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Defect-assisted refinement of nanoscale
alpha in titanium alloys
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Titanium alloys owe their superior fatigue performance to a lack of extrinsic nucleation sites for
cracking, but this also results in difficulty in developing fine, 10 nmscale precipitates to provide fatigue
strength. Conventional Ti alloys used for large components such as jet engine discs must instead
develop a hierarchical microstructure through successive waves of nucleation. Here we show that
intermediate temperature deformation can result in the nucleation of nanoscale hcp α precipitates in
between large μm thick α plates, and observe the precipitation of these in situ in the TEM using 4D-
Scanning Transmission Electron Microscopy (4D-STEM) alongside the accompanying partially-
relaxed transformation strain fields. This results in an improvement in the high cycle fatigue strength of
the material by 95 MPa, to around 920 MPa in un-notched high cycle fatigue at 106 cycles, or 200 MJ
kg−1, which is among the highest of all structural materials.

Titanium alloys are essential for critical rotating parts in jet engines because
of their unsurpassed fatigue-allowable specific strengths1,2. This is due to
both the lowdensity (4.5 g cm−3) and the lack of extrinsic defects such as the
inclusions found in super-clean steels and nickel-based superalloys. The
ability of liquid titanium to dissolve its own oxide enables defect-free
microstructures when wrought processing methods are employed, parti-
cularlywhen ceramic castingmoulds are avoided3,4. This defect freewrought
microstructure means that the fatigue initiating feature within the material
can be microstructural in origin. Furthermore, titanium alloys retain their
strength at elevated temperatures, with near-α alloys performing reliably up
to approximately 570 °C. Beyond this limit, their temperature capability is
constrained by burn resistance, driven by runaway exothermic oxidation. A
defining feature of titanium alloys is their solid-state phase transformation,
which can be harnessed to engineer fine-scale microstructures through
length-scale strengtheningmechanisms.However, the formationof the low-
temperature hexagonally close-packed (hcp)αphase is typically restricted to
nucleation sites at grain boundaries of the high-temperature body-centred
cubic (bcc) β phase or from pre-existing α precipitates5–7. This limits the
potential for microstructural refinement, presenting a critical challenge in
the development of next-generation titanium alloys.

Structural materials are strengthened by inhibiting the motion of dis-
locations using grain and phase boundaries, as well as harnessing the
intrinsic strength of the dislocations themselves. Consequently the design of
tough, high strength alloys requires the strengthening of boundaries across

the lengthscales, from nm to μm. Microstructure engineering of titanium
alloys exploits the solid-state transformation between the high temperature
βphase and the low temperature αphase, enabling a balance of strength and
ductility.

Ti-6Al-2Sn-4Zr-6Mo is a prototypical high strength titanium alloy
widely used in jet engine compressor components, distinguished by its
exceptional high cycle fatigue resistance (825 MPa at 1 × 106 un-notched
cyclic life, and an ultimate tensile strength of 1170MPa8,9). Its superior
mechanical performance arises from a hierarchical microstructure, with
1 μm wide basketweave primary α plates that nucleate from prior β grain
boundaries. Lengthscale strengthening is then further provided by finer
secondary α precipitates, 20–100 nm wide, grown at a lower temperature,
which nucleate from the primary αp

10. However, these secondary α pre-
cipitates inherit their crystallographic orientation from the parent primaryα
plates, with limited variation on side-branching, thereby constraining the
extent of microstructural refinement11,12.

However, there have been hints in the literature that suggest in heavily
β-stabilised alloys with very slow α growth kinetics, such as Ti-5553, dis-
locations may serve as heterogeneous nucleation sites for α precipitates,
yielding exceptionally fine secondary α features ( ~ 20 nm). Recently studies
report that in very highly β stabilised titanium alloys, prior deformation can
provide a dislocation content that can act as sources for α nucleation13,14. In
addition, cold worked thin sheet Ti alloys such as β-21S can develop very
high strengths on subsequent ageing15. Despite these advances, controlled
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strategies to produce such nanoscale secondary α have not been developed
for widely used α+β alloys such as Ti-6246 and Ti-6Al-4V (Ti-64).

