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A B S T R A C T

Alloy TIMETAL®834 is a near-α Ti-alloy typically processed to have a complex bimodal microstructure that
provides a good combination of mechanical properties at temperatures in excess of 450 °C. Due to the high Al
content, typical ageing procedures result in the formation of intragranular and coherent nano-scale Ti3Al pre-
cipitation (α2), which increase strength but also promotes slip planarity. The present study focuses on chemical
partitioning as a result of sub-β-transus heat treatment and the consequences for the two different constituents in
the bimodal microstructure. The detailed chemical and structural analysis were carried out by combining
Electron Probe Micro Analysis (EPMA), Wavelength Dispersive Spectroscopy (WDS), Transmission Electron
Microscopy (TEM) and Atom Probe Tomography (APT) for investigating local compositional variations and their
effect on the formation of α2 precipitates. Detailed microchemical analysis shows a core-shell composition ar-
rangement of α-stabilisers with the shell composition similar to the one of secondary α. Selected area electron
diffraction in the TEM and APT analysis demonstrates that those local variations in α stabilisers affect the level of
α2 precipitation. In addition, EPMA maps show that while Zr and Sn are often considered to be neutral alloying
elements in Ti-alloys, they do segregate to the β-phase during sub-β-transus heat treatment.

1. Introduction

In typical two-phase Ti-alloys, the α phase is strengthened by so-
lution-strengthening and in some cases also precipitation strengthening.
Solution strengthening is achieved by the addition of α-stabilising and
neutral elements such as Al, O, Sn and Zr. These elements display fairly
large differences in atomic radii compared to Ti, but at the same time
show sufficiently high solid solubility limits in the α‑titanium matrix
[1]. The difference in size results in lattice strain, which affects the
mobility of dislocations and therefore causes a strengthening effect
[2,3]. According to Collings et al., the strengthening effect of alloying
elements is based on the electron states of the alloying elements, i.e. the
formation of tight and directional bonds between the alloying and ti-
tanium atoms [4]. In the range of 0–15 at.%, the strengthening effect of
aluminium in solid solution is linearly proportional to the concentration
of aluminium [3]. However, it is well established that commercial two-
phase titanium alloys that contain at least 5 wt% aluminium can form
Ti3Al (α2) precipitates when aged below the α2 solvus [5]. According to

Namboodhiri et al., an aluminium concentration of over 13 at.% is
required for obtaining α2 precipitation when the material is aged at
700 °C [6]. However, this value applies for the overall composition of
the alloy and doesn't consider local variations in the aluminium con-
centration. In addition, some work has demonstrated that short-range
ordering might take place before α2 precipitation is observed [6]. A
detailed analysis by Atom Probe Tomography (APT) on the evolution of
α2 precipitates with ageing time and temperature has been carried out
by Radecka et al. [7,8]. This work has shown that zirconium, silicon,
molybdenum and vanadium accelerate the formation of α2 precipitates,
compared to pure Ti-Al systems. It was also found that tin and silicon
are stronger α2 formers than aluminium and therefore can replace
aluminium atoms in α2.

The situation regarding α2 formation is further complicated in ti-
tanium alloys with bimodal microstructures since during solution
treatment below the β-solvus, aluminium partitions to the primary α
phase. Upon cooling, sufficiently fast to trigger the formation of sec-
ondary α rather than exclusive growth of primary α, the concentration

https://doi.org/10.1016/j.matchar.2020.110327
Received 13 January 2020; Received in revised form 2 April 2020; Accepted 16 April 2020

⁎ Corresponding author.
E-mail address: Claudius.dichtl@manchester.ac.uk (C. Dichtl).

Materials Characterization 164 (2020) 110327

Available online 19 April 2020
1044-5803/ © 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/BY/4.0/).

T

http://www.sciencedirect.com/science/journal/10445803
https://www.elsevier.com/locate/matchar
https://doi.org/10.1016/j.matchar.2020.110327
https://doi.org/10.1016/j.matchar.2020.110327
mailto:Claudius.dichtl@manchester.ac.uk
https://doi.org/10.1016/j.matchar.2020.110327
http://crossmark.crossref.org/dialog/?doi=10.1016/j.matchar.2020.110327&domain=pdf


of α-stabilising elements is lower in the secondary α than in the primary
α constituent. Since aluminium is the main α-stabilising element and
also has the most significant effect on solid-solution strengthening,
primary α might be the stronger of the two α constituents. However,
secondary α tends to have a very fine lath structure providing Hall-
Petch strengthening. An interesting aspect of the bimodal micro-
structure evolution is that unless the material is quenched at very fast
rates, primary α grains can also grow by up to a few microns [9].

