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A B S T R A C T

A critical characteristic of 𝛽-Ti alloys is the inevitable formation of 𝜔-precipitates during certain heat treatments
which leads to embrittlement, or even to a complete loss of ductility. Therefore, alloy design with the goal
to inhibit the elementary 𝜔-formation process is of utmost importance. Here, we propose a design strategy
for prototypical 𝛽-type Ti–Cr–(Mo) alloys to alleviate this problem using only minor additions of Sn. Upon
addition of Sn, we observed an extensive deceleration or even suppression of the 𝜔-formation kinetics during
isothermal ageing. Furthermore, the internal friction response of the elementary formation process indicated
a decisive reduction of potential 𝜔-nucleation sites, while the activation energy of the process remained
almost unchanged. The results show, that the addition of Sn can significantly increase the width of the time–
temperature process window and the long-time ageing resistance of 𝛽-Ti alloys, opening up huge opportunities
for advanced alloy design and manufacturing routes.
1. Introduction

𝛽-Ti alloys offer a huge innovative potential by taking advantage
of their complex microstructures attainable that permit tailoring me-
chanical as well as functional properties to the applications demands.
Apart from their exceptional fatigue resistance [1], biocompatibility
and excellent corrosion resistance [2], their unusually large range of
elastic properties (E ≈ 40 to 100GPa [3]) makes them very promising
candidates for low-modulus biomedical implants by preventing stress-
shielding of the bone and thereby promoting bone remodelling [4].
Despite their seemingly outstanding properties, they suffer a severe
problem: the inevitable formation of metastable 𝜔-phase strongly dete-
riorates their mechanical properties leading to embrittlement or often
to a complete loss of ductility. [5,6] The transition metals Ti, Zr and
Hf exhibit a peculiar elastic anomaly in their high-temperature bcc
modification, where the longitudinal phonon with 𝑞 = 2

3 [111] seemingly
vanishes. [7–9] In alloys where the 𝛽-phase is stabilised, this funda-
mental property allows neighbouring [111]𝛽 -planes to collapse onto
each other by the alignment of linear displacement defects in the ⟨111⟩
direction resulting in a hexagonal structure, i.e., the 𝜔-phase. [10–
12] Despite this elementary formation process, three different forma-
tion mechanisms for the 𝜔-phase are differentiated related to their
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athermal transformation temperature 𝑇𝑎𝑡ℎ, which is thought to be a
limiting region of stability for the 𝛽-modification [13]: (i) the athermal
𝜔𝑎𝑡ℎ-phase, which forms during quenching from above the 𝛽-transus
temperature upon undershooting 𝑇𝑎𝑡ℎ, (ii) the diffusion-assisted 𝜔𝑖𝑠𝑜-
phase, which forms during isothermal ageing notably above 𝑇𝑎𝑡ℎ where
the decomposition in 𝛽-stabiliser depleted and 𝛽-stabiliser enriched
regions driven by diffusion leads to a destabilisation of the 𝛽-phase
and (iii) diffusion-less isothermal 𝜔𝑑𝑙,𝑖𝑠𝑜, where quenched-in regions
depleted in 𝛽-stabiliser content around 𝑇𝑎𝑡ℎ locally transform without
preceding diffusion (see Fig. 1). [14,15]

The mentioned phenomena motivate research with the goal to
inhibit or slow down the elementary 𝜔-formation process by appro-
priate alloy design. To find a suitable alloy system that inhibits the
elementary process, one needs to find possible candidate elements that
fulfill several requirements: (i) do not stabilise the 𝛼-phase, (ii) are
readily available, (iii) show high affinity to Ti, i.e., solubility in the
𝛽-phase, (iv) are ideally not an interstitial to keep the superior ductility
and (v) are biocompatible. Sn seems to be an ideal choice since it
is neutral to both 𝛼 and 𝛽 phases [2,15], has an adequate solubility
and is considered a non-toxic element [16]. Most importantly, there
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Fig. 1. Schematic phase diagram for 𝛽-eutectoid titanium alloy systems adapted from
Ref. [6]. The dashed curve represents the lower limit of stabiliser content where the
𝛽-phase is retained after quenching (dash-dotted line), termed 𝑇𝑎𝑡ℎ. The phases 𝜔𝑎𝑡ℎ
(blue), 𝜔𝑑𝑙,𝑖𝑠𝑜 (green) and 𝜔𝑖𝑠𝑜 (red) denote the three different mechanisms of 𝜔-phase
formation. Furthermore, MX denotes intermetallic compounds found in this type of
equilibrium phase diagrams. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

is evidence that additions of Sn increase the stability of the 𝛽-phase
and substantially reduce the volume fraction of 𝜔-phase formed.[17–
19] Therefore, this study aims to evaluate the effect of Sn addition on
the 𝜔-precipitation kinetics of prototypical 𝛽-Ti alloys and subsequently
reveal its underlying influence on the elementary formation process.