Here, we demonstrate that cold and warm working can be used to
induce a dislocation content that results in the precipitation of fine scale
secondary α, avoiding conventional nucleation from the adjacent primary α
plates, and observe this process in situ. We also measure the elastic strains
around such plates using nanobeam electron diffraction (NBED), and
analyse the resulting effect of secondary α orientation. We have further
verified that the resulting microstructure results in superior fatigue beha-
viour as well as conventional tensile performance.

Results
Characterisation
The results from the as-received, cold rolled and aged and warm rolled and
aged samples can be seen in Fig. 1. Imaging using scanning electron
microscopywas completed using backscatter electron (BSE)mode, which is
dependent on the Z number of the elements present in the sample and
therefore highlights the microstructure in these samples due to elemental
partitioning to the different phases present. The as-receivedmicrostructure
has large primary α grains indicated on the figure, and smaller secondary α
laths, appearing as a dark grey elongated morphology, within a light grey β
matrix. The cold rolled and aged and the warm rolled and aged samples
show significantly finer secondary α within the β matrix. The size of the
primary α is consistent between all specimens as shown in Fig. 1, with a lath

widthof roughly ~ 1 μmshowing that the size change in the secondaryα is a
direct result of the rolling and ageing. Additionally, any further mechanical
testing results should be directly dependent on the size change of the sec-
ondary α due to the consistency of the primary α laths observed. The
secondary α lath width reduced from ~ 50–100 nm in the as-received
specimen to ~ 10–20 nm in both the cold and warm rolled and aged
samples.

A bright diffusion field can be seen around the larger primary α grains
in both the cold and warm rolled and aged samples, which is highlighted by
the yellow lines in Fig. 1. It appears that the finer scale α has not grown from
the α/β interface, which is observed in both the BSE-SEM and HAADF-
STEM micrographs.

Transmission Kikuchi Diffraction (TKD) was used to identify the
orientations of the secondaryα thatwere presentwithin the specimens. This
was completed on the as-received and cold rolled and aged samples. Fig-
ure 1c, d shows the as-received orientation with the corresponding (0001)
pole figure from a selection of secondary α grains, and Fig. 1g, h shows the
orientations of the cold rolled and aged sample along with the (0001) pole
figure. Due to the secondary α in Fig. 1g being significantly smaller, thermal
drift in the microscope was a significant challenge, leading to more noise in
the resultant data.This canalsobe seen in thedifference in thepolefigures in
Fig. 1d, h, where there were fewer points to analyse due tomore noise in the
data caused by residual strain in the specimen from the cold rolling, causing
distorted Kikuchi patterns. The circles in Fig. 1d, h highlight the 6 most

Fig. 1 | Microstructure of the as-received, warm rolled and aged, and cold rolled
and aged specimens along with TKD maps and processing diagram. a–d as-
received microstructure of Ti-6246 in Backscattered Electron Scanning Electron
Microscopy(BSE-SEM), High Angle Annular Dark-Field Scanning Transmission
Electron Microscopy (HAADF-STEM) and Transmission Kikuchi Diffraction with
the corresponding (0001) pole figure with only secondary αs grains selected for

analysis. e–h shows the same for the 10% cold rolled and aged sample. Highlighted
regions on the pole figures represent six orientations which each have 2 reflections,
therefore showing 12 αs variants. iWarm rolled and aged microstructure after 31%
deformation in BSE. j Processing diagram for warm rolled and aged and cold rolled
and aged processes. All work was done below the β transus.