TIMETAL®834 (Ti-5.8Al-4Sn-3.5Zr-0.7Nb-0.5Mo-0.35Si-0.06C) is a
near-α titanium alloy, which is typically processed to display a bimodal
microstructure and a primary α volume fraction of approximately 10 to
15% [10]. This alloy has been developed for applications in jet-engines
with temperature capabilities well in excess of 450 °C through the
minimisation of β phase, utilisation of molybdenum and niobium in-
stead of vanadium as a β-stabiliser, addition of 4 wt% Sn and about
0.3 wt% Si to enhance creep performance. The relatively high levels of
aluminium and tin TIMETAL®834 are known to lead to a significant
level of α2 precipitation in the α phase [11–13].

In the present work, detailed microstructural and chemical analyses
have been carried out to shed new light on the segregation of alloying
elements in a bimodal microstructure of TIMETAL®834 caused by
α + β solution treatment, and on the consequences these have on α2

formation using a variety of electron microscopy techniques and APT
analysis.

2. Experimental

2.1. Sample preparation

Forged TIMETAL®834 ingot material was supplied by TIMET, UK.
The as-received material was solution heat-treated below the β-solvus
at 1015 °C for 2 h followed by cooling the material to ambient tem-
perature at a cooling rate of 1 K/s resulting in a bimodal microstructure
with a lamella-spacing of around 2.5 μm. Material was subsequently
aged for 2 h at 700 °C which is known to promote α2 precipitation [7].

For imaging of the microstructure in the SEM and microchemical
analysis, samples were prepared using standard metallographic proce-
dures: grinding with abrasive SiC-paper of 4000 grit and polishing in
colloidal-silica suspension. Foils for transmission electron microscopy
were prepared by grinding (800 grit SiC-paper) material to a thickness
of around 100 μm before punching out 3 mm diameter discs and
electropolish those in a TENUPOL5 (Struers) twin-jet polisher using
10% perchloric acid, 90% methanol solution at a temperature of
−32 °C in order to achieve a region that is electron-transparent.

Samples for APT were prepared using focused-ion-beam (FIB) mil-
ling. Etched samples were used to enhance the contrast in secondary
electron (SE) imaging. First, a cantilever-beam was machined from a
single grain, along the same cross-section for which the concentration
profile had been measured by EPMA (see Fig. 3). APT-needles with a tip
radius of< 100 nm [14,15] were prepared from this beam at equal
distances, giving samples at different distances from the grain/interface
boundary.

2.2. Scanning electron microscopy and electron backscatter diffraction
(EBSD)

Back-Scattered-Electron (BSE)-SEM imaging at 15 keV was used for
the morphological analysis of the microstructure. BSE contrast can be
sensitive to crystallographic orientation and chemical variations. If the
contrast in an image arises from the chemical composition, higher
brightness correlates to areas with higher densities and higher atomic
numbers than in the darker regions [16]. In order to distinguish be-
tween chemical and orientation contrast, grain orientation mapping
was carried out in addition to BSE-SEM imaging using Electron-Back-
Scattered-Diffraction (EBSD) in an SEM at an acceleration voltage of
15 keV and a step size of 0.2 μm. For both imaging modes, an FEI

Quanta 650 Field Emission Gun Scanning Electron Microscope (FEG-
SEM) was utilised equipped with an Oxford Instruments HKLNordlys
EBSD detector.

2.3. Electron-probe microanalysis EPMA-WDS

Microchemical analysis was carried out using a Jeol JXA-8230
electron-probe-microanalysis (EPMA) with Wavelength-Dispersive-
Spectroscopy (WDS). In this method, an electron beam is scanned over
the sample and the intensities of the emitted X-rays are measured as a
function of the wavelength of the photons. The chemical composition is
determined based on the characteristic X-rays emitted by the analysed
material [17].

