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Impurities control phase stability and phase transformations in 
natural and man-made materials, from shape-memory alloys1 to 
steel2 to planetary cores3. Experiments and empirical databases 

are still central to tuning the impurity eff ects. What is missing is a 
broad theoretical underpinning. Consider, for example, the titanium 
martensitic transformations: diff usionless structural transformations 
proceeding near the speed of sound2. Pure titanium transforms from 
ductile α to brittle ω at 9 GPa, creating serious technological problems 
for β-stabilized titanium alloys. Impurities in the titanium alloys 
A-70 and Ti–6Al–4V (wt%) suppress the transformation up to at least 
35 GPa, increasing their technological utility as lightweight materials 
in aerospace applications. Th ese and other empirical discoveries in 
technological materials call for broad theoretical understanding. 
Impurities pose two theoretical challenges: the eff ect on the relative 

phase stability, and the energy barrier of the transformation. Ab initio 
methods4,5 calculate both changes due to impurities. We show that 
interstitial oxygen, nitrogen and carbon retard the transformation 
whereas substitutional aluminium and vanadium infl uence 
the transformation by changing the d-electron concentration6. 
Th e resulting microscopic picture explains the suppression of the 
transformation in commercial A-70 and Ti–6Al–4V alloys. In general, 
the eff ect of impurities on relative energies and energy barriers is 
central to understanding structural phase transformations.

Figure 1a shows the stability range of the titanium phases. 
The range from 2 to 9 GPa in the published transition pressures of 
nominally pure titanium7,8 is believed to be caused by differences in 
sample purity9–12. In hydrostatic compression the transformation is 
suppressed by 1 at% oxygen for short holding times (3–5 min); for 
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Figure 1 Structural phase transitions in titanium. a, The phase diagram of titanium as a function of temperature and pressure shows martensitic transformations 
between the α, β and ω phases. b, The transformation from α to ω proceeds through the TAO-1 mechanism13; shown is the transformation of one hexagonal basal plane of 
α to make the honeycomb and hexagonal planes in ω.
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long holding times (10 min) there is a diffusion-controlled recurrence 
of the transformation9. In shock experiments10 two commercial 
titanium alloys, A-70 and Ti–6Al–4V, show no transformation up 
to 35 GPa.

Our approach exploits the basic observation that for any 
martensitic transformation the speed of the transformation traps 
impurities in their local environment. Using the recently discovered 
α → ω transformation pathway13, we study interstitial O, N and 
C, and substitutional Al and V. Figure 1b illustrates the TAO-1 
mechanism13, whose energy barrier of 9 meV atom–1 is at least four 
times lower than any other pathway and remains lowest even when 
nucleation effects are considered13. Molecular dynamics simulations 
for the α → ω transformation in pure titanium show that the TAO-1 
mechanism provides a mobile interface14.

Figure 2 shows the location of interstitial impurities and the effect 
of the transformation on these sites. The interstitial impurity sites 
were found by placing O, N, and C impurities on all interstitial sites 
in α and ω and relaxing the atomic positions. Each phase contains 
one unique octahedral, tetrahedral and hexahedral site. However, the 
tetrahedral site in α is unstable for O, N and C and relaxes to the nearby 
hexahedral site in the basal plane. The ‘hexahedral’ site is a distorted 
double-tetrahedral site with fi ve neighbours, formed by a triangle of 
the basal plane and the two atoms right above and below the centre of 
the triangle. The instability of the tetrahedral site is unexpected from 
crystallographic considerations15 and is due to atomic relaxations. 
In ω the tetrahedral and hexahedral sites are both stable, and they are 
close in energy and location.

Table 1a shows the formation energies of the interstitial defects 
in α and ω. The energies of O, N and C are measured relative to 
molecular O2, N2 and graphite, respectively. For both α and ω the 

Table 1 Energies and locations of impurities

Site Wyckoff positions RNN Z Ef (eV)

a Interstitial impurities O N C

αoct 2(a) (0, 0, 0) 2.06–2.09 6 –6.12 –5.10 –1.58

αhex 2(d) (2/3, 1/3, 1/4) 1.91–1.95 5 –4.93 –3.41 +0.49

ωoct 3(f) (1/2, 0, 0) 2.03–2.17 6 –6.06 –4.99 –1.36

ωhex 6(m) (x, 2x, 1/2) 1.92–2.18 5 –4.47 –3.03 +0.61

ωtet 6(k) (x, 0, 1/2) 1.90–2.02 4 –4.38 –2.83 +0.78

b Substitutional impurities Al V

α 2(c) (1/3, 2/3, 1/4) 2.85–2.92 12 –0.88 +0.51

ωA 1(a) (0, 0, 0) 2.82–3.00 14 –0.90 +0.60

ωB 2(d) (1/3, 2/3, 1/2) 2.60–3.00 11 –0.47 +0.33

The formation energies and locations of interstitial and substitutional impurities in the α (P63/mmc) and ω (P6/mmm) phases are given. The formation energies Ef for O, N, and C are measured relative 

to molecular O2, N2 and graphite, respectively, and for Al and V relative to their f.c.c. and b.c.c. phases, respectively. All calculations are done at 1 at% defect concentration. Comparing the formation 

energies with the calculations for 2 at% impurity concentration estimates a finite size error of 0.05 eV. The Wyckoff multplicities, labels and positions16 of the impurity sites are listed. For each site, the 

nearest-neighbour distances after relaxation, RNN, are similar for all impurity species; hence, we show the range of values. For comparison, RNN is 2.89 Å in α and 2.84-3.01 Å for ωA and 2.65-3.01 Å for 

