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Abstract Phase transformations in TiD4.a subjected to high-pressure Veatment were 
investigated by simultaneous real-time measurements of neutron diffraction and small-angle 
neutron scattezing. The neuvon spectra were Wen on heating the samples in the temperature 
ranges 100 to 300 K and 300 to 760 K followed by coaling to 430 K. A sequence of structural 
transitions was observed, which involves seven different phases and intermediate slates with the 
hexagonal close-packed, face-centred cubic, facecentred orthorhombic or body-centred cubic 
metal sublattices and hydrogen ntoms distributed on octahedral or orderedldisordered tehahedral 
interstices. 

1. Introduction 

The assessed T-x diagram of the Ti-H system [ l ]  involves a threephase equilibrium of a, B 
and 6 phases at the eutectoid point (figure I)$. Here or-Ti(H) and @-EH, are solid solutions 
of hydrogen in hexagonal close-packed (HCP) u-Ti and body-centred cubic (BCC) @-Ti, and 
S-TiHZ-, is a deficient dihydnde with the face-centred cubic (FCC) metal sublattice and 
hydrogen a tom randomly distributed on tetrahedral interstices of the metal sublattice. A 
new phase has been found in near-eutectoid Tax samples at pressures P 2 20.5 kbar [Z, 31. 
.When two-phase (u + QTiHO.7-0.9 samples were quenched under P 60 kbar to 80 K 
and decompressed, they transformed to a single-phase state, the x phase, which had a face- 
centred orthorhombic (FcO) metal sublattice [4-71. Neutron scattering experiments [%I21 
have shown that hydrogen occupied octahedral interstitials in the metal sublattice. 

The ,y phase was metastable at P = 1 atm and transformed irreversibly on heating over 
95 K (115 K for deuteride) with an exothermal effect of 71 (119) J g-' [13]. The main 
phase in the air-heated product was y-TiH, which had an FCO metal sublattice with only 
1% difference in lattice parameters U and b, but with c/u Y 1.09 [14]. Hydrogen atoms in 
y-EH were ordered on tetrahedral interstitial sites on alternate (110) planes [&lo]. The y 
phase has also been observed in TiH(D), water quenched or furnace cooled at P = 1 atm 
from about eutectoid (573 K [l]) to ambient temperature, but the content of y-TiH in the 
u + 6 matrix of the samples did not exceed 10% 115-201. 

g Other designations were wed for TU& phases in our previous works. They are changed herein to conform with 
those generally accepted now 111. 
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Figure 1. The T-.x phase diagram of the li-H system 
[I]. Equilibrium linesnwthe eutectoid point aredrawn 
after [24]. Plotted also axe stability ranges for y- l iH 
[12.24]. The metastability region of the ,y phase is 
shaded. 

Figure 2. Sample tempemure as a function of time 
during neutmn diffnction and SANS measurements on 
titanium hydrides. (U)  Low-temperature measurements: 
asequence of diffraction panems taken in the interval 
11 to tz is shown in figure 3. (b)  High-temperature 
measurements; evolution of SANS behveen f l  and t2 
is shown in figure 7, and diffraction panems Wken 
between t l  and 12 are presented in figure 8. 

It was assumed from the crystal sbucture of y-TiH that the y phase was a stoichiometric 
monohydride, similar to y-  ZrH [21]. Therefore, excessive metal was expected to precipitate 
in the process of the ,y to y transformation. However, only a diffuse x-ray reflection, 
d = 2.24 A, corresponding to (101) of a-Ti was detected after rapid heating in air [14]. 
This discrepancy was explained in small-angle neutron scattering (SANS) experiments on 
the y-phase samples of different composition, TiD0.72 and TiD0.86 1221. The SANS data 
led to an assumption that excessive metal precipitated during the ,y to y transformation as 
aggregations with the fractal dimension D * 2.7 and the crossover length 6 - 85 A. To 
distinguish it from the a phase, this fine-grained titanium precipitate with highly imperfect 
crystal structure is denoted here as phase e. On the contrary, the a-phase pattern was clearly 
observed in the x-ray diffraction spectra of slowly heated ,y-TiH(D), [13]. 