The microchemical analysis was carried out at an acceleration vol-
tage of 7 keV, as a Monte-Carlo-simulation using Casino v2.48′ [18]
showed that at this voltage the interaction volume is< 300 nm in
width and depth for TIMETAL®834. Therefore, the interaction volumes
of two adjacent scanning points are not overlapping for mapping or
line-scans at a step size of 1 μm. Two types of datasets were recorded for
the microchemical analysis: qualitative maps to assess spatial dis-
tribution for each analysed element and quantitative line-scans. For the
latter, the EPMA was calibrated using standards for each element prior
to the line-scan. Line-scans were taken along the cross-sections of pri-
mary α grains to quantify the difference in chemical composition
caused by element partitioning. The average relative error of the che-
mical composition for Al was 1.1%, correlating to an absolute error of
0.06 wt%. As error bars would be of a similar size as the symbols used,
they are not included in the figures. For all other elements, the absolute
error was smaller than the one for Al.

In areas of higher density or where the concentration of elements
with larger atomic number is higher, more X-ray Bremsstrahlung is
generated, resulting in higher continuous background. When back-
ground signal is not compensated in the data processing, higher con-
tinuous background could result in an overestimation of the con-
centration of other elements. Background signal was compensated for in
the quantitative line-scans, but not for the qualitative maps.

2.4. Transmission electron microscopy (TEM)

TEM characterisation was performed on a FEI Tecnai TF20 micro-
scope operating at 200 kV. Selected Area Electron Diffraction (SAED)
was used to quantify the intensity of the superlattice reflections from
the ordered α2 precipitates in order to obtain qualitative information
about α2 volume fraction changes [19]. In order to achieve this, pri-
mary α grains were investigated along the [11–20] zone axis. Diffrac-
tion patterns were recorded for several positions along the cross-section
of a primary α grain, similar to the line scan taken in the EPMA-WDS
analysis. As the intensity of the superlattice reflection spots tends to be
very weak compared to the fundamental reflections, DITABIS imaging
plates were used for recording the diffraction patterns, providing an
exceptional high dynamic range. After recording the diffraction pat-
terns, the plates were removed from the TEM and scanned in an image-
plate-scanner (DITABIS Micron) to retrieve the digital images [20].

The intensity of the α2 superlattice reflections is affected by the
accurate alignment of the grain along the given zone-axis and the
thickness of the foil. For this reason, the integrated intensities of the
superlattice reflections were normalised by the integrated intensities of
the corresponding fundamental reflections sitting between the super-
lattice reflections. The diffraction spots were fitted utilising a Voigt-
function [21]. Effects of the background were compensated by sub-
tracting a line from the intensity profile that goes through the minima
on both sides of the peak.

2.5. APT

The experiment was carried out using a CAMECA Local Electrode
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Atom Probe (LEAP) 5000XR (at a stage temperature of 50 K and with a
50 pJ laser pulse energy) and post-processing and data analysis utilised
the CAMECA IVAS software. [22]

Pearson coefficient (μ) values [23] were calculated for each of the
three atom probe samples. The two atom probe samples nearest the
centre of the alpha grain had a higher μ value (0.09 and 0.08) than the
sample nearest the grain boundary (0.04), indicating a higher degree of
non-randomness in the centre-grain samples. All three μ values were
much greater than the μ value measured for a random solid solution,
demonstrating statistical significance.

Aluminium isoconcentration surfaces were used to identify the
precipitates in the atom probe datasets. Proximity histograms (proxi-
grams) were generated for a range of isoconcentration values.
Proxigram interface width, calculated using the method described by
Homma et al. [24], was plotted as a function of isoconcentration value.
An isoconcentration value of 12 at.% Al was selected, as this corre-
sponded to a narrow interface thickness for both the centre-grain
samples. Ions contained within this isoconcentration surface were
identified as belonging to the α2 precipitates, and were extracted. Only
isoconcentration surfaces that did not intersect the edge of the atom
probe dataset were considered.

