightly with no sign of saturation over the range of 
deuterium loadings. A summary of the lattice parameter 
variation is provided in table 4.9. Though the trend is 
inconclusive, it correlates with the theoretically higher 
solubility of D+ in B-Ti than in a-Ti.

As in the hydrated case, the fee y-phase was observed 
to be dimensionally stable over the range of loadings. No 
evidence of the metastable fct 5-phase was found in any of 
the samples.

Table 4.9 Variation of the 8-phase Lattice Parameter 
with Deuterium Content

D/Me a (Â)
0.50 3 . 280
0.72 3 . 324
0. 85 3 .334
1.09 3 . 351
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Metallocrraphic Analysis

Samples of the virgin, hydrated and deuterated Ti-662 
were imbedded in a latex epoxy matrix and polished to a 
0.5/zm finish. The 3-5 mil turnings were oriented in the 
epoxy so that they could be viewed on edge. The polished 
material was etched for 15-30 sec. using the etchant listed 
in table 4.10. This etchant preferentially attacks the more 
open 8-phase structure in the material and will lightly etch 
the stressed y-phase. The polished and etched specimens

Table 4.10 Etchant for Ti-662

1.25m£ concentrated nitric acid 
1.25m£ concentrated hydrofluoric acid 

47.5 m£ distilled water

were examined via light microscopy using polarizing filters.
Figure 4.6 is a micrograph of virgin Ti-662 prepared as 

above using crossed polarizing filters. The bright zones 
are a- and y-phase material and the dark zones are the 
etched 8-phase regions. The upper and lower edges of the 
image are the latex epoxy lapping up onto the Ti surface 
during polishing. Figure 4.6 shows the orientation of the 
grain structure with the original rolling direction of the 
stock material and the relative distribution of the a- and 
8-phases within the unaltered material.
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Figure 4.6 Edge View of Polished, Etched Ti-662 Foil

Figure 4.7 shows the typical appearance of hydrated 
Ti-662 prepared as above. This specimen had a H/Me ratio of 
1.42. The polarizing and color filters were adjusted to 
highlight the three phase nature of this material. The 
light gray region is y-phase material, the black areas are 
etched zones of residual 8-phase material and the white 
zones are remaining a-phase Ti. This sample is slightly off 
edge (-10°) and as such the rolling direction is not as 
evident as in figure 4.6. It is evident that the hydrogen 
has completely penetrated this specimen leaving highly 
refined a-phase zones. The large grain size of the pits
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Figure 4.7 Edge View of Polished, Etched Hydrated Ti- 
662 foil

from the residual 8-phase are indicative of the solubility 
difference between the a- and 8 phases.

Figure 4.8 shows the typical appearance of deuterated 
Ti-662 prepared as above. This specimen had a D/Me ratio of 
0.65. The gray region is y-phase material underlying 
surface 8-material, the white zones are residual a-phase 
material and the black spots are deeply etched zones of 8- 
phase material. From comparison of the relative amounts of 
a-phase material in figures 4.7 and 4.8 it is evident that 
the gas to metal ratio of this specimen is greater than that
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1000m

Figure 4.8 Edge View of Polished, Etched Deuterated 
Ti-662 foil

of the hydrated specimen.
Figure 4.9 shows an interesting region within the same 

specimen shown in figure 4.8. In this image the clear 
distinction between p- and y-phases has been sacrificed to 
highlight the presence of a zone of material along the 
centerline of the turning that was not saturated with 
deuterium. This picture clearly demonstrates that the 
process is diffusion limited and here the deuterium only 
penetrated -1.25 mil from the two exposed surfaces leaving a 
small zone of essentially virgin material at the center of
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Figure 4.9 Edge View of an Atypical Region of Polished, 
Etched Deuterated Ti-662 foil

the turning.
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SEM study of unprepared surfaces

An examination of the surface of the Ti foils without 
polishing or the application of etchant was performed using 
the SEM facility at the CSM Metallurgy Department and 
revealed the effect of hydration and deuteration on the 
surface topography of the material.