https://doi.org/10.1038/s43246-026-01096-y Article

Communications Materials |           (2026) 7:118 2

www.nature.com/commsmat


common orientations, which can be further separated into 12 orientations.
All 12 variants cannot be observed on a single polefigure, due to the Burgers
orientation relationship, where the [1120] α is parallel to the [111] β. The
crystal symmetry results in 2 variants sharing the same {0002} pole direc-
tion. Therefore, to observe all 12 variants, theymust be observed in both the
{1120} and the {0002} directions. These 12 variants are displayed in Fig. 2,
labelled (a) to (l), where the 6 primary orientations are shown in the {0002}
pole figure, highlighted by a diamond, and the double spot reflections are
shown in the {1120} pole figure, highlighted by a solid circle and a dotted
circle for the 2 separate variants. These polefigures were taken from selected
areas with only secondary alpha, showing that all possible 12 α variants of
secondary α are present according to the Burgers orientation relationship.
Therefore, the change in processing parameters has not instigated a change
in the secondary α texture; only a grain size change.

In-situ TEM
In order to investigate secondary α growth, in situ ageing was performed
simultaneously with High Angle Annular Diffraction-Scanning Transmis-
sion Electron Microscopy (HAADF-STEM) and 4D-Scanning Transmis-
sion ElectronMicroscopy (4D-STEM). The specimen had been heat treated
at 850 °C to remove secondary α and cold rolled prior to a specimen being
prepared for HAADF-STEM. Figure 3a, b shows the specimen prior to
heating in situ. In Fig. 3a, dislocations can be seen within the β matrix as
shown by yellow triangles which appear as dark grey lines. Bright Field
Transmission ElectronMicroscopy (BF-TEM)was used to observe this area
as diffraction contrast in this imaging mode highlights dislocations within
the specimen caused by localised strain. Figure 3b shows the beginning of
the in-situ heating experiment. There is a lack of secondary α within the
specimen. When secondary α is present within the light grey β matrix
observed in HAADF, small lenticular features are present, which are
shown in Fig. 1b, f. HAADF-STEM is used to observe microstructural
changes as it is dependent on the Z number of the specimen, and
therefore will show elemental segregation. This is particular useful in Ti-
6246 as Mo acts as a β stabiliser and will be rejected as the α phase forms,
showing a distinct difference in contrast between the α and β phases. Fig-
ure 3c, d shows HAADF-STEM micrographs of a sample that was aged
in-situ at 850 °C in-situ from 0 to 393 s. The TEM foil had previously
been increased in temperature over 3 h 28min in an attempt to find
the temperature of nucleation, as explained in the methods section.
There is a large primary α grain in view at the top of both images, with the
βmatrix appearing below. There are smaller secondary α lathes within the
β matrix away from the α/β interface, each surrounded by a bright halo.
As HAADF-STEM is largely dependent on the Z number of the material,
it can be inferred that molybdenum is being rejected during the growth
of the secondary α, which has been previously shown in Ti-624610.
However, it may also be due to other elements partitioning, or due to
strain. Prior to heating (Fig. 3a, b, there was no secondary α present in
the foil. There is a substantial size difference between the secondary α
observed in Fig. 3c, d of ~ 40–90 nm, indicating a speed of growth of
~ 0.17 nm s−1. Comparing this to the velocity of primary α growth observed
in the literature, it is significantly slower10, perhaps due to the lack of solutes
available for growth, or due to themethod of in-situ growth here, where the
growth speed may be effected by thin foil effects. It therefore cannot be
conclusively determined that secondary α nucleating and growing from
dislocations grows at a slower velocity than standard nucleation from the
α/β interface.

Figure 4 shows the resulting 4D-STEM data. These datasets were not
collected at the same time as the HAADF-STEM images in Fig. 3 as the
microscope was realigned in order to reduce the probe convergence semi-
angle to 2.3 mrad. Nanobeam electron diffraction (NBED) patterns were
collected in a 256 × 256 configuration and analysed using strain calculation
and pattern matching algorithms described in previous literature16–18. Vir-
tual dark field (VDF) images were formed from the diffraction patterns
collected during 4D-STEM. The top and bottom of the strain maps show
(0002) primary α grains. Strain in the v direction (εvv), which is aligned with