During an atom probe experiment, evaporation artefacts can cause
density fluctuations. To distinguish between these artefacts and che-
mical clustering, the mass-to-charge values of the datapoints in each of
the atom probe datasets were randomly exchanged. 12 at.% Al iso-
concentration values were created on these ‘randomised’ datasets, and
any precipitates extracted were considered to be ‘random’ precipitates
resulting from the evaporation artefacts. To control the number of
‘random’ precipitates included in the analysis, a precipitate cut off
volume was chosen such that the percentage of clusters identified in the
randomised dataset is< 5% of those observed in the as-measured, ex-
perimental dataset. i.e. (Nreal-Nrand)/Nreal ≥ 95%, where Nreal is defined
as the number of precipitates identified in the as-measured, experi-
mental dataset and Nrand is defined as the number of precipitates
identified in the randomised dataset. The procedure is similar to that
outlined in the paper by Williams et al. [25].

Once extracted, the composition of the precipitates was measured,
taking into account mass spectrum peak overlaps as described by
London [26]. Precipitate volume fraction was calculated by taking the
number of ions within the precipitates and dividing by the number of
ions within the whole dataset.

The small size of the precipitates in the present case (~2 nm radius)
means that the spatial resolution of atom probe is being pushed to the
detectable limit. In a study on the effective spatial resolution limits of
APT, De Geuser et al. reported that it is possible to detect particles with
radius of approximately 1 nm, but that in this case the accuracy of the
determined particle size and composition is limited [27]. This means
that qualitative comparisons between datasets are appropriate, but
quantitative conclusions from absolute numbers of cluster sizes and
volume fractions should be treated with some caution.

3. Results

3.1. Observation of a core and shell structure in primary α grains

Water quenching thinner sections of TIMETAL®834 has shown that
α + β solution heat treatment at 1015 °C results in a primary α volume
fraction of 15 to 16%. However, due to primary α grain growth, the
primary α volume fraction, when cooled at 1 K/s, was determined to be
25%. The average grain size of primary α grains is 21 ± 9 μm, with
some of the grains exhibiting an elongated shape. A core-shell structure
was observed in primary α grains, both in optical (not shown here) and
BSE-SEM images. Fig. 1a and Fig. 2a and c are examples of such core-
shell structures with darker inner areas and brighter areas close to the
grain boundaries. The shell width is 2–6 μm and the volume fraction of
the inner darker area was determined to be close to the expected value

of 15%. Fig. 2 also shows an example of primary α grains being clus-
tered together. Here, three grains are connected to each other, with
each of them exhibiting core-shell structures apart from the region
where they contact each other.

3.2. Analysis of crystallographic orientation and crystal structure

In order to explore the possibility of a crystallographic orientation
effect causing the core-shell appearance, primary α grains were further
analysed by EBSD-based orientation mapping. However, as can be seen
in Fig. 1b, the Euler map clearly shows misorientation-free primary α
grains with no indication of any substructure within the grains. Further,
Fig. 1c also confirms only very small misorientations within 0.3° along
trace 1 indicated in Fig. 1b. In the case of the primary α grain below
(orange grain in Fig. 1b), an additional distinct contrast can be ob-
served next to the core-shell structure in Fig. 1a. The line scan along
trace 2 confirms a misorientation step at around 6–8 μm, at which the
crystallographic orientation changes by over 1°, corresponding well
with the dark appearance in that particular grain. On both sides of the
step, the misorientation variation again stays below 0.3°. Hence, the
observed shell structure in the BSE-SEM images is not related to any
orientation changes within the primary α grains.

3.3. Analysis of the chemical gradient using EPMA-WDS

In order to relate the core-shell appearance to possible chemical
variations within the primary α grains, qualitative chemical maps were
recorded in the same regions by EPMA-WDS. Fig. 2b and d show de-
tailed aluminium maps, highlighting that aluminium concentration is
generally higher in primary α grains compared to the transformed β-
phase region, including secondary α. As expected, the aluminium
content is lowest within the β phase. The aluminium map reveals
clearly a core-shell structure within primary α that aligns well with the
one observed in BSE-SEM images. The centre of the primary α grains is
enriched in aluminium, while the outer area is depleted. The chemical
distribution is homogeneous within these areas on this length-scale. It is
also noticeable that the concentration of aluminium in the outer areas
of the primary α grains is similar to the concentration in the secondary
α phase, presumably because they are both formed at similar tem-
peratures, during cooling at the end of the solution heat treatment. In
the centre of the map, three grains are clustered together. These grains
are shown at higher magnification in Fig. 2c & d. At the points where
the grains are in contact with each other, the shell is interrupted, and
the cores are in direct contact. Therefore, there is a line between two
adjacent grains, where no chemical gradient can be observed. Towards
the triple point in the centre of these three grains, the depleted shell is
narrower with a thickness of 1 to 2 μm. In the BSE-SEM images, addi-
tional areas of varying contrast can be observed within primary α
grains. This structure does not show up in the chemical distribution
map of aluminium and is most likely related to slight orientation var-
iations as already highlighted for the orange grain in Fig. 1.