Figures 4.10 and 4.11 are secondary electron (SEI) 
images of the surface of the Ti-662 lathe turnings. The 
parallel lines are scoring from the lathe cutting tool.

Figure 4.10 SEI Image of an Unprepared Ti-662 Surface
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I

i

Figure 4.11 SEI Image of Unprepared Ti-662 Surface

Beyond this scoring the surface is generally smooth.
Figures 4.12 and 4.13 show the surface of hydrated Ti- 

662. This specimen has a hydrogen to metal ratio of 1.39. 
Upon comparison with figures 4.10 and 4.11 the volumetric 
effect associated with the introduction of hydrogen is 
evident. The scores left behind from the cutting tool are 
evident in figure 4.10. In both figures, the horizontal 
striations normal to the tool scores are swollen grains 
oriented in the original rolling direction.

Figures 4.14 and 4.15 show the typical surface 
topography of deuterated Ti-662. The specimen shown in
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Figure 4.12 SEI Image of Unprepared, Hydrated Ti-662 
Surface

these figures has a deuterium to metal ratio of 0.85. Again 
the scores from the lathe tool are readily apparent and the 
irregular striations normal to the tool scores are the 
swollen grains of the material oriented in the original 
rolling direction.

The similarity of the appearance of the deuterated and 
hydrated surfaces indicate that the two gasses act in the 
same fashion upon the material in the near surface. Figures 
4.12 - 4.15 dramatically demonstrate the volumetric 
expansion associated with the introduction of hydrogen and
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Figure 4.13 SEI Image of Unprepared, Hydrated Ti-662 
Surface

deuterium to the metal lattice. Further, the orientation of 
the swollen grains with rolling direction is indicative of 
the y-phase preferentially precipitating from the a-phase 
material.
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Figure 4.14 SEI Image of Unprepared, Deuterated Ti-662
Surface
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Figure 4.15 SEI Image of Unprepared, Deuterated Ti-662
Surface
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SEM examination of polished and etched Samples

68

The polished and etched samples discussed earlier were 
examined using the SEM. The samples were sputtered with 
carbon prior to examination.

Figure 4.16 is a SEI image of a cross sectional edge 
view of a typical region of a Ti-662 foil. The lighter 
regions are a-phase material oriented in the original 
rolling direction. The darker zones are depressions 
resulting from the etching process and are the locations of 
the original S-phase material.

Figure 4.17 shows the typical appearance of hydrated 
Ti-662 viewed as in fig 4.16. This specimen had a H/Me 
ratio of 1.42. The gray regions are y-phase material, the 
white zones are unsaturated a-phase and the dark zones are 
the depressions left behind from the preferential etching of 
the B-phase. The large grain size of the B-fields and 
diminished a-phase presence indicate that the hydrated 
samples were very near equilibrium saturation at completion 
of the processing procedure.

Figure 4.18 shows the typical appearance of deuterated 
Ti-662. This sample had a D/Me ratio of 0.65. The 
indication of the original rolling direction is readily 
evident in this image. Again the dark depressions are zones
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Figure 4.16 SEI Image of the Edge of a Polished, Etched 
Ti-662 Foil

where the B-phase material was etched away. Figure 4.19 is 
a closer view of the central region of figure 4.18 showing 
the contours of the individual pits.

Figure 4.2 0 is a reexamination of a portion of the 
bright centerline shown in figure 4.9. The smooth 'grains' 
oriented along the material centerline are actually 
polygranular zones of unsaturated, primarily a-phase 
material that persisted in this sample. These zones were 
observed to traverse the length of the bright centerline of 
figure 4.9.
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Figure 4.17 SEI Image of the Edge of a Polished, 
Etched, Hydrated Ti-662 Foil
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Figure 4.18 SEI Image of the Edge of Polished, Etched, 
Deuterated Ti-662
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Figure 4.19 SEI Close up of Central Region of Figure 
4.18
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Figure 4.20 SEI Image of a Portion of the Bright Core 
Shown in Figure 4.9
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EDS analysis

Energy dispersive electron spectroscopy (EDS) was 
performed on the polished, etched unaltered and deuterated 
Ti-662 samples. This technique provides conclusive 
discrimination between the a- and 3-phase materials.