the [0002]α//[101]β direction of the summed diffraction pattern, shown as
the referencediffractionpattern inFig. 4, shows a significant evolutionof the
microstructure. Fine scale secondary α has nucleated and grown in bands
corresponding to the {101}β direction, corresponding to slip bands within
the βmatrix. In the (εuu) direction,fineα can be observed adjacent to the top
primary α lamellae, corresponding to the [0002]α direction. The strain
within the β matrix decreased with increased time at temperature. It can
therefore be assumed that as the fine scale α grows, there is lattice extension
along the growth direction causing a contraction in the lattice perpendicular
to this. The shear term, (εuv), increases significantly over time, as does the
lattice rotation. The reference diffraction pattern, summed over all patterns
for 0 s, and HAADF and VDF (virtual dark field) micrographs are also
shown. The VDF images after heating show significantly more detail
compared to HAADF, primarily revealing more nanoscale phases present.
This is likely due to the VDF capturingmore diffraction contrast due to the
reduced angular range.

Mechanical testing
Results for hardness and tensile test for both the as-received and warm
rolled and aged specimens are shown in Fig. 5. Large scale components
cannot experience significant cold deformation, and therefore the warm
rolling route was the focus of the mechanical investigations. When the
secondary α is dissolved before rolling, there is a significant drop in hard-
ness. After rolling and ageing, there is a ~ 10% increase in the hardness of
both the cold andwarmprocessedmaterial. The as-receivedmaterials had a
0.2% tensile yield strength of 954MPa with a ductility of 16%. The warm
rolled and aged sample has a 0.2% yield strength of 1037MPa with a duc-
tility of 12%. This translates to a 8% increase in yield strength, with a slight
loss in ductility.

Stress (S) - life (N) results for the fatigue tests are presented in Fig. 6a
with an inset table showing results forHighCycle Fatigue (HCF) step testing
to find peak stress. Although there is some deviation between samples
(perhaps due to variation in the primary α), the trends can be analysed. The
warm rolled and aged route has a 150MPa improvement on the as-received
material, around 15% in step testing. At longer lifetimes, there is an even
larger distinction with a 200MPa difference at lifetimes approaching 107

cycles.
Figure 6b shows the results from fatigue crack growth testing. TheΔKth

(stress intensity threshold) from the as-received Ti-6246 is 6MPa
ffiffiffiffi

m
p �1

whereas for the warm rolled and aged processing route it is 4MPa
ffiffiffiffi

m
p �1.

However, the crack growth rate (da/dN, where a is the crack length andN is
the number of cycles) for the edited route is slower than that of the as-
received material. Therefore, though crack initiation may occur at a lower
stress intensity in the fine αmaterial, the crack will grow slower and fail at a
similar ΔK to the as-received material.

Discussion
Secondary αmorphology and growth
The impact of deformation on the size of the resulting secondary α phase is
clearly evident in Fig. 1. By deforming the material dislocations are added,
particularly in the βmatrix. By adding dislocations into the βmatrix, high
energy nucleation sites are added, presenting an alternative nucleation point
to the α/β interface. The 600 °C ageing step then supplies the additional
activation energy via heat to encourage nucleation and growth of secondary
α precipitates. As there are nowmultiple high energy points available within
theβmatrix bymeansofdislocations, it canbe assumed that the secondaryα
lath size reduction is due to simultaneous nucleation and growth. Once the
concentration of α stabilisers within the β matrix reaches a minimum,
coarsening can no longer be achieved, resulting in a smaller secondaryα lath
size due to soft impingement.

Confirmation of the assumption that secondary α growth does not
occur at the α/β interface is seen in Fig. 1; this will also be inhibited by the
presumed Mo solute field around the primary α plates, which we have
observedpreviously10.No secondaryα is seen to grow from theα/β interface,
with all nucleation occurring within the β matrix. As HAADF-STEM is
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Fig. 2 | Polefigures of the alpha variants found in both the as received and the cold
rolled and aged specimens, segmented by each distinct direction shown in the
{0002} polefigures.The {0002} pole figures show 6 distinct variants highlighted by a
diamond, and the corresponding {1120} pole figure shows each spot doubled,