In Fig. 3 qualitative chemical distribution maps are shown for the β-
stabilising elements molybdenum, niobium and silicon (a - c) and the
neutral alloying elements tin and zirconium (d & e). The chemical
distribution of Mo and Nb is exactly opposite to the one of Al; the
concentrations are high in the β-phase, lower in the secondary α phase
and lowest in primary α phase. The chemical map of Mo (Fig. 3a) also
shows a core-shell structure within primary α grains, with the con-
centration being lower in the core and higher in the shell. Hardly any
Mo signal was recorded from the centre of the primary α grains. The
niobium, silicon and zirconium maps also indicate a core-shell struc-
ture, with slightly increased concentrations in the shell, but in this case,
the contrast is significantly weaker than for Al and Mo. Considering that
Zr is usually seen as a neutral element, this observation seems sur-
prising. Sn, also usually considered a neutral alloying element, clearly
shows higher concentrations in the transformed β phase region
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compared to primary α. In addition, there are indications that Sn
reaches higher levels at β triple points.

Fig. 4 shows a BSE-SEM image of a primary α grain together with
quantitative concentrations of 6 elements (Al, Sn, Zr, Si, Nb and Mo)
taken from an EPMA-WDS line scan recorded across that particular
primary α grain. The concentration was measured at equidistant points
with spacing of 1 μm. The locations of the primary α grain boundaries
related to the EPMA-WDS line scan are indicated by two dashed lines in
Fig. 4a and b. The concentration profile confirms the observations from
the qualitative chemical maps: the core of the primary α grains is en-
riched in Al and depleted in all other alloying elements. Towards the
grain boundary, the concentrations of Mo, Nb, Sn and Zr increase sig-
nificantly. For these elements, this effect is very pronounced, e.g. for
Mo, the concentration is up to approximately 30 times higher than in
the centre of the grain. For Si, this effect is less pronounced and the
EPMA analysis indicates a concentration in the β-phase, which is only
50% higher, compared to the primary α phase. It is also noticeable that
the element concentrations change several microns before the primary
α grain boundaries showing significant chemical variations within the
shell structure of the primary α grain. For example, the concentration of
aluminium drops from 6 mass.% to 4.5 mass.% about 1 μm before the
grain boundary. The same effect applies for all other elements, but

instead of decreasing, the concentrations increase when getting closer
towards to grain/interface boundary.

3.4. TEM and SAED analysis

Fig. 5 shows a primary α grain highlighting the selected areas where
diffraction patterns were recorded. Accordingly, Fig. 6 shows selected
area diffraction patterns taken along the [11–20] zone axis from near
the grain boundary (a) and the centre of the grain (b). For the dif-
fraction patterns recorded near the grain boundaries, only diffraction
spots of the matrix can be observed, while further inside the grain the
typical α2 superlattice reflections are observed. These differences were
further confirmed by plotting the line intensity profile through the
(0000) diffraction spot, Fig. 6c and d. Hence, the initial observation
implies that α2 precipitates are present in the centre of the grain and
that there is less or no α2-precipitation closer to the grain boundaries.

To analyse the variations in α2 precipitation as a function of dis-
tance from the grain boundary, the ratio of integrated intensities of the
superlattice to matrix diffraction spots is plotted in Fig. 7. It can be seen
that four points in the centre of the grain (Fig. 5) have similar values,
forming a plateau region, indicating the strong presence of α2 in this
region at least 5 μm away from the grain boundary. For both of the