Figure 4.21 is the result of a spot EDS analysis of a 
light zone in figure 4.16 (polished, etched, sputtered Ti- 
662) . Each of the «-stabilizing constituents of the alloy 
is identified as being present, confirming that the light 
regions are «-phase material.

 iL-rt'i ; i.iT; ; ; T r L X  ; I —  ■ ■■,........................  i ...

Figure 4.21 EDS Spectrum of a Light Zone in Figure 4.16
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Figure 4.22 is the result of a spot EDS analysis of the 
edge of a dark etched zone in figure 4.16. A small amount 
of vanadium is identified indicating that residual 8-phase 
material is located in these zones. The primary vanadium 
and secondary titanium peaks overlap and the small secondary 
vanadium peak is unobscured. The positive identification of 
the ^-stabilizing elements is a result of the beam 
penetration into the underlying material.

Figure 4.23 is an EDS line scan across the sample shown 
in figure 4.19 (polished, etched, sputtered, deuterated Ti- 
662) . The absence of vanadium in this scan is a result of

"NN...

-r "St

Figure 4.22 EDS Analysis of the Dark Region in Figure 
4 . 16
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Figure 4.23 EDS Line Scan of the Image Shown in Figure 
4. 19

the etch performed on this sample. The absence of vanadium 
and the knowledge that y-phase material is present in the 
sample demonstrates that the y-phase material observed via 
the light microscopy is produced from a-phase Ti.
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Conclusion

This study of the Ti-662 -hydrogen and -deuterium 
systems provided three major contributions to the 
understanding of the properties of Ti-662-Hx and Ti-662-Dx. 
The first is the construction of the Ti-662-H phase diagram 
shown in figure 2.5. The second is the development of a 
means of producing Ti-662 hydrides and deuterides with gas 
to metal ratios ranging from 0.5 to 1.0 at near atmospheric 
pressures using a simple procedure. The third contribution 
is the measurement of the lattice parameters of each phase 
in unaltered, hydrated and deuterated Ti-662.

The phase diagram of the Ti-662-H system is a very 
useful contribution due to the large number of experiments 
currently being performed using the Ti-662-D system. This 
phase diagram should prove useful to research groups 
utilizing untried methodologies to introduce deuterium into 
Ti-662.

The technique used to introduce hydrogen and deuterium 
to the Ti-662 employed in this study provides a low cost 
means of processing a moderate quantity of Ti-662. The 
exploitation of the hydrogen solubility hysteresis during 
thermal cycling allows the use of a lower pressure gas 
exposure than has been employed in traditional methodologies
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to obtain the desired gas-to-metal ratios.
The x-ray diffraction measurements of the lattice 

parameters provides baseline data for the dimensions of the 
a- and 8-phases in unaltered Ti-662. These measurements 
also show the variation of the a- and 8-phase dimensions 
with gas content which is consistent with theoretical 
expectation based upon the crystallographic systems of these 
phases. The stability of the y-phase dimension observed 
over the range of gas loadings is consistent with 
theoretical expectation. It is not anticipated that the 
y-phase dimension would vary with gas to metal ratios less 
than 2.0.

Other important aspects of the Ti-662-gas system were 
illuminated by this study. One of these includes the 
observation that the y-phase material appears to 
preferentially precipitate from the saturated a-phase within 
the gas loading range obtained by use of the procedure 
outlined in chapter three. Another is the qualitative 
confirmation that the diffusivity of deuterium is markedly 
less than that of hydrogen in Ti-662. A third, and crucial 
aspect for the processing of the material; the solubility of 
both hydrogen and deuterium in Ti-662 is observed to vary 
with the temperature gradient in thermal cycling.

The optical and EDS studies indicate that the y-phase
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preferentially precipitates from the saturated a-phase 
material. The microstructures of both the hydrated and 
deuterated materials show a diminished a-phase presence and 
an unchanged or slightly increased 3-phase presence. This 
observation is consistent with the relative solubility of 
hydrogen in the a- and 3-phases.

