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Ti-Nb based alloys are of commercial importance due to their damping capabilities via a superelastic trans
formation. However, the starting microstructure of these alloys is often not consistent between studies, even
when produced via a nominally comparable methodology, which has the potential to limit the reversibility of the
transformation. As such, samples were produced to investigate whether the thickness of the material influenced
the microstructures and behaviours seen. It was shown that a single-phase layer exists close to the surface of a
two-phase microstructure, and that in very thin material, this can span across the whole sample, promoting more
recoverable transformation behaviour. This is important as it not only rationalises discrepancies in the literature,
but may also influence component geometries necessary for industrial application.

Metastable β titanium alloys have received considerable attention in
recent years as alternatives to NiTi shape memory and superelastic al
loys. Of these alloys, Ti-Nb based superelastic alloys have received
particular attention for use in the aerospace industry due to their po
tential to absorb vibrations via a reversible martensitic transformation
on application of a critical stress, σSIM. In order to exhibit superelastic
properties, the parent body centred cubic β phase must be thermody
namically stable with respect to the orthorhombic α′′ martensite. Thus,
the thermal onset temperature for the martensitic transformation, Ms, is
a critical parameter from which to infer the likely mechanical response.
For Ti-Nb binary alloys, fully recoverable superelastic behaviour is
typically reported at room temperature for Nb contents ~ 26 at.% [1].
Within the literature, the relative stabilities of the β and α′′ phases
have also been reported to have a dependence on cooling rate, with
faster cooling rates promoting a martensitic microstructure [2–9].
Despite this, binary Ti-Nb alloys have a range of reported microstruc
tures and hence Ms values, even when quenched in a similar way. For
example, whilst Ti-26Nb has been reported as having a fully β micro
structure after quenching directly into ice-water [10], Ti-27Nb has been
shown to contain a small fraction of α′′ despite a higher β phase stability
[11]. Furthermore, Ti-24Nb, reported as having an Ms temperature of
65 ◦ C [12], has been shown in some cases to have a fully α′′ micro
structure [10,13,14], and a two-phase β+α′′ microstructure in others
[15,16], when cooled by the same method.

Such conflicting observations are typically attributed to the prefer
ential formation of the hexagonal ω phase during slower cooling, which,
in the isothermal form (ωiso) is thought to suppress α′′ formation and
decrease the Ms temperature. The sensitivity of these materials to
cooling rate has been shown to be high, and it has been suggested that
small variations in cooling rate, could result in different ωiso fractions.
However, more recently a similar cooling rate dependence has been
observed in a related alloy, Ti2448 (Ti-24Nb-4Zr-8Sn (wt%)), which has
a high Sn content to suppress ω formation [17]. It was shown that ωiso
did not form during the cooling regimes considered and, as such, the
variation in microstructure was a result of stresses generated on
quenching, which would be higher for faster cooled samples.
However, inconsistencies still exist within the literature as to the
final microstructure obtained after solution treatment and subsequent
cooling at comparable rates. For samples of Ti2448, a two-phase
microstructure of β+α′′ was reported following rapid cooling in icewater, indicating an Ms temperature above 0 ◦ C [18]. However, other
studies report a single phase β microstructure following cooling in an
identical fashion [19–21]; consistent with reports of an Ms temperature
of − 50 ◦ C [22]. Whilst some variability between studies is expected,
even when comparable methodology and compositions are reported, it
is not expected to have such a large effect on the observed microstruc
tures of these alloys.
The main reported difference between these studies was the
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Fig. 1. Microstructures for the a) 0.5 mm and b) 2 mm samples directly after FWQ. c) shows the highlighted region of the 2 mm sample.