2. Experimental

We prepared sample ingots with a nominal composition of Ti-12Cr,
Ti–12Cr–1Sn and Ti–12Cr–3Sn (at.%) from high-purity Ti (purity: ≥
99.999 by wt.%, O < 300 ppm), Cr (purity: 99.9 by wt.%) and Sn
(purity: 99.99 by wt.%) by arc melting in a Zr-gettered Ar-atmosphere
at a pressure of ∼500mbar. To ensure homogeneity, these ingots were
remelted multiple times. For the measurements at cryogenic tempera-
tures, 4 at.% of Cr were substituted for the same relative amount of
Mo to reliably prevent 𝜔𝑎𝑡ℎ-formation down to temperatures below the
𝜔𝑎𝑡ℎ-transition temperature observed by Luhman et al. [20]. Further-
more, Mo is thought to sufficiently enhance the stability of the 𝛽-phase
without facing a potentially accelerated formation of intermetallic
phase at grain boundaries when increasing the Cr-content above the
eutectoid concentration in the alloy. Therefore, pure Mo (purity: 99.95
by wt.%) was melted into the already homogenised TiCr(Sn) primary
ingots resulting in nominal compositions of Ti–4Mo–8Cr, Ti–4Mo–8Cr–
1Sn, Ti–4Mo–8Cr–2Sn, Ti–4Mo–8Cr–3Sn and Ti–4Mo–8Cr–4Sn (at.%).
This procedure of alloying into the already homogenised primary ingots
assures a homogeneous distribution of the refractory metal. For future
applications and fabrication processes, e.g. medical implants made by
additive manufacturing, the addition of Mo is not expected to have
significant advantages and consequently the precipitation kinetics were
studied for the alloys containing only Cr and Sn. After production,
the alloys were either Cu-mold gravity cast into rod shaped samples
with a diameter of ∼6mm, or directly cold-rolled for rectangular-shaped
samples depending on the experimental method used. Furthermore, all
samples were homogenised at 1000 °C in evacuated and fused silica
ampules for ∼24 h before quenching in iced water. To achieve mi-
crostructures suitable for powder diffraction, the homogenised blocks
were cold-rolled in different directions up to around 50% of deforma-
tion and subsequently recrystallised in the two-phase region at 620 °C
for 30min followed by 𝛽-annealing at 750 °C for 45min.
2

For the differential scanning calorimetry (DSC) measurements, but-
ton shaped samples with a mass of ∼25mg were machined from the
cast Ti12Cr and Ti12Cr3Sn alloys. We determined the heat-flux using a
Netsch Pegasus 404 at heating/cooling rates of 10K min−1. High purity
(5N) Argon was used as purge gas with an additional Zr-getter in the
vicinity of the alumina sample pans.

For the dilatometric measurements, cylindrical samples
were machined from the cold-rolled Ti12Cr, Ti12Cr1Sn and Ti12Cr3Sn
alloys with an initial length of ∼12mm and a diameter of 4.7mm.
We recorded the relative length change 𝛥𝐿∕𝐿0 after in-situ quenching
from the 𝛽-phase region at various isothermal ageing temperatures
between 190 °C and 370 °C under high vacuum conditions using the
high-stability laser dilatometer described in detail elsewhere. [21] To
this end, the samples were solution treated at 800 °C for at least 30min
following the procedure described by Enzinger et al. [14] Subsequently,
the Ti12Cr and the Ti12Cr1Sn alloys were directly quenched to their
respective ageing temperature using a high purity (5N) He-gas stream
at a quenching rate of ∼20 to 25K s−1. For the Ti12Cr3Sn alloy, we
chose a modified indirect approach where the sample was quenched to
30 °C for ∼4min before re-heating to the respective ageing temperature
with 100 to 120K min−1. This modification ensured the highest accu-
racy of the expected small effect on the length change after quenching
at the expense of minor loss of the early precipitation behaviour.
Furthermore, the dilatometer was, for the direct as well as for the
indirect-quenching approach, constantly flushed with a high purity
(5N) Ar-gas stream of 20 to 40 standard cubic centimetres per minute
to support the PID control unit regarding a fast responsiveness after
He-quenching and high long-time stability during ageing. This constant
Ar-flow resulted in a vacuum chamber pressure of 8.5 × 10−3 mbar.
Reproducibility and device-related uncertainties of the measurements
as well as irreversible changes inside the samples were excluded by
validating the dilatometric measurement at 310 °C with preceding
measurements as well as reference samples (Ta, purity >99.95 wt%).

