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The high pressure behavior of titanium metal is investigated experimentally using angle dispersive synchro-
tron x-ray diffraction as well as theoretically usimdp initio electronic structure methods. Our calculations
predict a directw to bcc transformation around 80 GPa without any intermediate crystal phaseg’'The
(bce-structurg Ti phase was experimentally observed to coexist withdilghase at pressures between 40 and
80 GPa on compression at ambient temperature. High-temperature treatment at 80 GPa results in a formation
of a new#n phase with a monoclinically distorted bcc structure. On decompression fiase transforms to
the pureB’ phase.
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The titanium group of elements and their alloys are verycalculations by Ahujat al® have already predicted that the
important materials both from technological and scientificbcc phase in Ti should become stable under pressure already
point of view. Technologically, these materials have applica-2t & pressure below 100 GPa. However, in these calculations,
tions in the aerospace industry due to their light weightne recently reported and & phases were not taken in ac-
static strength and stiffness and they do not degrade rapidf* unt. Recently, Jostet al.” have also performed theoretical
when the temperature is increased and they also show oxid igh pressure study on Ti metal.

. . The main aim of the present work is to make another
tion resistance. From th.e fgndamental aspect, these elemgrgtsudy of the high pressure behavior of Ti both experimentally
are situated in the beginning of the transition metals serie

; . X ) h - iffracti h ically(full -
and their electronic structure is dominated by a compara%}:gg ;gtggﬁioxgg{hﬁ;-éamg{]hﬁgg I;[roer;)r(ter?ggey(s':tdyie;ewe

tively narrowd-band hybridizing with a broadband. Under i show that Ti under pressure indeed behaves in a similar
pressure there is a transfersélectrons into thel band. This way as its counterpart tetravalent metals, Zr and Hf.
rearrangement governs both the electronic and structural The details of the electrically and laser-heated DAC ex-
properties. Conventional ideas about the crystal structures @feriments are described by Dubrovinskyal®~1° Powder
transition metals state that the most important parameter coneray diffraction data were obtained at ESRBeam line
trolling the stability of a given structure is theoccupation  |D30) with the Bruker CCD area detector using an x-ray
number. This is related to fact that tHedensity of states for beam of 0.3738 A wavelengths and size ofx11®2 um.
different structure show characteristic element independeridetector-to-sample distance was varied from 170 to 220 mm.
shapes. Diamonds were mounted on the seats made of cubic BN
The titanium group of elements are all stable in the hcpallowing us to collect the complete Debye rings to 0.9 A.
(a) structure under ambient conditions, but at high temperaThe collected images were integrated using #heb pro-
ture they transform to the bog) structure. It is now also gram in order to obtain a conventional diffraction spectrum.
well established experimentally that under pressure two of he Rietveld refinements of powder x-ray diffraction data
the elements of the titanium grou@r and Hf transform to ~ Were carried out using thesas progfam?l As internal pres-
the bce phase even at ambient temperature and high pressupgre standards and pressure medium we used NaCl powder
In addition all three elementdi, Zr, and Hj show a phase mixed with the sample in the mass proportion approximately
transition from the hcp to the phase under pressiré on 14 . .
further compression, the phase transforms to the bcc phase . We have als_o p_erformed calculations usmgzthe fuII_ poten-
in the case of Zr and Ht.The search for the missing high bl linear muffin-tin orbital(FPLMTO) method™ in which
pressure bcc phase in titanium is still going on. Very recentlylb"’ls'dS fu_nri:tmns, electron dt_anslmes, and po_tentlalr? were calcu-
two groups have independently reported high pressure me%"’}te without any geometrical approximation. These quanti-
- es were expanded in spherical wav@gth a cut-off | .,
surements for Ti in the megabar pressure range and VOh@S) inside nonoverlapping spheres surrounding the atomic
and Spencérfound a novely phase of Ti at megabar pres-

. sites(muffin-tin spheresand in a Fourier series in the inter-
sures. They showed that Ti transforms from thphase to an ( P ;