Fig. 1. a) BSE-SEM image of two primary α grains, b) crystallographic orientation map (α phase) of the same area, using Euler-colours d). The misorientation along
the black (1) and green (2) lines, in reference to the starting point (square), are displayed in figure c). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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areas that are closest to the grain boundary (< 2 μm away from the
grain-boundary), no superlattice diffraction spots are observed and
consequently the intensity ratio is zero. In the transition regions from
the grain boundaries towards the centre of the grain (points 2 and 7),
superlattice diffraction spots can be observed, but their intensity is
lower than in the centre of the grain. This applies for both sides of the
grain, but on the right side of the grain, the change in intensity appears
steeper than on the left side. It can be seen in Fig. 5 that on the right, the
line on which the analysed areas are aligned is perpendicular to the
grain boundary, while there is a bulge on the left side of the grain.
Therefore point 2 might be closer to grain boundaries than point 7 (see
Fig. 4). It needs to be kept in mind that a 2D-cross section has been
analysed, not considering the 3D-shape of the grain. 3D-geometry ef-
fects could lead to variations of the chemical gradient near the grain

boundary, e.g. as it has been observed in Fig. 4 and influence α2 pre-
cipitation.

3.5. APT analysis

Average concentrations have been calculated for three APT-speci-
mens and these are summarised in Table 1. The results have been
plotted together with the concentration profile of the EPMA-WDS
analysis in Fig. 4. For the two samples in the centre of the grain, the
results of both techniques align well. Only for the Sn concentration, the
values determined by APT are significantly lower than the ones from
EPMA-WDS. One possible explanation is that Sn has a lower evapora-
tion field than Ti and the other alloying elements [28], which means all
Sn ions may not be evaporating on the laser pulses as intended. When

Fig. 2. Electron-Probe-Micro-Analysis (EPMA) of several primary α grains, showing the SEM-BSE-image (a & d) and qualitative chemical map recorded using
wavelength-dispersive-spectroscopy (WDS) of aluminium (b & d). In image (c & d) a region of the maps (a & b) is displayed at a higher magnification.

Fig. 3. Qualitative chemical maps recorded using
EPMA-WDS for the same area shown in Fig. 3. for the
β-stabilising elements molybdenum, niobium and
silicon (a - c) and the neutral alloying elements tin
and zirconium (d & e). Insets (width 30 μm) display
the boundary between primary α grains and trans-
formed β at a higher magnification. Grains bound-
aries are highlighted by a black line for the map of
tin (d).
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moving closer to the grain boundaries, both techniques are showing the
same trend: the concentration of Al decreases, while the concentration
increases for all other elements.

The atom maps for the three needles, seen in Fig. 8, show pre-
cipitates in the two needles nearest the centre of the grain (needle 1&2),
but not in the needle near the grain boundary (needle 3). When a 12 at.
% Al isoconcentration surface was applied to needle three, in line with
the standardised analysis method described in Section 2.5, no pre-
cipitates were seen; it was not possible to identify any precipitates
lower than 12 at.% Al using this analysis method. Thus, while it cannot
be said that there is no precipitation in needle 3, there is a greater
degree of precipitation in needles 1 and 2 than in needle 3.

The compositions of the precipitates in needles 1 and 2 are reported
in Table 2 as 15.7–16.1 at. % Al and 79.1–79.5 at. % Ti. The pre-
cipitates are rich in aluminium and the concentration is close to that
reported for the α2 phase; 75 at.% Ti and 22.5–39 at.% Al [29]. α2

precipitates also contain Sn and Si with an expected Ti:(Al,Sn,Si) ratio
of 3:1 [7]. For the analysed particles the concentration of α2 stabilising
elements is lower than expected, with a Ti:(Al,Sn,Si) ratio of 4.4:1
(needle-1) and 4.3:1 (needle-2).

Based on the measured precipitate composition and the ageing
conditions experienced by the sample, the precipitates are identified as
α2 phase. The precipitate volume fractions in needle 1 and 2 were
0.10% and 0.08%, respectively. Equivalent precipitate radius was cal-
culated by approximating the precipitates as spheres. This returns re-
presentative precipitate diameters of 1.9 nm for needle 1 and 1.8 nm for
needle 2.

4. Discussion

The motivation for this work originated from the initial observation
of the core-shell structure observed in primary α grains of a near-α Ti-
alloy with bimodal microstructure when using BSE-SEM imaging. It is
worth pointing out that such a core-shell structure is also observed by
optical microscopy when analysing a sample etched with Kroll's re-
agent. However, in the latter case, one might assume the darker shell is
a result of over-etching.