For the electromagnetic acoustic resonance (EMAR) measurements,
cylindrical samples were machined from the cast TiMoCr(Sn) alloys
with an initial length of ∼7mm and a diameter of 4mm. We observed
the change in resonance frequency using a self-developed, contactless
spectrometer based on a Nb3Sn superconducting magnet similar to
the principle setup described by Ogi et al. [22] with a device-related
uncertainty of 2Hz in the excitation range of 1MHz. The temperature
of the sample holder was controlled by a closed cycle He-cryostat.
Furthermore, the magnetic field strength was kept constant for all
experiments at 1.5 T. The damping coefficient 𝛼𝑀 of the acoustic wave
was determined according to the free-decay method [23] by fitting an
exponential decay function to the decay of the same acoustic resonance
mode for all samples. The mode frequency at room temperature was
found at 𝑓𝑅 ≃ 850 kHz. Thereafter, we measured the change in reso-
nance frequency 𝑓𝑅 and the damping coefficient 𝛼𝑀 of the same mode
at intervals of ∼1K during continuous cooling of the sample from 300K
down to ∼4K. From the observed change in 𝑓𝑅 and 𝛼𝑀 the internal
friction 𝑄−1 was determined according to

𝑄−1 =
𝛼𝑀
𝜋 𝑓𝑅

. (1)

For the X-ray diffraction (XRD) measurements, the rectangular-
shaped TiCr(Sn) samples were ground with SiC-paper, polished with di-
amond suspensions and finished with colloidal silica for a deformation-
free surface. Complementing the dilatometric measurements, we
recorded XRD patterns between 67 and 90° during isothermal ageing
at 250 °C using a Bruker D8 Discover X-ray diffractometer with Cu-K𝛼1,2
radiation and an illuminated area of ∼10 × 4mm in Bragg-Bretano ge-
ometry. A LYNXEYE XE-T 2D high energy resolution (<380 eV) detector
was used for data acquisition. Furthermore, the sample temperature
was controlled using a Linkam THMS600 heating/cooling stage. In con-
trast to the dilatometric measurements, these patterns were recorded
ex-situ, i.e., the samples were cyclically heated with 150K min−1, held
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at 250 °C followed by controlled cooling with gaseous N2 at a quenching
rate of ∼150K min−1 to 30 °C before performing long-exposure measure-
ments. The position of the (211)𝛽 -peak and consequently the lattice
parameter of the 𝛽-phase were evaluated by fitting the XRD-peaks
using a Lorentzian function with a resulting uncertainty of ∼6 × 10−4 Å.
Complementing the EMAR measurements, we recorded XRD patterns
between 50 and 90° at ambient as well as at cryogenic temperatures of
160K and 100K using the same setup.

3. Results

3.1. Enhanced stability of 𝛽-phase by addition of Sn

The unique combination of properties ascribed to 𝛽-Ti alloys is
rooted in the complex microstructures achievable by numerous heat
treatment possibilities. Therefore, their temperature dependent trans-
formation behaviour is of utmost interest. We determined the precipi-
tation sequence and their transformation temperatures for the Ti12Cr
and Ti12Cr3Sn alloys using DSC (see Fig. 2) and assigned the respec-
tive peaks following previous studies from Okamoto et al. [13] and
Bönisch et al. [24]. We observed two peaks at around 300 and 350 °C
for the Ti12Cr alloy ascribed to the formation of 𝜔𝑖𝑠𝑜-precipitates.
For the Ti12Cr3Sn alloy, a single 𝜔𝑖𝑠𝑜-formation peak slowly rises
around 250 °C. Not only is the peak shifted by ∼100 °C but most im-
portantly the absolute quantity of exothermic heat is vanishingly small
compared to the alloy without Sn. With further heating, the formed
𝜔-precipitates partially dissolve in the Ti12Cr alloy at around 400 °C
and/or transform to 𝛼-phase at favourable sites (denoted as 𝛼𝑃 in
Fig. 2), e.g. at grain boundaries. Above around 550 °C, 𝛼-precipitation
inside grains sets in before gradually dissolving when approaching
the 𝛽-transus temperature at around 700 °C. For the Ti12Cr3Sn alloy,
the formed 𝜔𝑖𝑠𝑜-precipitates dissolve at around 300 °C. Subsequently,
hardly any change in phase composition is observed below 550 °C.
Above 550 °C, 𝛼-precipitation gradually sets in again with a strongly
reduced absolute quantity of exothermic heat. At around 720 °C, the
𝛼-precipitates dissolve. During cooling from above 850 °C, we observed
an extensive peak at around 320 °C associated with the formation of
𝜔𝑖𝑠𝑜-precipitates in the Ti12Cr alloy. Interestingly, in contrast to the
Ti12Cr alloy the Ti12Cr3Sn alloy shows neither a peak associated with
𝜔𝑖𝑠𝑜-precipitation nor with 𝛼-transformation, solely the natural change
of heat capacity with temperature is observed. Therefore, the 𝛽-phase
seems to be strongly stabilised by the addition of 3 at.% Sn. This distinct
difference in transformation behaviour during cooling is supported
by hardness measurements. The strong 𝜔𝑖𝑠𝑜-formation peak found in
the Ti12Cr alloy led to an increase in hardness after cooling of 174
HV1 compared to its as-quenched condition with an initial hardness of
(290 ± 5) HV1. The addition of 3 at.% Sn for the Ti12Cr3Sn alloy hardly
changed the hardness after cooling with a reduction of 10 HV1 (initial
hardness after quench: (295 ± 5) HV1). These results unambiguously
show a retarded transformation kinetics evoked by the addition of Sn
to the alloy and the detrimental effect of 𝜔-phase precipitation on the
mechanical properties. The observed strong stabilisation effect of the
𝛽-phase whilst still preserving the low elastic modulus of the alloy is
supported by first-principle calculations. [25] The consequences of this
transformation behaviour on the precipitation kinetics of the 𝜔𝑖𝑠𝑜-phase
will be evaluated in the following sections.