thickness of the samples used. α′′ was found to be present in the
microstructure of 2 mm thick specimens whereas a single phase β
microstructure was reported in specimens that were 0.5 mm thick.
Furthermore, for a related alloy it has been reported that α′′ formation
was only prevented following quenching, if the sample were thin,
thereby minimising the strain [23]. The possibility that sample thickness
has a large effect on the microstructure of these alloys is highly signif
icant for their industrial application, as it would mean that the compo
nent geometry may govern the transformation and, hence, mechanical
behaviour.
Consequently, this study aims to identify whether a variation in
sample thickness is sufficient to explain the observed differences in
microstructural condition between the previously mentioned studies,
and whether this influences subsequent mechanical behaviour.
Samples of Ti2448 with a measured composition of Ti-24.19Nb3.72Zr-7.29Sn wt% (previously reported in [8]) were cut from a 2 mm
thick plate. Additionally, sections of this plate were cold rolled to a final
thickness of 0.5 mm. Samples of each thickness were sealed in evacuated
quartz ampoules and solution treated at 900 ◦ C followed by quenching
in ice-water by breaking the ampoule (FWQ). Samples were then cold
mounted (to prevent thermal phase transformations) in Struers EpoFix
resin and polished using 0.04 μm colloidal silica, buffered to pH 7. To
assess the microstructure, electron channelling contrast imaging (ECCI)
was performed on a Zeiss Gemini300 SEM, using a BSD detector, a 30 μm
aperture and an accelerating voltage of 15 kV. To ensure reproducibility
of the microstructures obtained, the solution treatment was repeated for
multiple samples, with the same result consistently obtained.
Solution treated samples were lightly ground using SiC paper to a 15
μm surface finish in order to remove the thin surface oxide, which
formed on all samples when making contact with the water on
quenching. X-ray diffraction (XRD) was performed on a Bruker D8
diffractometer with a LynxEye EX position sensitive detector, using CuKα radiation, a 2θ range of 30–100◦ in increments of 0.02◦ , a variable slit
width, fixed sample illumination of 10 mm and a 1 s time step. To
ascertain the through-thickness microstructure, samples were analysed
using synchrotron XRD (sXRD) on the I11 and I12 beamlines (for the 0.5
and 2 mm samples respectively) at Diamond Light Source with wave
lengths of 0.99785 Å (I11) and 0.1557 Å (I12). These samples were not
polished beforehand, to eliminate the possibility of stress-inducing any
α′′ during mechanical polishing.
Mechanical testing was performed on an Instron 3367B test frame
with a 30 kN load cell and a 12.5 mm contact extensometer. Samples
with gauge cross sections of 1.4 × 0.5 mm and 3 × 2 mm were pre
pared by EDM. These were pre-loaded to a stress of 25 MPa and incre
mental stress tests were performed at a rate of 4 MPa s − 1 in increments
of 25 MPa until failure.
ECCI micrographs obtained from the centre of each sample following

Fig. 2. Laboratory XRD data from the 2 mm (blue) and 0.5 mm (green) samples
following quenching from 900◦ C . Through-thickness synchrotron diffraction
data from the 0.5 mm material is shown in red.

quenching are given in Fig. 1. The 0.5 mm thick sample consisted solely
of equiaxed β grains, Fig. 1a. In contrast, the 2 mm thick sample con
tained parent β grains, within which lath-like features could be
observed, Fig. 1b and c. The presence of equiaxed grains indicated that
recrystallisation had occurred in both samples during the solution
treatment. Hence, prior to quenching, the samples were believed have a
similarly low dislocation density negating any effect of the additional
rolling step in the thinner sample, on the phase transformation.
To confirm the identity of the phases present, XRD was performed on
samples of each thickness. As laboratory based XRD only interacts with
material close to the surface of a sample and is not sensitive enough to
detect very small volume fractions of phases, through-thickness syn
chrotron diffraction data was also obtained for the 0.5 mm sample.
These results are presented in Fig. 2. Intense peaks consistent with the β
phase were present for samples of both thicknesses. For the 0.5 mm
sample, laboratory XRD showed no evidence of any other phase. In the
through-thickness data, there were additionally weak reflections
consistent with TiO2 and TiO, which likely formed on the surface of the
material during the quench, and as such, their presence is not thought to
2
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Fig. 3. The variation in microstructure close to the edge of the 2 mm sample. This includes an ECCI micrograph of this area, and the sXRD traces for the surface and
centre of the sample.

influence the transformation behaviour of the material. However,
neither dataset contained any evidence of the α′′ martensite in the 0.5
mm thick sample. In contrast, the diffraction data from the 2 mm sample
contained strong additional reflections that were consistent with the α′′
phase. This suggested that there was a significant fraction of α′′ present
in the 2 mm sample, which was absent in the 0.5 mm sample.
These results were therefore consistent with the variations in
microstructure reported between different studies in the literature
[18–21]. However, in the present study all other variability between
sample conditions, such as a slight difference in composition or solution
treatment temperature, were removed as samples were taken from the
same commercially supplied plate and heat treated together. Therefore,
in the present case, the sample thickness must be influencing the
observed microstructure. Such observations are consistent with other
reports in the literature that stated “quenched specimens had to be kept
quite thin” in order to prevent α′′ formation [23].
The single-phase β microstructure observed both in the present study
and within the literature for 0.5 mm thick samples of Ti2448 implies
that Ms is below room temperature for this sample condition, which is
consistent with the reports of an Ms temperature of approximately
− 50 ◦ C [19–22]. In contrast, observations in the present study and the
literature of a two phase β+α′′ microstructure for 2 mm thick samples,
implies that Ms must be above the temperature of the quench; 0 ◦ C in this
case [18]. Such observations are consistent with previous work on 2 mm
thick Ti2448, which reported an Ms temperature of 30 ◦ C [8].
Reference has also been made to a variation in microstructure close
to the edge of Ti-Nb samples [2,5]. Using the ECCI technique, the edge of
the 2 mm sample was investigated, with results presented in Fig. 3.
Away from the sample surface, parent β grains were visible, containing
laths of α′′ consistent with Fig. 1. However, close to the edge of the
sample only β grains were evident. The transition from β+α′′ to β is
demarcated by the red dashed line in Fig. 3. These observations are
confirmed by sXRD obtained at both the surface and the centre of the
material. The approximately 175 μm band of single phase β close to the
edge of the sample is consistent in width and appears independent of the
natural variation in grain size along the sample.
The presence of this layer is in contradiction with theories that
variations in starting microstructure are related to the formation of ωiso,
which competes with α′′ [2]. If ωiso forms, then greater volume fractions
would be expected in the centre of the material than the edge, due to the
comparatively slower cooling rate and, therefore, greater time spent
between ~250–400 ◦ C where ωiso forms rapidly. Instead, the formation