Resistivity [23] and calorimetric [13] studies of the ,y to a + y transformation have 
shown that this transformation was a two-stage process. An intermediate phase, K .  has been 
stored by means of low-temperature annealing at - 150 K for 5 min and quenching to 
77 K. Neutron diffraction and inelastic neutron scattering experiments on y and K phases 
revealed that these phases were very similar in structure and spectroscopic features in the 
range of energy transfer over 10 meV [lo]. But a feature at - 7 meV in the inelastic 
scattering spectrum of the K phase (the same as in the ,y phase) and diffuseness of superlattice 
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reflections led to the conclusion that this phase was a product of a partial transformation to 
the y phase. 

Calorimetric measurements at the 6+y to (1+6 transformation indicated thermal activity 
of the (6 + y)-TiH(D), samples over about 390 K, which preceded the endothermal peak 
at 441 (478) K [24]. When an (6 + y)-TiDo.m sample was subjected to partial annealing 
treatments at several increasing temperatures, the x-ray pattern from y-TiD did not change 
in the range 413 to 473 K, whereas the total x-ray pattern of the (I phase appeared and 
increased in intensity. The decomposition reaction y to a + 6 in TiDo.70 began only at 
T rr 473 K [14]. 

There is some discrepancy in neutron diffraction data on the f i  phase of the Ti-H(D) 
system. Some authors stated that D atoms were distributed over the tetrahedral sites [16], 
while others [25]  found the best data fit under the assumption that 15 to 30% D atoms 
were located in the octahedral sites. The optical vibration frequencies measured on fi-TiHx 
by inelastic neutron scattering were consistent with hydrogen distribution on the tetrahedral 
sites only [26]. 

Thus, there was some confusion concerning both the characterization of structures 
of the phases involved and structural changes at phase transformations. The present 
real-time study of phase transformations in pressure-treated T1-0.75 was carried out by 
simultaneous measurement of neutron diffraction and SANS. The total sequence of structural 
transformations 

X + K +(6) --f y + 6 + 0 1 + 6  efi (1) 

was investigated (only the last one is reversible), and most structures were further detailed. 
We parenthesize the 6 phase after the first transition to indicate that this phase was not a 
product of the transition, but m s e  during further evolution. 

2. Experimental methods 

Two samples were prepared by reaction of high-purity (- 220 ppm) titanium with gaseous 
deuterium from thermally decomposed TiDz 14,241. The initial metal had a large grain size. 
To obtain fine-grained polycrystalline deuterides and to reduce their texture, the titanium 
rod was cold rolled by - 70% before hydrogenation. Deuterium content was determined 
from weight gain, and it was x = 0.74 i 0.01 (sample I) and 0.73 k 0.01 (sample 11). Each 
sample consisted of I O  discs of 6.7 mm diameter and 3 mm thickness. 

To produce the x phase (Institute of Solid State Physics, Chemogolovka), the samples 
were compressed to 60 kbar, heated to 620 K, exposed under these conditions for 10 min, 
and quenched to 80 K at a rate of - lo3 K s-'. Then pressure was lowered to atmospheric 
[2,7]. All further operations and storage of the x phase were carried out under liquid 
nitrogen. To prepare the 6 + y initial phase state for the high-temperature study, sample II 
was air-heated from the x phase at 77 K to room temperature. 