3.2. Strongly decelerated precipitation kinetics of 𝜔𝑖𝑠𝑜-phase

The diffusion-assisted isothermal formation of 𝜔𝑖𝑠𝑜-phase at tem-
peratures considerably above 𝑇𝑎𝑡ℎ (found at ∼10 at.% Cr at ambient
temperature after quenching [26–30]) is preceded by a decomposition
process into Cr-lean regions embedded in a surrounding Cr-rich matrix.
Whilst still remaining the 𝛽-phase, the change in Cr-content manifests
itself in a local swelling of the Cr-depleted regions and a contraction
of the surrounding Cr-enriched matrix. Both effects arise from the
3

Fig. 2. DSC profiles measured for the Ti12Cr alloy (red) and Ti12Cr3Sn alloy (green,
dash dotted) at a cooling/heating rate of 10K min−1. For the Ti12Cr alloy an intense
𝜔-formation peak occurs around 320 °C, which is not observed for the Ti12Cr3Sn alloy.

linearly decreasing lattice constant with increasing Cr-content in the
alloy. [14,26] With progressing decomposition, the Cr-content locally
approaches concentrations below 𝑇𝑎𝑡ℎ. In those Cr-lean regions the 𝛽-
phase becomes increasingly unstable and might act as nucleation sites
for 𝜔𝑖𝑠𝑜-phase formation. The ongoing decomposition of the alloy con-
tinuously provides local regions of depleted 𝛽-stabiliser content where
𝜔𝑖𝑠𝑜-phase can be formed. During growth of the 𝜔𝑖𝑠𝑜-phase particles,
Cr further diffuses into the surrounding matrix whereby the size of the
𝜔𝑖𝑠𝑜-phase particles remains within a few nanometres.

To determine the effect of Sn addition on the 𝜔𝑖𝑠𝑜-phase formation,
we recorded ex-situ XRD patterns after various ageing times at 250 °C
(See Fig. 3). For the Ti12Cr alloy, the broad, exposed (1122)𝜔-peak ap-
pears from its as-quenched condition (Fig. 3(b)). With ongoing ageing
time the peak sharpens associated with the growth of more equally
sized 𝜔-particles. Furthermore, we observed a shift of the (211)𝛽 -peak
associated with the Cr-enrichment of the 𝛽-Ti matrix (Fig. 3(a)). With
the addition of 3 at.% Sn the (1122)𝜔-peak is less intense and sub-
stantially broader than for the Ti12Cr alloy (Fig. 3(d)). Furthermore,
the shift of the (211)𝛽 -peak is strongly reduced (Fig. 3(c)). Both as-
pects suggest a smaller fraction of 𝜔𝑖𝑠𝑜 particles formed, which tend
to remain small in size for comparable ageing times for both alloys.
Moreover, the decomposition of the 𝛽-phase in Cr-enriched and Cr-
depleted regions seems to be effectively suppressed. Additionally, we
observed a significant increase in hardness of 130 HV1 after 48 h for the
Ti12Cr alloy (initial hardness after quench: (303 ± 5) HV1), whereas for
the Ti12Cr3Sn alloy the hardness hardly changed with 8 HV1 (initial
hardness after quench: (295 ± 5) HV1).