To exclude the possibility of variations in crystallographic orienta-
tion being the root cause for the brighter shell structure in the BSE-SEM
images, crystallographic orientation mapping was used to demonstrate
that the shell region has the same crystallographic orientation as the
core region within a range of approximately 0.3°. In some cases, slightly
higher misorientations can be found within primary α grains, which
then also results in a change of contrast, but they are not associated
with the core-shell structure.

Detailed quantitative chemical mapping using EPMA-WDS, Fig. 4,
also revealed a decrease of aluminium (α-stabiliser) and an increase of
Mo, Nb, Si, Sn and Zr within the shell area towards the grain/interface
boundary. It should be pointed out that this analysis was carried out at
relatively low accelerating voltage (7 keV) and therefore the spatial
resolution in width and depth was 300 nm, which means that only the

Fig. 4. a) BSE-SEM image of a primary α grain analysed by EPMA, the orange line shows the location of the line scan for the quantitative WDS-analysis. The
crystallographic orientation map of the grain is attached in the appendix. It shows that the grain has only one crystallographic orientation. b) The normalised
concentration along the black line is displayed for Al, Sn, Zr, Si, Nb and Mo. The grain boundaries of the primary α grain are marked with a red and a blue dashed
line. Open circles show the average concentrations that have been calculated for the three APT-data sets. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 5. TEM images of primary α: the red circles (1–8) indicated position within
grains where diffraction patterns have been recorded using selective area
aperture. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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data point closest to the α/β phase boundary might be affected by the
electron-interaction volume cutting across two phases. Atom probe
analysis confirmed both the absolute numbers and relative trends re-
corded by EPMA-WDS. Considering the variation of the alloying ele-
ments within the shell area, i.e. loss of elements lighter than Ti (except
Si) and gain of elements heavier than Ti, it becomes clear why the shell

appears brighter in BSE-SEM imaging than the core area. It also de-
monstrates that the shell structure must form during cooling from the
sub-β-transus solution temperature, as the β phase at that stage will be
depleted in α-stabilisers and enriched in β-stabilisers. It is however
interesting to see that Sn and Zr segregate to the β phase, which is
apparent from the line scan in Fig. 4, but also from the qualitative

Fig. 6. a), b) Diffraction pattern along [11–20]-zone axis using selective area aperture. c), d) Intensity profile for orange lines. Diffraction patterns have been
recorded a), c) near the grain boundary and b), d) the centre of the grain.

Fig. 7. Ratio of integrated intensity of supperlattice diffraction spot to [0000]-diffraction spot. The number next to the data points identify the areas defined in Fig. 5.
The bars in the x-direction indicate the width of areas analysed by selective-area diffraction.
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chemical maps presented in Fig. 3. The binary phase diagrams of Ti-Sn
[30] and Ti-Zr [31] show that for the concentrations of each of the
elements in TIMETAL®834, both Zr and Sn are reducing the β-transus
temperature. Therefore, Sn and Zr are β-stabilising elements within the
given range, which explains the higher concentrations in the trans-
formed β-phase.

The schematic in Fig. 9 is used for explaining the mechanism that
leads to the formation of the observed core-shell structure. It is assumed
that at the end of the solution heat treatment equilibrium is reached
and therefore the chemical composition is constant throughout each of
the two phases (Fig. 9a & c). During cooling from the solution tem-
perature, primary α grains grow into the β-phase, which contains re-
latively low concentrations of α-stabilising elements and high con-
centrations of β-stabilising elements. Therefore, a shell is formed
around primary-α grains, which is depleted in α-stabilising elements,
respectively Al, and slightly enriched in β-stabilising elements. Even-
tually, the β to α phase transformation switches over from growth of
primary α to epitaxial growth of secondary α. Throughout the trans-
formation, the β stabilising elements try to escape the approaching β/α
interface resulting in the retention of some β-phase at room tempera-
ture with increased levels of β stabilisers. However, some of the β-
stabilising elements will be trapped in the α-phase as they cannot dif-
fuse away quickly enough. This applies particularly for Mo, due to its
low diffusion rate in Titanium [32,33]. One might expect that the
trapping of β-stabilisers in the α-phase might increase as cooling

proceeds, due to lower diffusion rates at lower temperature. At the
same time, it needs to be kept in mind that the equilibrium chemical
composition also changes as a function of temperature, which poten-
tially influences local compositions. The growth of secondary α-phase is
often initiating at the grain boundaries of primary α grains (Fig. 9a & b
(r1 and blue line)) and direction of growth is in radial direction away
from the primary α grains (Fig. 9b: purple arrow). Therefore, secondary
α phase further away from primary α grains has formed at lower
temperatures and therefore can be expected to have slightly higher
concentrations of β-stabilising elements.