Neutron diffraction was measured using the time-of-flight diffractometer DN-2 [27,28] 
at the IBR-2 reactor (Joint Institute for Nuclear Research, Dubna). The neutron scattering 
angles were 26 = 152" and 90" for the low-temperature experiment and 160.8" and 90" 
for the high-temperature one. SANS was measured at the angle 26 N 1" simultaneously 
with diffraction. A very high neutron flux at the sample (- lo7 n s-I) and the 
advantage of the time-of-flight method (neutron patterns over the total Q-range are collected 
at each neutron impulse) ensured the temporal resolution of 0.5 min at low temperatures 
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and 1 min at high temperatures, which was sufficient to observe peculiarities of the phase 
transformations. For neutron scattering measurements in the range 100 to 300 K, sample I 
(the ,y phase) was loaded into a cryostat with aluminium windows and then heated as 
shown in figure Z(a). A furnace with platinum windows was used for high-temperature 
measurements. Sample Il (initially G + y )  was heated from 300 to 760 K and then cooled 
to 430 K as shown in figure Z(b). The heating rate was lowered over 500 K in order to 
gain reliable statistics for Rietveld analysis. The temperature scale in the high-temperature 
experiment was calibrated using the onset of the eutectoid transformation on heating TiD, 
as a reference point (603 K [24]j. Therefore, only relative temperature variation is essential 
for these measurements while the absolute values of temperature are less important. 

A I Kolesnikov et a1 

3. Low-temperature measurements 

Figure 3 shows the evolution of neutron diffraction patterns from slowly heated sample I. It 
displays the process of x + K + (Gj --f G + y transformations in TiD0,74, which occurred 
as temperature increased from 130 to 300 K within the represented time interval (tl to tz 
in figure 2(a)). The spectra were observed at the angle 26 = 152", and they also include 
reflections from the aluminium walls of the cryostat. Several diffraction spectra are also 
represented in the left part of figure 4, as well as the corresponding SANS spectra. which 
are given in the right part of this figure. 

Figure 3. Evolution of the neutron diffraction pltem from 'liD0.74 (sample I) measured at lhe 
angle 28 = 15Z0 during the ,y to B t y tramformalion on heating (time interval r1 to r2 in 
figure Z(a), i.e. 7 = 130 Io 300 K). Numbers of the time-of-flight (TOF) channels are proportional 
to neutron waveienglhs and interspace distances. 

There were no marked changes in the diffraction spectra of the quenched phase, ,y- 
TiD0.14, at temperatures up to 137 K. The spectra were characterized by the only strong 
peak at 2.41 .& in the interval of interspace distances d = 1.5 to 3.0 A (figure 4, at the 
bottom). The profile analysis of the spectrum was complicated because the sample was 
rather textured, in spite of the above precautions. Therefore, diffraction patterns were 
computer simulated for structures of orthorhombic or higher symmetry and D atoms on 
octahedral or tetrahedral interstices, and tested to fit the experimental spectrum. A good 
correlation between the calculated and experimental peak intensities was found only within 
the FCO structure with deuterium randomly distributed on octahedral interstices of the metal 
sublattice (a = 4.34 A, b = 4.18 A, c = 4.02 Aj, which gave a strong (111) line with 
the structure factor F(111) = 4lb(Ti) - xb(D)I = 33 fm. Here b r i )  = -3.300 and 
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Figure 4. Representative diffraction panems from TiD0.71 (28 = 152*, ieff pan) and SANS 

spectra (28 = 1'. right pan), illustrating smctural changes at the x + 6 + y phase 
transformation. TemperaNres are given on the right, d is the interspace distance and Q is 
the neutron momentum transfer. 

b(D) = 6.674 fm are coherent neutron scattering amplitudes of atoms and = 0.74 is the 
deuterium content The next group of intense peaks at d = 1.22 to 1.29 A was indexed 
as (311) reflections, while the calculated intensities of (2001 and (2201 reflections were 
negligible. 

The diffraction pattern drastically modified between 142 and 151 K. Peak (111) 
decreased in intensity by - 5 times and shifted to larger d values (see figure 5). 
Simultaneously, superlattice reflections (110) and (112) arose in the pattern. These changes 
in the diffraction pattern can be explained by displacement of deuterium from octahedral 
to tetrahedral sites concomitant with ordering on alternate (110) planes and increase in 
volume of the unit cell. The structure factor of the (1 11) reflection of the formed phase, K, 
is expressed as F(111) = 4lb(Ti)l z= 13 fm. Thus, the intensity ratio for (11 1) reflections 
of x and K phases should be equal to I ~ ( l l l ) / l x ( l l l )  = (FX/F")' N 6, in good accord 
with the experimental value (figure 5). 