For an in-depth assessment of the effect of Sn addition on the pre-
cipitation kinetics of 𝜔𝑖𝑠𝑜-phase, we recorded the relative length change
𝛥𝐿∕𝐿0 during isothermal ageing of the Ti12Cr alloys with different Sn
content by high-precision laser dilatometry (see Fig. 4). In accordance
with Enzinger et al. [14], we observed an initial plateau region fol-
lowed by a pronounced negative relative length change, i.e. shrinkage,
associated with the decomposition and subsequent dominating 𝜔𝑖𝑠𝑜-
phase formation for the Ti12Cr alloy. The absolute value as well as the
nucleation rate increase with increasing isothermal ageing temperature.
In the later stages of the transformation, the change in morphology of
the 𝜔𝑖𝑠𝑜-phase particles from ellipsoidal to cuboidal shape due to the
high-strain misfit at the 𝛽/𝜔𝑖𝑠𝑜-interface might be visible in form of a
flattening of the characteristic S-shape during growth of the particles
found for transformation processes below 310 °C. [31,32] Above 310 °C,

a positive relative length change, i.e. expansion, is superimposed in the
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Fig. 3. Ex-situ XRD patterns for the (a-b) Ti12Cr alloy and (c-d) for the Ti12Cr3Sn alloy upon isothermal ageing at 250 °C for various times (from bottom to top, as-quenched: blue,
100 s: yellow, 500 s: red, 1000 s: cyan, 5000 s: margenta, 10 000 s: grey, 180 000 s: orange). Compared to the as-quenched condition, the (a) (211)𝛽 -peak distinctly shifts with progressing
ageing for the Ti12Cr alloy accompanied by the occurrence of the distinct (b) (1122)𝜔-peak. After the addition of Sn, the (d) (1122)𝜔-peak is less intense and substantially broader,
which is reflected in a hardly changing (c) surrounding 𝛽-matrix. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
later stages of the transformation, which is associated with the 𝜔𝑖𝑠𝑜 → 𝛼
transformation. [14]

The addition of as few as 1 at.% Sn revealed a significant shift of the
onset time of the negative relative length change, i.e., shrinkage associ-
ated with 𝜔𝑖𝑠𝑜-phase formation by more than one order of magnitude to
prolonged ageing times. This retardation indicates a decisive deceler-
ation of the precipitation kinetics of the 𝜔𝑖𝑠𝑜-phase in the Ti12Cr1Sn
alloy. Furthermore, the 𝜔𝑖𝑠𝑜 → 𝛼 transformation seemingly shifts to
higher temperatures above 370 °C. For the Ti12Cr3Sn alloy with 3 at.%
Sn we did not only observe a proceeding deceleration of the 𝜔𝑖𝑠𝑜-
phase formation, but an almost complete suppression of shrinkage at all
measurement temperatures. Interestingly, when comparing the relative
length change with the change in the lattice constant determined from
the shift of the (211)𝛽 -peak, it seems that the occurring contraction is
mainly evoked by the Cr-enriching matrix (see. Fig. 4(b)).

Taken together, these results show that already minor additions of
Sn can significantly affect, i.e., retard the 𝜔𝑖𝑠𝑜-phase formation kinetics
in those prototypical 𝛽-Titanium alloys.

3.3. Diminishing collapse regions of the elementary 𝜔-phase formation
process

Having determined the effect of Sn on the kinetics of 𝜔𝑖𝑠𝑜-phase
formation, the influence of the Sn addition on the elementary process of
the 𝜔-transformation needs to be assessed. Tane et al. [33] suggested,
that the elementary process of 𝜔-transformation is associated with a
local dynamic collapse of [111]𝛽 -planes that does not necessarily result
in the formation of stable 𝜔-nuclei. Furthermore, Sommer et al. [34,35]
related this elementary formation process to an anelastic relaxation as
observed by mechanical spectroscopy causing a change in the internal
friction response signal, usually referred to as 𝛥𝑀-effect [36], during
the excitation of this local dynamic collapse of planes. We analysed
the change in resonance frequency 𝑓𝑅∕𝑓𝑚𝑎𝑥

𝑅 and internal friction 𝑄−1

in Ti4Mo8Cr alloys with different Sn content using EMAR. EMAR is
sensitive to local prone regions, where the dynamic collapse of [111]𝛽 -
planes might lead to the formation of 𝜔-nuclei. These prone regions
represent the initial nucleation sites for 𝜔 -phase precipitation during
4

𝑖𝑠𝑜
isothermal ageing at elevated temperatures. The analysis revealed a
steep increase of 𝑓𝑅∕𝑓𝑚𝑎𝑥

