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CHAPTER 1 GENERAL INTRODUCTION

Titanium and zirconium, being group IV transition metals, are very important materials
in technology. In the application of these metals as structural materials, there exist two basic
metallurgical problems: (1) hydrogen embrittlement, and (2) ductility of polycrystals.

The former 1s characteristic of the hydride-forming metals such as group IVa and .group
Va metals. These metals can absorb a considerable amount of hydrogen, whereas the solid
solubility of hydrogen is generally not so large. When the hydrogen concentration exceeds
the solubility limit, precipitation of hydride occurs and mechanical properties are deteriorated
due to the brittle nature of the hydrides. In the present study, precipitation of hydride in
titanium and zirconium has been investigated systematically; the solubility of hydrogen and
deuterium, the crystal structure of hydrides, their morphology and machanism of precipitation

are studied by internal friction, electron, X-ray and neutron diffraction, and transmission
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electron microscopy.

The second problem, the polycrystalline ductility, is relevant to the crystal structure of
titanium and zirconium ; the hexagonal close-packed (h. c. p. ) structure. In the plastic
deformation of h. c. p. polycrystals, the <1123>> slip is particularly important because the
primary <{1120> slip cannot accommodate any dimensional change along the [0001] direction.
The <{1123> slip must be an active deformation mode in titanium and zirconium since these
metals actually exhibit good ductility. In order to elucidate the mechanism of <Tf23> slip,
properties of 1/3<1128> dislocations are investigated from an atomistic point of view, by
computer simulation of the core structure in model h. c. p. crystals, and by electron microscopic

observations of the dislocations in deformed titanium.

CHAPTER 2 HYDRIDE PRECIPITATION IN TITANIUM AND ZIRCONIUM
2.1. Internal friction in Ti-H, Ti-D, Zr-D alloys

The terminal solubilities of hydrogen and deuterium in titanium and zirconium have been
determined from the hydride precipitation and dissolution peaks in internal friction. The
solubility of hydrogen and that of deuterium are approximately the same in these metals.
The large thermal hysteresis between the solvus temperature on heating and that on cooling,
which amounts to 50 K, can be accounted for in terms of the misfit strain energy associated

with the precipitation.

2.2. Diffraction study on the formation of 7 titanium hydride

According to the previously reported Ti-H phase diagram, the 0 hydride phase, which has
a face-centred cubic structure, is to precipitate in the @ phase matrix on crossing the solvus
temperature downwards. However, the present investigation has demonstrated that the hydride
formed in titanium specimens containing 1 - 3 at.% H or D is a new hydride phase, having a
face-centred tetragonal structure with ¢/a=1.09. The cryétal structure of the hydride has been
studied by electron diffraction, X-ray and neutron powder diffraction using Rietveld analysis.
This hydride has been found to be very similar to the metastable 7 zirconium hydride in the
Zr-H system, and thus the new hydride phase has been named r titanium hydride. This struc-
ture can be described by the space group P4,/n (tetragonal), and the co-ordinates of the atoms

in the unit cell are as follows:
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4 Tiin 4 c: 1/74,1/4,174; 3/4,3/4,1/4 5 1/4,3/4,3/4; 374,174,374,
2Hin2b:0,0,1/2;1/2, 1/2, 0.

2Hin2a:0,0,0; 172, 1/2, 172,

According to this structure model, this hydride corresponds to the composition TiH.

2.3. Transmission electron microscopy on hydride precipitation in titanium

The morphology, the habit plane of the r hydride, and the orientation relationship between
the hydride and the @ titanium matrix are studied by electron microscopicobservations. It has
been found that there are two types of precipitation mode: type I and type II. The precipitation
is accompanied by misfit stresses due to the larger specific volume of the hydride than that of
the matrix phase. The stresses are accommodated mainly by elastic distortion for the type I
precipitates, while for the type I they are relaxed plastically, i. e., by dislocation generation.

Possible atomic mechanisms of the precipitation are discussed in the light of these observations.

CHAPTER 3 CORE STRUCTURE AND GLIDE BEHAVIOUR OF 1/3</1123>
DISLOCATIONS IN TITANIUM AND ZIRCONIUM

3.1. Electron microscopic observation of 1/3<1123> dislocations in titanium

In polycrystalline titanium specimens deformed to 3~4 % strain at room temperature,
1/3<1123> dislocations are frequently observed in addition to the 1/3<1 120> dislocations.
The 1/3<1123> dislocations have been shown to glide exclusively on {1011} planes. One
interesting feature of these dislocations is that they are aligned nearly parallel to the <1510>
direction, i. e., the close-packed direction, indicating that the dislocation in this orientation

are less mobile than the others.