Further modification of the diffraction spectrum displayed structural and chemical 
changes within the K phase and its discontinuous transformation to the y phase. 

The position of peak (110) in the diffraction pattern was nearly the same between 151 
and 300 K (figure 5). This indicates that lattice parameters a and b varied negligibly 
within the K and y phases. Otherwise, their variation should obey the relation lld'(1 10) = 
l/a2 + l/b2 = constant, which is less likely. 

Increase in the d value for peak (111) was gradual but anomalously large between 
151 and 205 K (figure 5). The relative change of d( l l1)  in this interval, Ad/ (dAT)  N 

K-', was much higher than linear thermal expansion of normal metal hydrides 
(- lo-' K-' at low temperatures [29]). It is clear that such behaviour cannot be due to 
simple thermal expansion, but it should be attributed to increasing deuterium concentration 
in the K phase. Actually, the intensity of peak (110) increased by about 1.6 times 
upon heating the K phase from 151 to 205 K. According to the expression for intensity, 
I(110) - IF(110)1' = 14xb(D)IZ, this fact was evidence that the deuterium content in the 
K phase increased by about 1.26 times upon its evolution, i.e. from 0.74 to 0.94. 
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Figure 5. TemperaNre behaviour of intensities l(110) Figure 6. Positions of li and D atoms in the unit cell 
and l(111) and intenpacedistances d(110) andd(lI1) of y-liH(D)(pcomeWsublaUice. bJo G 1.016, cJn = 
of the diffraction peaks in Ule procesr; of x - Y -+ y 1.098). Coordinates ofthe atom are: li atoms Y 0,O. 0 
emsformation in liDo.,r. a n d ( i . ~ , O I ; H ( D ) a t o m ~ f , t , f ; j , t , # ; q , t , t :  

and 4, $, 3 ,  Empty interstitial sites w also shown at 
f , f ,  1: a, : .  f: +, f ,  3; and 4. :, 9. Tetrahedron 
D4Ti and rectangle l i 4 D  are delineated with broken 
lines. 

It is interesting to note that peak (002) overlapped with the (200) and (020) peaks 
below 169 K (indicated d ranges in figure 4). This range in the diffraction spectra looked 
like intense background between the AI (ZOO) and K (11 1) reflections rather than structural 
peaks. However, these peaks became well resolved on further evolution of the K phase 
(190 K and higher). 

A small jump in the parameter d(ll1) occurred between 205 and 220 K, which is 
indicative of the K to y transition. Then the d( 1 11) value was nearly constant up to room 
temperature. 

To determine structura1 details and the deuterium content in the y phase as well as 
the occumence of %Ti in the final product, the room-temperature neutron diffraction study 
was carried out with good statistics. To eliminate the effect of texture, the product was 
powdered to a particle size of 0.01 to 0.1 mm. The experimental data were treated under 
the assumption of the two-phase state of the product, i.e. 6 + y ,  using the multiphase profile 
Rietveld refinement program adapted to the time-of-flight difiactometer DN-2 [30]. Fitting 
of the experimental spectrum was attempted with free parameters of the 2 phase, but it led 
to unreasonable results. Therefore, lattice parameters of this phase were fixed at the values 
for or-Ti: U = 2.952 A and c = 4.688 A (space group P6almmc) [l]. The best fit of the 
experimental intensities with R factors RW = 5.96 and Rp = 5.84 was obtained for the y 
phase with space group Cccm, deuterium occupancy p~ = 0.96(1) and lattice parameters 
given in table 1. 