𝑅 below 200K, which decisively decreases with
increasing Sn addition (see Fig. 5(a)). This increase in 𝑓𝑅 is attributed
to the change in the elastic modulus by anelastic relaxations related
to the broad 𝑄−1-peak at ∼150K to 170K appearing for all alloys. In
accordance with Tane et al. [33], this broad peak in the internal friction
is associated with a local excitation of the dynamic collapse of [111]𝛽 -
planes, which is in resonance with the induced vibration frequency at
the respective temperature. For the validity of the interpretation, it is
important to exclude structural changes in the alloys. Therefore, we
performed ex-situ XRD at ambient temperature as well as cryogenic
temperatures for the Ti4Mo8Cr and Ti4Mo8Cr3Sn alloys (see insets of
Fig. 5). For both alloys, we observed no structural changes leading to
the conclusion that no 𝜔𝑎𝑡ℎ-formation occurs that might be responsible
for the change in internal friction response. This suppression of 𝜔𝑎𝑡ℎ-
formation upon addition of Sn is further reported by Ozaki et al. [37],
Hanada et al. [38,39] as well as Matsumoto et al. [40]. Since the
dynamic collapse of [111]𝛽 -planes occurs solely in local regions where
the 𝛽-stabiliser content is depleted destabilising the 𝛽-phase, its energy
barrier mainly originates from the free energy barrier between 𝛽 and
𝜔 structures and their interface energy in the transition state. [33] To
determine the activation energy of the elementary process dependent
on the Sn content, we expanded the Debye-oscillator model based on
Tane et al. [33] to analyse the temperature dependent internal friction
𝑄−1(𝑇 ). The local character of the dynamic plane collapse emphasises
the necessity to take its spatial dependence into consideration, i.e., 𝛽-
stabiliser and Sn content in the surrounding matrix. Therefore, we
attributed the elementary process an energy distribution 𝑃 (𝐸) in form
of a Gaussian distribution assuming a similar distribution of 𝛽-stabiliser
content in local regions as found by Tane et al. [33] and Choudhuri
et al. [41] using atom probe tomography. Those compositional fluctu-
ations and, consequently, their varying degree of 𝛽-phase stabilisation
are thought to result in a spatial dependence of the activation energy.
The modified Debye-oscillator model can then be written as

𝑄−1 = 𝛥
∞
𝑃 (𝐸)

𝜔𝑟𝜏
2 2

𝑑𝐸 (2)
∫0 1 + 𝜔𝑟𝜏
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Fig. 4. Effect of Sn addition (1 at.% yellow, 3 at.% green) on relative length change 𝛥𝐿∕𝐿0 for Ti12Cr alloy (red) upon isothermal ageing at (a) 190 °C, (b) 250 °C, (c) 310 °C
and (d) 370 °C. Furthermore, in (b) the relative change in lattice constant 𝛥𝑎∕𝑎0 of the 𝛽-phase determined from the shift of the (211)𝛽 -peak (see Fig. 3(a) and (c)) is shown for
the Ti12Cr and Ti12Cr3Sn alloys (circles). With the addition of Sn, a shift of the onset of 𝜔-phase formation as well as a strong suppression of the extend of volume change is
observed. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
with

𝜏 = 𝜏0 exp
(

𝐸
𝑘𝐵𝑇

)

(3)

and the Gaussian activation energy distribution

𝑃 (𝐸) = 1
√

2𝜋𝜎2
exp

(

−1
2

(

𝐸 − 𝜇
𝜎

)2
)

(4)

where 𝛥 is the relaxation strength, 𝜔𝑟 = 2𝜋𝑓𝑅 is the angular frequency,
𝜏0 = 1

𝑓0
is the time constant and 𝑘𝐵 is the Boltzmann constant.

Furthermore, for modelling we neglected quantum-mechanical phe-
nomena and individual excitations with small activation energies at
low-temperatures around 50K and below. The numerical fits of Eq. (2)
to the internal friction 𝑄−1 (see Fig. 5(b)) revealed a widely distributed
activation energy for the elementary process in the range of ∼0.05 to
0.30 eV (see Fig. 6(a)) with no significant shift of the mean activation
energy 𝜇 at ∼0.20 eV caused by the addition of Sn (see Fig. 6(a) and
inset of Fig. 6(b)). Furthermore, the relaxation strength 𝛥 linearly
decreases with increasing Sn content in the alloys (see Fig. 6(b)). The
uncertainty of the relaxation strength 𝛥 was estimated by the scattering
of the internal friction 𝑄−1-peak. Taken together, these results impres-
sively demonstrate that the addition of Sn has indeed no influence
on the activation energy of the dynamic collapse of [111]𝛽 -planes, but
actively reduces the number of local collapse regions that might form
stable 𝜔-nuclei. The diminishing local collapse regions are reflected
in the strongly decelerated or even suppressed precipitation kinetics
during isothermal ageing at elevated temperatures when Sn is added
to the 𝛽-Ti alloys (see Sections 3.1 and 3.2.).