The consistent disparity between the H/Me and D/Me 
ratios under identical processing conditions qualitatively 
confirms that the diffusion rate of deuterium in Ti-662 is 
less than that of hydrogen. This variation between the 
relative diffusivities has been reported in single crystal 
y-phase titanium iodide [B83]. Considering the refined 
microstructure of Ti-662, it is surprising that the 
disparity between the relative diffusion rates, shown via 
gravimetric analysis after identical processing, is as 
marked as in the single phase material. It would be 
reasonable to expect grain boundary diffusion to dominate 
the loading of Ti-662 with hydrogen and deuterium and result 
in sufficiently high diffusion rates that any variation 
would not be apparent at the completion of the three hour 
material processing. The micrographs shown in figures 4.9 
and 4.20 eliminate the possibility that the dissociative 
chemisorption process is responsible for the variation 
between the total loading of hydrogen and deuterium. If
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surface phenomena were dominant cause of this disparity, the 
phase distribution at the sample centerline shown in these 
figures would not substantially differ from that at the 
surfaces.

Another ramification of the variation between the 
diffusion rates of these two gasses in Ti-662 is an 
important consideration in the processing of Ti-662 
deuterides. In the preparation of Ti hydrides, it is 
assumed that chemisorption is the rate limiting step in the 
gas loading process and great efforts to prepare the Ti 
surfaces (oxide removal, etching, etc.) are often made to 
offset this limiting effect. From the gravimetric data and 
from figures 4.9 and 4.20, it appears that diffusion 
processes are the rate limiting phenomena in the preparation 
of Ti-662 deuterides. Due to the high degree of refinement 
typical of the Ti-662 microstructure and the resulting 
propensity for grain boundary diffusion, it is reasonable to 
expect this assertion to carry over to single-phase and 
other less refined titanium alloys.

The observation that hydrogen and deuterium solubility 
are affected by the temperature gradient during thermal 
cycling was an important factor in defining the gas loading 
procedure listed in chapter three. The hydrogen solubility 
hysteresis in titanium is a well known phenomenon. The
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enhanced hydrogen/deuterium solubility during cooling as 
opposed to heating or isothermal exposure was utilized to 
obtain the desired gas loadings for this study at much lower 
pressures than are employed in traditional gas exposure 
techniques. The response of the material to the temperature 
gradient can be seen in figure 3.4. Careful examination of 
this figure shows that local pressure maxima are reached at 
times associated with the maxima in the positive temperature 
gradient. Conversely, the local pressure minima are reached 
at the highest cooling rate.

Numerous questions about the Ti-662-H system remain 
unanswered. The role of 6-Ti in y-phase evolution is 
unclear from this characterization. The observed 
preferential evolution of y-Ti from a-Ti is complicated by 
the highly anisotropic stress distribution present in this 
alloy. The interplay between the highly oriented a-phase 
material, resulting from rolling operations in processing, 
and the randomly oriented B-phase, creating local stress 
concentrations during gas loading, may be integral to the 
observed microstructural development. A study of the 
kinetics of hydrogen and deuterium in two-phase Ti alloys 
with varying degrees of B-phase stabilization, 
microstructural refinement and internal stress 
concentrations would add greatly to the understanding of
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this system.
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Appendix

Abundance of all Elements Identified 
in the NAA Study

.ement Abundance foom)
Ti 7.598E+05
A1 6.317E+04
V 4.932E+04
Sn 1.686E+04
Fe 4.872E+03
Cu 4.253E+03
Cl 2.848E+02
Zr 2.165E+02
Dy 1.485E+02
Ni 1.341E+02
Mn 9.330E+01
Cr 8.952E+01
Na 2.804E+01
Tm 2.411E+01
Mo 2.109E+01
As 1.723E+01
Ga 1.097E+01
Sb 6.943E+00
Sc 4.591E+00
Co 3.259E+00
W 2.417E+00
Hg 2.222E+00
Au 1.028E+00
U 4.121E-01
Br 3.186E-01
La 3.764E-02