It follows also kom the calculated results that the content of the d phase in the final 
product was 19(2)%. Since the deuterium content in sample I was x = 0.74 and the 
calculated deuterium occupancy for the y phase was po = 0.96, it is evident that the 
following phase relation should be observed 

TiDa.14 -+ 0.23 (&Ti) + 0.77 (y-TiD0.96) (2) 

i.e. the content of &Ti should be about 23%. This agrees with the calculated value within 
twice the error. 
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Table 1. Laltice parameters a, b and e, deuterium occupancies p ~ .  and percentage phase contents 
in TiD0.n (the top data set al 300 K where data for the 8 phase are taken from 111) and in 
TiDo.73 (others) at different t e m p e m s  obtained by Rietveld analysis. Numbers in parentheses 
are possible enom in the last digit. Space p u p  for HCP 01 and B phases is P&/mmc (No 194). 
for Fco y phase Cccm (No 66). for  cc 6 phase Fm3m (No 225) and for Bcc +6 phase lm3m 
(No 229). 

y 4.168(2) 4.WY2) 4.577(1) 0.81 0.96(1) 

300 B 2966(9) 4.61(2) 0.16 
y 4.158(1) 4.227(1) 4.571(2) 0.84 0.97(1) 

380 8 2.96.5(6) 4.63(1) 0.20 
y 4.164(2) 4.232(2) 4.573(2) 0.80 0.93(2) 

460 8 2.951(6) 4.67(1) 0.21 
y 4.171(2) 4,234(2) 4,567(2) 0.79 0.90(1) 

520 01 2,9420) 4.694(4) 0.54 
y 4.162(4) 4.251(5) 4.556(5) 0.12 0.61(3) 
S 4.386U) 0.34 1.53(7) 

550 ct 2.951(3) 4.698(3) 0.55 
y 4.14(3) 4.25(3) 4.54(4) 0.02 OS(3) 
S 4.388(1) 0.43 1.49(2) 

760 +6 3.3828(7) I .oo 0.73 

550 01 2.946(2) 4.691(3) 0.60 
S 4.388(1) 0.40 1.6(3) 

430 U 2.944(2) 4.682(3) 0.60 
S 4.388(1) 0.40 1.6X2) 

The first indication of SANS was detected at T = 180 to 200 K in the range of neutron 
momentum transfer Q = 0.05 to 0.08 A-' (figure 4). At 200 K, SANS intensity markedly 
increased in the range of Q = 0.02 to 0.05 A-', and then SANS spectra stabilized at 215 K. 

Origination of SANS is indicative of fluctuation of neutron scattering density in the 
sample. It correlates with successive structural transformations concluded from d m t i o n  
data and further explains the concentration behaviour of the sample. 

When the x to K transformation was completed, D atoms in the K phase occupied ordered 
tetrahedral interstices with the occupation probability PO = 0.74. Deuterium enrichment 
of the K phase terminated in the formation of the stoichiometric y phase. Both processes 
should result in nucleation and growth of deuterium-free regions. The neutron scattering 
amplitude of such regions essentially differed from the average scattering amplitude. At 
the first stage, nuclei of deuterium-free metal were few and small in size and could not 
therefore be observed in the SANS spectra. Upon evolution of the K phase and the K to 
y transformation, these nuclei increased in number, grew in size, and combined to form 
regions of larger size (&TI). Respectively, SANS drastically increased in intensity and the 
intensity maximum in the experimental spectra shifted to small Q values (figure 4). 
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The nature of K and y phases will be discussed now on the basis of the above data. 
The anomalous temperature behaviour of lattice parameters seems to indicate strong 