Regarding the low concentrations of Al, Sn and Si in what is sug-
gested to be α2, characterised by APT, there are two possible ex-
planations for low concentrations. Firstly, the ageing time experienced
by the sample was short, meaning the precipitates are in the early
stages of α2 formation and have not had sufficient time to become fully
enriched in Al, Sn and Si. Secondly, there is an interface region between
matrix and precipitates, as has been shown by Radecka et al. [7]. As the
isoconcentration surface of 12 at.% is lower than the Al concentration
expected in the α2 precipitates, it can be assumed that the interface
region has been included in our analysis, resulting in a lower average
concentration of Al, Sn and Si than expected for Ti3(Al, Sn, Si).

It is not clear at this stage to what extent the solid solution
strengthening effect changes from the core to the shell structure. While
less aluminium would reduce solid solution strengthening, the increase
of the other elements would increase it again. An important question
that arises from the change of aluminium content is if α2 formation is

Table 1
Summary of concentrations in wt% for different location determined by EPMA-
WDS (see Fig. 4) and APT. Needle-1 and needle-2 are from the centre of the
grain, while needle-3 is from close to the grain boundary.

Elements Concentration wt%

EPMA-WDS APT

Centre Near - GB Transformed-β Needle-1 Needle-2 Neddle-3

AL 6.00 5.10 5.30 5.88 6.10 5.42
Sn 3.99 4.41 4.36 3.61 3.69 3.84
Zr 3.01 3.51 3.54 2.94 3.00 3.27
Si 0.38 0.49 0.47 0.37 0.34 0.42
Nb 0.45 0.67 0.72 0.34 0.36 0.46
Mo 0.08 0.34 0.48 0.15 0.12 0.19

Fig. 8. Atom maps for the needle taken from the centre of the primary-α grain (a), (b) and the needle taken nearest to the grain boundary (c). 12 at.% Al iso surfaces
have been used to highlight the precipitates in (a) and (b).

Table 2
Chemical composition of α2-precipitates in needle-1 and needle-2.

Element Concentration (at. %)

Precipitates in

Needle-1 Needle-2

Ti 79.47 79.07
Al 15.68 16.05
Sn 1.68 1.80
Zr 1.56 1.62
Si 0.64 0.59
Nb 0.17 0.19
Mo 0.07 0.03
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suppressed in the shell area. As pointed out more recently by Radecka
et al. [7,8], it is not only aluminium that promotes α2 formation but
also zirconium, silicon, molybdenum and vanadium. Indeed, their work
highlighted that tin and silicon are stronger α2 formers than aluminium.
Hence, the observed absence of α2 precipitates in the shell area studied
by SAED in a TEM, as well as in APT, was not a foregone conclusion.
The formation of α2 precipitates is important for a number of reasons. It
provides precipitation strengthening, but it also enhances strain loca-
lisation [34,35] resulting in greater stress concentrations near grain
boundaries and potentially earlier failure. To what extent the absence
of α2 in the shell structure of primary α grains might mitigate against
such stress concentration by localised shear is not clear at this stage, but
it highlights the potential importance of the present finding.

5. Conclusions

Primary α grain growth during cooling after sub-β-solvus solution
heat treatment of a near-α Ti alloy results in chemical segregation,
which can be seen in BSE-SEM images in form of a core-shell structure
in primary α. Microchemical analysis has shown that the shell has si-
milar chemical composition as secondary α; depleted in Al and enriched
in β-stabilising alloying elements. Despite being described as neutral
alloying elements in literature, it has been shown that Sn and Zr act as
β-stabilising elements. The reduced concentration of Al near the grain/
interface boundary results in the absence of α2 despite high level of Sn
and Si that also promote α2 formation, while α2 has been found in the

centre of primary α grains.
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