. : . stitial region, between the spheres. We have used generalized
orthorhombic(y) phase at 116.0 GPa. This phase rema‘”e%radient approximation(GGA) by Perdew, Burke, and

stable up to tf;e highest studied pressure of 146 GPa. LateErnzerhot® for the exchange-correlation potential. The
Akahamaet al> have reported a new phase(distorted bcE  muffin-tin spheres occupied approximately 60% of the unit
phase at 140 GPa beyond the intermedigtghase. Thiso  cell. The radial parts of the basis functions inside the muffin-
phase was stable up to 220 GPa. Most surprisingly the twgin spheres were calculated from a wave equation forl the
new studies did not show any sign of the expected bcc phase0 component of the potential inside the spheres that in-
under high pressure. On the other haablinitio theoretical  cluded mass velocity, Darwin shift, and higher order correc-
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tions, but not the spin—orbit coupling. Spin—orbit coupling
and the highel components of the potential in the muffin-tin
spheres and all of the Fourier components of the potential in
the interstitial region were included in the crystal
Hamiltonian!® In the calculations reported here, two sets of
energy parameters were used, one appropriate for the semi-
core states, and the other appropriate for the valence states.
The resulting basis formed a single, fully hybridizing set.
The speciak-point method® was used for sampling the ir-
reducible wedge of the Brillouin-zon@2).

In our experiments high purit{99.999% Ti was used as
the starting material. At applied pressures of about 9 GPa the
initial o phase(hcp structurgtransforms into thev-phase, in
good agreement with previous observatibngFig. 1). Fur-
ther compression to 39 GPa does not result in any phase
transformationgFig. 1). However, at 42 GPa we observed
the appearance of new, additional to thgphase, reflections
(Fig. 2). Those reflections are almost not distinguishable on
the 1D-integrated“conventional”) diffraction pattern[Fig.
2(a)], but could be easily recognized on the on rol{egtion
“CAKE” in FIT2D program images[Fig. 2(b)]. A pressure
increase to 81 GPa did not result in any more pronounced
splittings of the reflections of&-Ti and the new phase, and
actually all the observed 1D-integrated pattern peaks could
still be indexed as reflections of puseTi (Fig. 1). However,
indexing of the diffraction patterns in framework af-Ti
require, for example at 42 GPe/a ratio of 0.601, while at
pressures between 20 and 40 G&/a monotonically in-

FIG. 1. Examples of x-ray diffraction patterns obtained in our creases from 0.613 to 0.618. Moreover, the quality of the
experiments for titanium met&B1 and B2 denote the for low- and full-profile refinement decreased with pressure and it is prac-
high-pressure NaCl polymorphs, respectiyely
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FIG. 3. Examples of a profile-fitted x-ray diffraction pattern obtained in experiments on titaf@imata collected at 81) GPa and
fitted with a mixture of thew-phase(lower tickg and B2-NaCl(upper ticks; (b) the same diffraction pattern fitted by a mixture of the
w-phase(lower tickg, B2-NaCl(middle tickg, andB’-Ti (upper ticks; (c) diffraction data from the sample heated dgrid h at105025)

K at 781) GPa fitted by the orthorhombispace groug=-mmm #-Ti structure(upper tick$ (lower ticks-B2-NaC); (d) diffraction data
collected upon decompression 9fTi at 37(1) GPa and fitted with the bcc-structur@d-Ti (upper ticks and B2-NaCl(lower ticks.