D-D interaction in K and y phases. D-D distances in the ,y phase are 2.9 to 3.0 A. The 
D-D distance in the ab plane was nearly the same during the x -k K + y transformation, 
i.e. r.,b(D-D) = 2.97 in the y phase. But that along the c axis decreased after the x to 
K transformation to r,(D-D) = c/2 2.18 A, then gradually increased to 2.26 A as the 
deuterium content in the K phase increased (lattice parameter c calculated from the positions 
of (111) and (110) reflections changed from 4.365 to 4.524 A during evolution of the K 

phase). 
Figure 6 shows that each deuterium atom in the y-TiD unit cell is located in the centre 

of a tetrahedron of four Ti atoms. Each Ti atom also has a symmetric environment of four 
D atoms occupying apices of a rectangle. The K phase has a similar unit cell, but pD < 1. 
If we assume the central-force interaction between nearest neighbours (i.e. Ti-D) only, then 
increasing pD value should lead to uniform expansion of the unit cell of the K phase with 
c/a = constant (see the Ti-4D rectangle), On the contrary, the observed distortion of 
the unit  cell results in increasing D-D distance along the c axis (the shorter side of the 
rectangle) while the Ti-D distance remains nearly the same as in 6-TiDz-,. This indicates 
that the D-D interaction essentially affects the crystal structure of y-TiD. Force constants 
of the D-D interaction should be much higher along the c axis than in the ab plane. 

It also seems worth comparing the structural behaviour of x-TiDe.74 with changes in 
superconductivity observed by resistivity jumps in X-TiH0.71 in the course of successive 
heating runs of partial annealing [23] .  It has  been found that Tc of ~ - T i & , 7 ~  decreased 
from 4.3 to 3.7 K after several heating runs to T 4 154 K, then two steps at lowered 
T, were observed in the resistivity curves after heating runs to T 4 165 K; only hints 
of superconductivity could be fixed at T 2 1 K after further runs, and the y phase was 
non-superconductive. It can be concluded from the comparison that the K phase is a rare 
case of a superconducting hydride with hydrogen partially ordered on tetrahedral sites, its 
T, value being dependent on the occupancy number. 

4. High-temperature measurements 

Several timettemperature intervals of the spectral evolution can be distinguished on heating 
and cooling sample I1 (initially (2 + y)-TiDO.73). The main features of both diffraction and 
SANS spectra were much the same on heating to 460 K. The S A N S  spectrum began changing 
at this temperature; its evolution on heating from 460 to 760 K followed by cooling to 
515 K (i.e. time interval f l  to tz in figure 2(b)) is represented in figure 7. Changes in the 
diffraction spectra became obvious at a higher temperature of - 480 K. The evolution of 
the neutron diffraction pattern taken at 26 = 160.8" on heating between 480 and 760 K 
and then on cooling to 515 K (time interval ti to t2 in figure 2(b)) is shown in figure 8. 

There were wide timdtemperature intervals when the phase content in the sample 
changed rather slowly. This was used to obtain higher statistics for some temperatures 
by means of summing four spectra in close vicinity of the temperature. Such summary 
spectra were analysed using the multiphase Rietveld programt. The Oi phase was fitted 
within space group PQ/mmc. Deuterium content in the E phase was accepted to be zero, 
PO = 0, because spectrum statistics were insufficient to determine this parameter. The 

t Salisfacrory fits of experimental intensities were oblained here and further with R faclot's Rw = 5.1 to 6.4 and 
Rp = 5.3 lo 1.7. 
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Figure 7. Evolution of the SANS specr" (20 = 1") 
from TiDo.73 (sample It. initial stale E t y )  on healing 
between 460 and 760 K, then on cooling to 515 K 
(time interval tl to 12 in figure 2(b)). TOF channel 
numbers are proportional to neutron wavelengths and 
inversely proportional b neutron momentum transfer Q .  
The spectra are measured simultaneously with neutron 
diffraction presented in figure 8. 

Figure 8. Evolution of the neutron diffraction partem 
from TiDn.n measured at angle 26 = 160.8O on heating 
from 480 to 760 K followed by cooling to 515 K (time 
interval 1; to lz in figure 2(b)). Representative peaks 
only ax indicated. 

results of the analysis are presented in table 1, and some diffraction patterns for different 
phase states are shown in figure 9. 