ωB. The coordination number Z at each site is also listed.
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Figure 2 Impurity sites in α and ω. Octahedral (o), tetrahedral (t), and hexahedral (h) sites for interstitial impurities as well as A and B sites for substitutional impurities in 
the α and ω phases. The α and ω phases each contain one unique o, t and h site. The t site in α relaxes to the nearby h site for all three impurities (O, N, C) and is therefore 
not shown. The hexahedral site is a distorted double-tetrahedral site with fi ve neighbours. The arrows indicate the transformation of the impurity and lattice sites in the TAO-1 
mechanism13 and the relative ratios. For clarity, the relative orientation of α and ω in TAO-1 is not shown.
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octahedral site is more stable than the tetrahedral or hexahedral 
sites. This is simply related to the size of the interstitial sites: larger 
sites have lower formation energies. Comparison between the α and 
ω interstitial impurities shows that the octahedral formation energy 
is slightly lower for α; this difference shifts the relative energy of the 
two crystal structures, decreasing the stability of ω relative to α.

Figures 3a and b show that octahedral sites in α (favoured by 
O, N and C) transform into two possible sites in ω and increase 
the energy barrier for the transformation. The TAO-1 pathway 
breaks the hexagonal symmetry and transforms a third of the 
octahedral sites into the ω octahedral site and two-thirds into the 
ω hexahedral site. The presence of impurities increases the energy 
barrier regardless of the fi nal site of the impurities; however, this 
increase is much larger for the octahedral to hexahedral pathway 
than for octahedral to octahedral. For all three impurities, despite 
their different chemistry, their similar size results in nearly 
identical barriers.

Table 1b shows the formation energies of the substitutional Al 
and V in α and the A and B sites of ω. These energies are defi ned 
relative to f.c.c. Al and b.c.c. V. Comparison between the α and ω 
substitutional impurities shows that, for both Al and V, the favoured 
ω site is lower than the α site. During the transformation, however, 

a random mixture of ω occupations will be produced in a 1:2 ratio 
as shown in Fig. 2. In that case, the formation energy combination 
ωA/3 + 2ωB/3 is lower than α for V, and higher for Al. This is expected 
to increase the stability of ω relative to α for V and decrease it for Al.

Figure 3c and d show how the α substitutional sites for Al and V 
transform to the two possible ω sites and affect the transformation 
barrier. The TAO-1 pathway lowers the symmetry and transforms 
a third of the α sites into ωA sites and two-thirds into ωB sites. 
The presence of impurities changes the energy barrier in a fashion 
similar to the formation energies. The shift in the barrier matches 
the shift in the relative energies of α and ω; both are consistent with 
the change in d-electron concentration6. The d-electron effect is also 
observed in the alloying behaviour6: transition metals with more d 
electrons such as V, Mo, Fe and Ta stabilize the ω phase, whereas 
early transition metals and simple metals such as Al favour α.

The α → ω phase transition is sensitive to small energy changes. 
At zero pressure and temperature, the ω phase is about 4 meV atom–1 
lower in energy than α (ref. 17) and the energy barrier from α to ω is 
9 meV atom–1 (ref. 13). It takes 9 GPa to overcome the energy barrier 
in shock experiments10 or 280 K to overcome the energy difference18. 
Hence, we expect a marked change in transition temperature and 
pressure owing to the energy shift caused by impurities.
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Figure 3 Impurities change the energy barrier of the α → ω transformation. The energy barriers for the TAO-1 transformation of interstitial and substitutional 
impurities in titanium are shown relative to the α phase in units of meV atom–1. The defect concentration is 2 at%. The endpoint energies match the formation energies of 
Table 1 for a defect concentration of 1 at% within 1 meV atom–1, providing an accuracy estimate for the barrier. The interstitial O, N and C impurities occupy the αoct and 
transform into either a, ωoct or b, ωhex, with a 1:2 ratio. The substitutional Al and V impurities transform in ω to either c, the A site or d, the B site, with a 1:2 ratio.
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Table 2 shows the effect of impurities in A-70 and Ti–6Al–4V, 
especially the effect of O and Al. Overall, we fi nd that the presence 
of impurities in both alloys suppresses the α → ω transformation 
by increasing both the ω energy relative to α, and the energy 
barrier. The energy barrier increase is too small to make any other 
pathway energetically more favourable13, but it is expected to reduce 
nucleation, slow down the transformation and increase the pressure 
hysteresis. The change of the α–ω energy difference shifts the α–ω 
phase boundary18 upwards in pressure by several gigapascals and 
thus at room temperature greatly increases the stability range of α.