4. Discussion

The elementary process of 𝜔-phase formation is associated with a
collapse of a pair of (111)𝛽 planes onto a single plane. [5,6] A key
prerequisite of this collapse is the alignment of linear displacement
5

defects consisting of vacancies and crowdions in the ⟨111⟩ direction,
which results in the formation of the characteristic trigonal bonding of
the displaced atom in the plane of capture. [10–12] As postulated by
Williams et al. [11], solute atoms and their respective stress fields are
expected to interact with those linear defects thereby impeding their
alignment needed for the 𝜔-phase formation. Therefore, special focus
must lie on the interaction of the added Sn with those linear defects. Hu
et al. [42] as well as Zhang et al. [43] reported a considerable positive
binding energy for Sn-vacancy complexes meaning that Sn solutes are
attractive to present vacancies in 𝛼-Ti similar to those found for Al-
based alloys. [44] Further studies proposed a mechanism, where excess
vacancies are trapped at Sn solutes thereby controlling the diffusional
process and effectively suppressing their precipitation kinetics in Al-
based alloys during natural ageing. [45,46] This retardation mechanism
is reported to be strongly dependent on the solubility of Sn in those
alloys, i.e., increasing solubility of Sn shifts the onset of hardening to
longer ageing times. At elevated temperatures during artificial ageing,
trapped vacancies are thought to be released from their traps acceler-
ating the formation of precipitates. Čížek et al. [47] further suggested,
that clustering of Sn surrounding vacancies cannot be excluded during
quenching as well as during ageing at low temperatures. Furthermore,
at elevated temperatures thermal vacancies might form Sn-vacancy
complexes. Despite the obvious differences between both light metal
alloy systems, the effect of Sn addition on the ageing response seems to
have strong similarities to the behaviour of Sn in 𝛽-Ti alloys. Therefore,
we propose a combined mechanism inspired by the aforementioned
interaction of Sn with the alignment of linear displacement defects
and their trapping effect on vacancies for the suppressed precipitation
kinetics in the studied alloys evoked by the addition of Sn.

We suggest, that a fraction of Sn solutes effectively trap vacancies
due to their attractive binding energies thereby reducing the amount
of free vacancies. This reduced amount of vacancies retards the lo-
cal decomposition into Cr-lean and Cr-rich regions necessary for the
𝜔 -formation by hampering the diffusion process. Such a retarded
𝑖𝑠𝑜



Acta Materialia 262 (2024) 119466F. Brumbauer et al.
Fig. 5. Effect of Sn addition (1 at.% yellow circle, 2 at.% blue diamond, 3 at.% green triangle down, 4 at.% cyan triangle down) on the (a) change in resonance frequency 𝑓𝑅∕𝑓𝑅𝑚𝑎𝑥

and (b) internal friction response 𝑄−1 of the Ti4Mo8Cr alloy (red rectangle) upon continuous cooling. Furthermore, the fit of the internal friction response 𝑄−1 derived using a
modified Debeye-oscillator model (Eqs. (2)–(4)) is shown (black lines). The accuracy of the internal friction response was estimated from the decay of the acoustic resonance mode
with 5%. With increasing Sn-content, the change in resonance frequency flattens accompanied by a significantly decreasing internal friction response. The insets show the XRD
patterns at room temperature (RT) and cryogenic temperatures for Ti4Mo8Cr and Ti4Mo8Cr3Sn. Both indicate that no 𝜔𝑎𝑡ℎ-formation occurred possibly responsible for the change
in internal friction response. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 6. Effect of Sn addition (1 at.% yellow circle, 2 at.% blue diamond, 3 at.% green triangle down, 4 at.% cyan triangle down) on the elementary process of 𝜔-formation
derived using a modified Debeye-oscillator model (Eqs. (2)–(4)). (a) Distribution of activation energies 𝑃 (𝐸) for the elementary process and (b) relaxation strength 𝛥 dependent on
Sn-content (inset shows the mean activation energy 𝜇). The modified Debeye-oscillator model revealed that the activation energy of the elementary process of 𝜔-formation seems
to not be influenced by the addition of Sn. The relaxation strength linearly decreases with increasing Sn-content indicating a diminishing of local collapse regions where 𝜔-nuclei
might form.
diffusion of solute-atoms was observed by Bó et al. [48] in Ti–Nb–Fe
gum metals after the addition of 6 wt% Sn using energy dispersive
X-ray spectroscopy (EDX) with negligible partitioning of Nb and Fe
after isothermal ageing at 450 °C. Consequently, those local regions
remain longer in the stable 𝛽-phase. With increasing Sn content, the
tendency to form solute-cluster surrounding vacancies might even rise,
more efficiently immobilising the vacancies as similarly found in 𝛼-
Zr. [49,50] Compared to Al-based alloys, which show only a very
low solubility for Sn (several hundred ppm) within their matrix, the
comparably high Sn content seems to inhibit or retard the release of
the trapped vacancies towards higher temperatures as no decisively
6

accelerated 𝜔-phase formation is observed. Furthermore, the high Sn-
solute content incorporated in the 𝛽-alloys might lead to stress fields
which will impede the ordering of the linear defects needed for the
(111)𝛽 -plane collapse. We assume, that both mechanisms will contribute
to the observed reduction of collapse regions whereby solute-vacancy
complexes starve the diffusion of Cr to form local 𝛽-stabiliser-lean
regions and the stress field induced by the solutes might interact with
the linear defects necessary for the elementary process. Apart from
this kinetic explanation, it is well known from literature that the
transition from the 𝛽- to the 𝜔-phase is a martensitic-type transforma-
tion obeying the orientation relationship (0001)𝜔 || (111)𝛽 , [1120]𝜔 ||