Lattice parameters of the y phase calculated from the room-temperature diffraction 
spectrum (table 1) were close to those obtained for sample I and to earlier data [U, 14, 151, 
but for the deuterium occupancy found by Numakura et 01 [15], p~ = 0.85, which seems to 
be too low. Parameter a calculated for the 6 phase was much higher while parameter c was 
much lower than the appropriate values reported for 01-li(H), i.e. a = 2.951 and c = 4.684 
to 4.740 A [l]. 

An approximately linear increase in calculated values of lattice parameters a and b of 
the y phase was observed between 300 and 460 K as could be expected due to the normal 
thermal expansion (figure 10). But lattice parameter c remained nearly constant. This may 
be due to a slight decrease of the deuterium occupancy (PO = 0.90 at 460 K, table 1) 
relaxing the above assumed strong D-D interaction along the c axis, thus compensating 
thermal expansion. 

The behaviour of the h phase was rather out of the ordinary in this interval. Parameter 
c increased while parameter a decreased linearly between 300 and 460 K (figure 11). Such 
behaviour was far from the normal thermal expansion, but as a result the lattice parameters 
of the h phase approached the values characteristic of pure a-%. The calculated percentage 
of the h phase in the sample increased from 16.4% at 300 K to 20.9% at 460 K. However, 
the SANS spectrum through the experimental Q-range was the same between 300 and 460 K. 
The invariable SANS indicates that processes at these temperatures occurred within the initial 
grain structure of sample 11, the contrast of the h-phase nuclei with respect to the average 
neutron scattering density being nearly the same. Otherwise, the changes took place beyond 
the experimental Q-range, i.e. at Q > Qm = 0.125 A-', which is equivalent to crystal 
regions of a size I < 2n/Qm N 50 A. Such processes could be due to breaking of 
coherence between precipitated h-TI nuclei and the host y-TiH matrix, thus formation of 
the normal 01 phase. 

Phase transformation h + y to 01 + 8 was evident over 480 K (figure 8). It developed 
rapidly to 520 K, but a small mount of the y phase (about 1.5%) was still observed up to 
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Figure 9. Rietvetd refined neutron diffmction patterns characteristic of different phase states 
involved in the phase transformations in Tno.7,: 6 t y at 300 K. U t y t S a! 520 K. p at 
IM) K. and U + 6 at 430 K (cooled h m  the 8 phase). Shown are experimental points, fitting 
wwes and differential curves. Some representative peaks are indicated. All patterns are plotted 
to the same scale. 

550 K. The po value lowered to about 0.53 before the end of the !xansfomation. Lattice 
parameters a and c decreased sharply while parameter b increased considerably during the 
transformation. The lattice parameter of the 6 phase obtained was somewhat less than 
the reported value, a = 4.397 to 4.407 [I]. This can result from a lower value of the 
homogeneity limit of the 6 phase at higher temperatures. The deuterium occupancy po at 
tetrahedral sites of the 6 phase was 1.49kO.02 at 550 K. SANS increased in intensity, and its 
dependence on Q markedly changed, i.e. a second maximum grew at higher channels (lower 
Q-values). This effect can be explained by precipitation of additional titanium owing to 
formation of deuterium-rich 6-TiD1.49 from the y phase. These titanium precipitates should 

. 
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be larger in size compared to Ti nuclei that precipitated upon the x to 5 + y transformation. 
By the end of the transformation, accordingly, lattice parameters in figure 11 were close to 
those of or--. 

The (Y + S to ,3 phase transformation was observed at 600 to 660 K. The diffraction 
patterns of (Y and 6 phases faded during the transformation in the same proportion. There 
were no signs of another two-phase region. It can be concluded therefore that the 
transformation occurred in the eutectoid point, in accordance with the earlier stated value 

The Rietveld refinement of the neutron diffraction pattern at 760 K (figure 9) was carried 
out at a fixed value of the total deuterium occupancy, p~ = 0.73. equal to the deuterium 
content in the sample. Variation of the deuterium occupancies was allowed between the 

X, = 0.72 f 0.02 [ X I .  
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tetrahedral and octahedral sites. The best fit was obtained for D atoms occupying only 
tetrahedral interstitial positions in the Bcc metal sublattice. This result agrees with the 
inelastic neutron measurements [26] and neutron diffraction data [16], but disproves data 
[25] where 15 to 30% D atoms were assumed to be in the octahedral sites. SANS completely 
disappeared in the ,9 phase, which means that the sample had no neutron scattering amplitude 
fluctuations, but was single phase. 