GPa in terms of just two phases—B2-Na@rressure me- (001) and(111) reflections ofw-Ti are easily detectable, they
dium) and thew-Ti [Fig. 3(@]. At the same time, if we as- are absent in the diffraction pattern of tffé-phase obtained
sume that bcc-structured titanium is present in the samplby decompression o#-Ti (Fig. 1, insel. On further decom-
[we will call it B’ to underline its structural identity with the pression, at pressures below 30 GB&,Ti transforms to the
low-pressure bcc-titaniur(B)], we are able to quantitatively w-phase which could be quenched to ambient pressure as
describe the diffraction patterns at pressures up to 80 GPaas previously observed by Vohra and Speficer.
[Fig. 3(b)]. The compressibility of 8'-Ti [K;=132(5) GP&K'’
While heating below 950 K did not result in any notice- =2.4(6)] is close to the compressibility ofo-Ti [Ky
able modifications of diffraction patterns, laser-heating at=126(3) GPak'=2.6(4) from our data, and Ky
1200-1300 K or electrical heating at 1@36) K during 3h  =123.1(4.7) GPa,K'=3.24(1.2) according to5)]. The
at 78—80 GPa results in significant changes of the diffractiormolar volumes of both3’- and #-Ti are very close to the
pattern (Fig. 1). Reflections of the newsphase could be molar volumes of the»-phase at corresponding pressure. For
indexed as an orthorhombic lattice and the diffraction patterrexample, at 78) GPa the molar volume ofy-Ti is just
could be reproduced by tlfenmmspace group with Tiind  ~0.2% lower than the molar volume a#-Ti. This could
(0, 0, 0 position[Fig. 3(c)]. The lattice parameters afTiat  explain why(a) the 8’- and w-phases can coexist over such
78(1) GPa and ambient temperature are3.918(1) A, b a wide pressure rangat least between 40 and 80 GPéb)
=3.968(1) A,c=3.092(1) A. The structure of the phase heating is necessary to activate the transformation fronmthe
could be described as a monoclinically distorted bcc strucphase to they phase, andc) it is so difficult to distinguish
ture with lattice parametersa’=b’=2.788A, c  the x-ray diffraction patterns of th@'- and w-phases(at
=3.092(1) A, y=89.3°. very similar molar volumes the reflections gf-Ti are just
On decompression at room temperaturdi transforms  “hidden” under the reflections ofo-Ti).
into the ideal bce-structure@’ phase at pressures below 40  We have calculated the total energies of the different
GPa[Figs. 1 and &)]. Note, that while on compressidor  phases, namely, the, y, 8, », and 8 (bcd phases, as a
on decompression of the unheated samftle characteristic function of volume for Ti. As an example, in Fig. 4 we show
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L L T TABLE I. Calculated structural parameters for theand thes
o i .. a0 ] phases along with recent experimental data.
i e «-aY N
= 8-_ “ :":g i Structure  Pressure  b/a cla y
= 8 -
% 6l _ y-phase 118 GPa 1.889 1.624 0.108 Present Calc.
v8 - "N\ . 1.878 1.639 0.100 Expt.
oA e SNy . nphase  78.0GPa 1.007 0.704--- Present Calc.
[ L 'S -
LITf -k * o e 1.013 0.789 --- Present Expt.
o st UGN N e Sphase 178 GPa 0.716 0.989 0.268 Present Calc.
0 0.681 0.941 0.295 Exft
2r \\-\; 2Reference 4.
[ 1 1 L. L bReference 5.

Ba6" 045 05 052 054 056 055 05 062 06d 066
VIV, phase and compared it with recent experiments. We have
also looked into the stability of thes and § phase in Zr
metal. Again, our calculations do not support the existence of
a stabley and 6 phase, which is in agreement with experi-
ment for Zr.

In summary, our experimental and theoretical studies
show the existence of the bcce-structure in Ti at high pressure.

VIV, whereV, is the experimental equilibrium volume for The transformations in titanium are path-dependent and cur-

o rent experimental information is not sufficient for unambigu-
the hcp phase. In this figure, we have taken the total energy s conclusion whethep’-Ti is a stable or metastable

thLhaet gtcig:}asrsszisoisrﬁg\:\f:gg\l/eieé é)zn(e rceasr;jrze;tr)?ﬂt I:'Shase. Theoretical calculations predict stabilization of bcc-
P 0= 1.2 (P structured titanium at significantly higher press(above 80

80 GP4, the w phase is more stable than the bgcy, andés GPa than was observed experimentalbove 40 GPa We

phases. B‘?VO”O' this compression the bcc phase be_comﬁgve also found that titanium has the potential to form meta-
stable relative to all the other structures. The difference in th%table phasedlike 8, v, or 7) with very similar molar vol-

total energy between the and » phase and the bcc phase
increases with decreasing volume, whereas the difference in

energy is almost constant in the case of éhend bcc phase The authors acknowledge financial support from the
for the studied volume range. Thus our calculations predicBwedish Research Coun€WVR) and ATOMICS(SSH. Part
that both they, », andé phases are metastable. In Table I, weof these calculations were done at the National Supercom-
have shown our relaxed parameters for they, and they  puter CentefNSC), in Linkoping, Sweden.

FIG. 4. Total energy differences of Ti as a function of volume
(VIVq, whereV, is the experimental volumdor the w, v, 4, 7,
and B(bco structures. The total energy of th&(bco structure is
taken as a reference level.
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