[011] between the 𝛽- and 𝜔-lattices. [5,6,15,51]. As shown by several
𝛽
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authors for eutectoid Ti-Fe alloys [52–54], tuning the stabiliser-content
modifies the lattice misfit between the 𝜔-phase and the surrounding
-matrix, where the best coincidence and, therefore, highest volume
raction of retained 𝜔-phase after severe plastic deformation was found
t ≈4 wt% Fe. With further increasing the local stabiliser-content, the
rystal structure of the 𝜔-phase increasingly distorts resembling more
nd more the ordinary bcc solid solution and the retained volume
raction of 𝜔-phase decreased decisively. [53–55] Similar to the Ti-Fe
nd Ti-V system, the degree of misfit is high in the Ti-Cr system. [6,31]
herefore, it might be evident that the addition of Sn influences the
artensitic-type transformation by modifying the misfit between the
- and 𝛽-phase leading to the strongly suppressed formation of the
-phase. Based on this picture, we would expect a distinct increase
f the mean activation energy in the internal friction response of the
lementary formation process rather than a pronounced deceleration
f the transformation kinetics as observed by Tane et al. [33] for Ti-V
lloys with increasing 𝛽-stability. Therefore, we assume that such an
ffect plays only a minor role in the observed effect by Sn additions.
owever, for future research it might be valuable to evaluate if the
bserved suppression of the 𝜔-phase after thermal treatment persists
nder applied shear strain.

. Conclusions

The objective of this study was to evaluate the effect of Sn addition
n the 𝜔𝑖𝑠𝑜-phase formation in prototypical metastable 𝛽-Ti alloys. The
etrimental effect of 𝜔𝑖𝑠𝑜-phase formation on the mechanical properties
eads to the ultimate goal of appropriate alloy design in order to
uppress the elementary formation process. Through the combination
f high stability laser dilatometry with ex-situ XRD under isothermal
onditions, we have found that the addition of Sn strongly decelerates
r even suppresses the precipitation kinetics of 𝜔𝑖𝑠𝑜-phase by more
han one order of magnitude to prolonged ageing times. Furthermore,
he onset of the 𝜔 → 𝛼 transformation shifted to ageing temperature
xceeding 370 °C. The elementary process of 𝜔-transformation seems to
e not affected by the addition of Sn resulting in a nearly unchanged
ean activation energy of ∼0.2 eV for the local collapse of [111]𝛽 -
lanes determined using a modified Debye-oscillator model. However,
e have shown that the relaxation strength decreases linearly with

ncreasing Sn content suggesting an active reduction of local collapse
egions that might form stable 𝜔-nuclei. We suggest, that this reduction
f local collapse regions and the associated decisive impact on forma-
ion kinetics is evoked by the effective trapping of vacancies by the
ntroduced Sn-solutes thereby hampering the local decomposition in 𝛽-
tabiliser-lean and -rich regions. Furthermore, stress fields induced by
he Sn-solutes will impede the ordering of linear displacement defects
ecessary for the elementary process to take place.

Summarising, these results show that the addition of Sn effectively
uppresses the 𝜔𝑖𝑠𝑜-formation opening up possibilities for advanced
lloy design and manufacturing routes. The addition of Sn facilitates
he opportunity for tailorable 𝜔-phase formation kinetics. Furthermore,
he results clearly show that the width of the time–temperature pro-
ess window and the long-time ageing resistance of 𝛽-alloys can be
ignificantly increased. As conventional manufacturing techniques of
i-alloys are highly time, material and energy consuming, additive
anufacturing techniques gained increasing attention. [56] Additive
anufacturing processes such as selective laser melting (SLM) are able

o produce complex shaped parts nearly without post-processing, which
aves time and simplifies the manufacturing process. [56] However,
hese techniques face severe obstacles such as temperature gradients,
hich may result in the formation of metastable phases such as the

nvestigated 𝜔-phase. [56–58] Therefore, with regards to additive man-
facturing methods such as SLM, the prevention of 𝜔-phase formation
uring cyclic reheating, allows for the creation of ready-to-use parts
xploiting the low elastic moduli of the 𝛽-phase. This can be especially
seful for tailored biomedical implants adjusted to the patient needs.
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