3.2. Computer simulation of core structure of 1/3<—1123>{1011} dislocations in a model
h. ¢. p. crystal

The intrinsic properties of 1/3<1 123> dislocations, viz., the core structure and the
mechanism of glide motion, are studied by computer simulation using a model crystal
constructed with a truncated Lennard-Jones interatomic potential.

Simulation has been performed on four different 1/3<i123> dislocations. Three of those
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are non-screw 1/3[If23] dislocations on (1011), viz., (1) a mixed dislocation of &=75°, the
dislocation line direction being parallial to [1_2i0] direction, (2) an ‘edge’ dislocation of &=91°,
(3) a mixed dislocation of $=150° (where & is the angle between the Burgers vector and the
dislocation line direction), and the fourth is the screw dislocation (#=0°). Among those the
first one is of particular interest since the 1/3<Il_23> dislocations observed experimentally

in titanium and its alloys are mostly of this type.

In all the four cases studied, the relaxed core configuration shows planar spread on the
(10?1) plane associated with stacking faults. On the {10?1} plane of h. c. p. crystals, two
stacking faults, F, and Fy, have been predicted to exist by atomistic calculations. Therefore,
the 1/3 <Il_23> dislocations are expected to be dissociated into three partial dislocations,

b 3,b 9 and b L with the faults F2 and Fl bounded by these partials. The core structures of
the "edge’-, the 150° mixed- and the screw dislocations are almost in accordance with this
expectation; the core configuration and the splitting scheme of the Burgers vector are
1llustrated inFigs. 1a and 2a, respectively. On the other hand, the relaxed core structure of
the 75° mixed dislocation has been found to be different from the three dislocations; the
dislocation is'dissociated into two partials, and only the fault Fl’ which has the lower
stacking fault energy, exists, as depicted in Figs. 1b and 2b.

When shear stresses are applied, the extended dislocations comprising the three partials
glide on (10I1) casily under small stresses less than 0.01G without any marked change of
the core structure. In contrast to this, the net motion of the 75° dislocation occurs at stresses
above 0.03G; the mixed partial has been dissociated further into the two elementary partials
prior to the glide motion, and the total dislocation glides with a configuration of the three
partials, in the same way as the other three orientations.

An expectation from the present simulation study is that the shear stress required for the
motion of the 1/3<1123>> dislocation on the {1011} plane is the largest when the dislocation
line is parallel to <1510> (i. e., the 75° orientation), and consequently the mobility is the
lowest. This feature is in excellent agreement with the experimental observations of the
dislocation configuration in deformed titanium, It is concelvable, therefore, that the glide
mechanism of 1/3<i 1_23> dislocations in titanium, zirconium and their alloys is similar to
that suggested by the present simulation. The glide occurs on {1011} by motion of the three
partial dislocations, b3, b 9 and bl' In that case, in polycrystalline materials in which the

<I 1_23> slip is necessary, the macroscopic deformation rate would be controlled by the
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motion of the 75° segments of the 1/3<1123> dislocations; this process itself is considered
to occur by thermally activated transformation of the core structure from the stable two

partial configuration into the glissile three partial configuration.

CHAPTER 4 SUMMARY AND SUGGESTIONS FOR FUTURE WORK
In this chapter, the principal results obtained by the present study are summarized, and

some suggestions for further investigations are described.

bs b2 bt bs + b2 bt
F2 F F1
L 4 4 Al A4
(a) (b)

Fig. 1. Possible core extension of a 1/3<i 1~23> dislocation on {lOIl}. (a) Dissociation into
three partial dislocations bg, by and by with the two enclosed stacking faults F,, and
Fy. (b) Dissociation into two partial dislocations (bgtby) and by with the fault F,.
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511210] 511210]

b b1
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Fig. 2. Splitting of the Burgers vector b =1/3[1 i23] on (lOIl). (a) b ~bgy +bgy+by with
E, and Fy; (b) b =(bg+by) + by with B, where bg =1/4[1012], by=1/12[1432] and
b1=1/6[1012].
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