of this layer is thought to be related to stress relaxation at a free surface,
in line with the observations made in reference [23]. A similar result, of
an untransformed region close to the surface of large specimens, has
been computationally simulated, with the presence of α′′ in the micro
structure at a depth into the sample linked to the generation of stresses
during the quench [24]. It is of note that the thickness of the
single-phase region close to the surface of the thicker sample is com
parable in width to half the thickness of the 0.5 mm sample. Therefore,
the stresses imparted on the quench may only be sufficient to induce the
transformation to α′′ in the thicker sample, whilst the thinner sample
remains single phase β.
Recent work has suggested that variations in the starting micro
structure of Ti2448, caused by differing thermal transformation pa
rameters, has a pronounced effect on the subsequent mechanical
response [9]. As such, incremental stress tests were performed for
samples of each thickness, with the corresponding data given in Fig. 4,
both across the entire σ-ε range to yield (top) and for the low σ range of
the data (bottom). The σ-ε behaviour of the 2 mm thick sample was
consistent with previous work on this alloy [9], exhibiting an accumu
lation of plastic strain on every loading cycle. Such behaviour was ex
pected, since the α′′ phase was stable with respect to the β phase in this
condition as evidenced by the initial microstructure. Consequently,
strain is expected to be accommodated by the irreversible trans
formation of any retained β, and detwinning of the α′′ already present
following the quench. However, there did appear to be some evidence of
a reverse transformation, with some deviation from linearity on
unloading. This behaviour may be related to the martensite free region
close to the edge of the sample, as within this region, the α′′ is not suf
ficiently stable with respect to the β to form on quenching, and thus may
revert to β on the removal of an external load.
The data acquired from the 0.5 mm thick samples showed complete
recovery during the initial cycles to low stresses. The accumulation of
plastic strain as a function of the applied stress for each cycle is given in
Fig. 5 for both the 2 mm and 0.5 mm samples. Previously, it has been
shown that samples that behave in a fully recoverable manner at low
stresses, can still show incomplete reverse transformations on applica
tion of a higher tensile stress [9]. It was suggested this was due to an
accumulation of dislocations that form to accommodate the interphase
boundary during the transformation. The population of these disloca
tions will be greater at higher applied stresses when the fraction of α′′ is
greater, thereby increasing the internal stress within the material and
stabilising the α′′ such that it does not fully revert on unloading [9]. For
3
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Fig. 4. Incremental stress tests for samples of each thickness. The cycle to 350 MPa is given in red for both samples, highlighting the difference plastic strain. Top:
until yield of the samples. Bottom: The low strain region of the graph, for the cycles up to and including 350 MPa.

the quenched 0.5 mm sample this stress was around 150 MPa, Fig. 4,
which was lower than the stress achieved for 2 mm thick air cooled
samples reported in [9]. However, it is feasible that this difference was
due to the increase in internal stress relating to quenching in the present
study. In comparison, a stress < 50 MPa resulted in irrecoverable
behaviour for the 2 mm sample. These results conclusively demonstrate
that for a given quenching rate samples of different thickness produce
different starting microstructures that significantly influence the sub
sequent mechanical behaviour, and as such, it is critically important that
sample dimensions and processing parameters are always reported.
In summary, a variation in microstructural condition of Ti2448 has
been observed in samples of an identical composition, cooled in an
identical fashion, but with different thicknesses. This variation in
microstructure is consistent with previous reports of single phase β mi
crostructures in 0.5 mm [19–21] and α′′ +β microstructures in 2 mm

samples [18] for the same alloy composition. Furthermore, it has been
shown that in thicker samples, this microstructure is not consistent
across the sample, with the edge consisting of single phase β. These
observations are thought to relate to stresses generated on quenching,
which are insufficient to result in a transformation close to a free surface.
Such variations alter the resulting mechanical behaviours, with thinner
samples exhibiting more recoverable superelastic behaviour. As such,
reporting specimen dimensions is critical if comparisons are to be made
between studies, and to enable material suitability assessments for en
gineering applications, as component geometry could affect their oper
ation, particularly in thin sections.
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Fig. 5. Accumulation of plastic strain as a function of the applied tensile stress for each cycle.
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