The other interstitial impurities, N and C, have an effect similar to O. 
Despite their different chemistry, all increase the energy barrier and the 
relative energy by nearly the same amount. This indicates the primary 
effect is steric, and hence we expect other interstitials of comparable size 
to have similar effects. In the A-70 and Ti–6Al–4V alloys the effect of N 
and C is smaller in proportion to their lower concentration.

In contrast, the substitutional Al and V impurities have opposite 
effects due to the change in d-electron concentration. As expected 
from the alloying behaviour of titanium6,11, V decreases the energy 
of ω and Al increases it. We observe the same behaviour for the 
energy barriers. The Al impurity reduces the d-electron number by 
two, whereas V increases it by one; thus Al has a larger effect on the 
α → ω transformation. The commercial Ti–6Al–4V alloy contains 
both; however, the concentration of Al (11 at%) is three times higher 
than the concentration of V (4 at%).

A simple estimate of the transition pressure uses the shift of 
the α–ω energy difference and the increase of the energy barrier. 
The equilibrium transition pressure is where the enthalpies are 
equal: −3 GPa for pure titanium, 6 GPa for A-70 and 13 GPa for 
Ti–6Al–4V. The hysteresis pressure ph follows from the energy 
barrier19: Eb = ph∆V/2. Using ∆V = 0.3 Å3 yields the hysteresis 
pressures: 11 GPa for pure titanium, 25 GPa for A-70 Ti, and 50 GPa 
for Ti–6Al–4V. Summing the equilibrium transition pressure 
and the hysteresis pressure estimates the transition pressure. 
For pure titanium the estimate of 8 GPa matches the observed value. 
For A-70 and Ti–6Al–4V the estimates of 31 GPa and 63 GPa explain 
the observed suppression of the martensitic α → ω transformation 
in hydrostatic and shock experiments.

At room temperature, entropic contributions to the free energy 
are not expected to alter the effect of impurities on the energy 
differences and barriers. For pure titanium the entropy difference 
between α and ω is 0.1 kB atom–1 corresponding to an energy 
change at room temperature of 3 meV atom–1 (ref. 18). Impurity 
concentrations of less than 10 at% will probably change the entropy 
difference by much less than the 3 meV atom–1 for pure titanium. 
Hence, the free energy change due to the impurities is dominated 
by the energy.

We conclude that by determining the energy and location 
of impurities in α and ω titanium it is possible to show how they 
suppress the martensitic α → ω transformation. Our approach makes 
use of the basic observation that for any martensitic transformation 
the impurities are trapped in their local environment. The effect 
of impurities on relative energies and energy barriers is central to 
understanding structural phase transformations.

METHODS
The ab initio calculations are performed with ����4,20, a density functional code using a plane-wave 

basis and ultrasoft Vanderbilt type pseudopotentials21,22. The generalized gradient approximation of 

Perdew and Wang is used23. A plane-wave kinetic-energy cutoff of 400 eV ensures energy convergence 

to 0.3 meV atom–1. The k-point meshes for the different structures are chosen to guarantee an accuracy 

of 1 meV atom–1. For titanium we treat the 3p states as valence states in addition to the usual 4s and 

3d states to give an accurate treatment of the interaction at close interatomic distances. For the other 

elements the pseudopotentials describe the core states as follows: V [Ar], Al [Ne], O, N and C [He].

Impurity locations and formation energies are determined by relaxations for a single impurity 

atom in a 96-atom (4 × 4 × 3) supercell for α and a 108-atom (3 × 3 × 4) supercell for ω with a 2 × 2 × 2 

k-point sampling grid. This results in a 1 at% impurity concentration. The atom positions are relaxed 

until the atomic-level forces are smaller than 20 meV Å–1.

Nudged elastic band calculations5 with variable cell shape at constant pressure yield the energy 

barriers of the martensitic transformation. The pathway is represented by 16 intermediate images of a 

48-Ti-atom supercell with one impurity constructed using 2√2 × √2 × 2 cells of the TAO-1 mechanism 

with a 4 × 4 × 4 k-point mesh. This results in an impurity concentration of 2 at%. The atom positions 

and the simulation cells are relaxed until the atomic-level forces are smaller than 50 meV Å–1 and the 

stresses are smaller than 20 MPa. Comparing the energies for the 48-atom supercell with the ones for 

the larger cells of 96 and 108 atoms and 1 at% impurity concentration provides an estimate of the fi nite 

size error for the defect energies of 0.05 eV and for the energy barrier calculation of 1 meV atom–1. 

Combining the fi nite size error with the k-point mesh and cutoff energy accuracy yields an energy 

barrier accuracy of 2 meV atom–1.
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