On cooling, the ,3 phase reversibly transformed to the a + 6 state at about the same 
temperatures, 660 to 590 K. The lattice parameters of the 6 phase were the same as before 
transition to the ,9 phase. Those of the 01 phase were close to the earlier reported values 
[I] and showed normal thermal behaviour on cooling (figure 11). The SANS intensity began 
growing slowly, but with some timdtemperature delay compared to transformations in the 
diffraction spectrum. No changes were observed in the diffraction pattern below 590 K, 
except for normal thermal contraction, while the intensity of S A N S  continued to grow until 
550 K. The Q dependence of SANS curves differed considerably from that on heating. The 
SANS intensity was much lower through the experimental range of Q, except for Q less 
than 0.01 A-', where the intensify was larger than before transition to the ,9 phase. This 
indicates that titanium precipitates in the a+S sample were much larger in size after cooling 
from the ,4 phase than after the x -+ 5 + y -+ a + 6 transformation. This can be related 
to the higher temperature of the ,9 to (Y + 6 transformation, and hence higher mobility of D 
atoms, whose diffusion controls growth of the products of the transformation. 

A clear effect of the state and/or the grain size of precipitated titanium was also observed 
in the neutron diffraction patterns from sample II for different phases (figure 9). There was 
a marked difference between the Rietveld calculated diffraction curves for &Ti in the initial 
6 + y state at 300 K and for a-Ti in the a + 8 state cooled from the ,9 phase to 430 K. 
The experimental data for the initial 5 + y state could not be fitted as accurately as data 
for other phase states, which is evident from comparison of differential curves in figure 9. 
The background in the diffraction pattern from (5 + y)-TiDom was higher, and all peaks 
were much broader at 300 K than in other patterns. The background gradually decreased 
on heating, and the peaks narrowed until the transformation to the ,9 phase. Since the 
background of neutron diffraction from different crystalline phases of the same sample at 
some temperature is expected to be nearly the same, we believe that the observed difference 
in the spectra should. be due to a large amount of defect and non-crystalline regions formed 
mainly by titanium atoms. This agrees also with the apparent increase in the percentage 
content of 5-73 (or a-Ti) in sample II on heating and with earlier x-ray data on annealing 
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~141. 

5. Conclusions and summary 

An intermediate K phase appeared and remained over a wide temperature interval during the 
x to y phase transformation on slow heating of X-TiD0.74 quenched under pressure. This 
phase was partially ordered, i.e. deuterium occupied tetrahedral interstitial sites on alternate 
(1 IO)  planes of the face-centred orthorhombic metal sublattice, but the deuterium occupancy 
number was not stoichiometric. Deuterium content in the K phase gradually increased until 
the K to y transformation, which was observed from the discontinuous behaviour of lattice 
parameter c. Precipitation of 5-'li rapidly occurred at this transformation. Deuterium content 
in the y phase at room temperature was close to the stoichiometric value. 

The crystal structure of &Ti in (5 + y)-TiD0.73 prepared by rapid heating of the ,y 
phase to room temperature differed from that of a-'li, but gradually approached the latter 
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eutectoid transformation in the sample at 600 to 660 K resulted in a single-phase state, the 
j3 phase, where deuterium occupied only tetrahedral interstitial positions in the BCC metal 
sublattice. No SANS was observed from the j3 phase. The reverse transformation to the 
CY + 8 state took place on cooling. Precipitated CY-Ti had much larger g a i n  size compared 
to &Ti and a-Ti precipitated on heating the high-pressure x phase. 
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