highlighted by the solid circles for the first of the variant pair, and a dotted circle for
the second of the variant pair. This indicates that 12 distinct variants are present in
both samples.
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highly dependent on the atomic number of the atoms, the bright white field
that appears around the secondaryα is assumed to be causedby the rejection
of Mo as the α phase forms, though this may also be due to strain around
forming secondaryαphase as it forms. This phasewas aged in situ at 850 °C,
which is 250 °C higher than the ageing temperature used in conventional
bulk testing. The higher temperature was necessary to compensate for
thermal instability across the DENS chip and heat loss through the thin
TEM foil, an issue previously reported by Hajraoui et al.19. As a result, a
higher temperature was required to initiate secondary α growth in the TEM
sample.

The evolution of strain at a temperature of 1050 °C is presented in
Fig. 4. The temperature had to be increased to encourage the growth of
secondary alpha. This is most likely due to thin film effects. The specimen
has shown growth of α along {110} bands. {110} slip bands connecting large
steps at the α/β interface have been previously observed after 10% cold
rolling of Ti-624620. This has additionally been observed by Furuhara et al.21,
where cold rolling Ti-Cr, a β titanium alloy, and subsequent ageing resulted
in formation of fine α precipitates along the {112} slip bands within the β
matrix. The fine α plates observed near the α/β interface exhibit a mor-
phology similar to that reported by Furuhara et al. and may share the same
crystallographic orientation. Specifically, the [0002] direction in α is parallel
to the [110] direction in β, which lies perpendicular to the {112} planes,
indicating that the plates are likely in-plane. In addition to this, there is a
lattice extension along the fine secondary α growth direction, with a com-
pression perpendicular to this. This may be attributed to an evolution of
lattice parameters as the α phase is growing within the β matrix. Interest-
ingly, there appears to be lattice rotation occurringwith a high level of shear,
Fig. 4. This again can most probably be attributed to the lattice parameters
evolving as the α phase grows. This analysis gives insight into the strain
evolution as α grows, and how the strain evolves to accommodate the strain
field of the dislocation, which has been previously commented on in the
literature22.

Figure 1 compares the orientation of as-received disc material
and cold rolled and aged samples with a secondary α size comparison
to the warm rolled and aged process. The pole figures in Fig. 2
highlight 6 of the strongest orientations in the {0002} along with the
2 reflection present in the {1120}, selected only from secondary α
laths. This means that there is no loss of secondary α variants when
there is nucleation from dislocations rather than the α/β interface,
therefore the random basketweave texture is retained, and any
change in mechanical test data will be primarily due to the size effect
of the secondary α. Qui et al.23 have shown that variant selection can
occur via dislocations using phase field modelling. In this study, it
has been shown that variant selection has not occurred, as all 12

variants are present. Though texture anisotropy has been seen due to
deformation is previous studies, this is primarily of influence to the
primary α microstructure24. In this case, as the secondary α is
nucleating from dislocations within the β matrix rather than the
interface, the effect is not substantial enough to cause texture
anisotropy.

Mechanical test performance
Figure 5 shows that the finer microstructure from the edited processing
route results in a higher yield strength, though the material is now less
ductile. From the hardness values in the inset table, it can be seen that
without the presence of any secondary α, there is a significant drop in
hardness, and therefore strength. This indicates that the presence of finer
secondary α is the basis for the increase in strength and not as a result of
work hardening. Though it is possible that work hardening has occurred
after deformation, the subsequent ageing step which initiates to nucleation
and growth of secondary α will remove this effect by relieving the stored
stress in thematrix. Additionally, the hardness values for the cold rolled and
aged and the warm rolled and aged samples are comparable. Therefore, it
can be assumed that despite the change in process temperature, it is possible
to retain adequate dislocation content upon warm rolling to encourage the
nucleation and growth of fine scale secondary α from defects within the β
matrix.

The additionalmechanical testing results in Fig. 6 shows that thewarm
rolled andagedalternativeprocessing routewithfiner secondaryα retains its
fatigue strength at higher cycles,more so that the standard processing route.
In fact, there is only adropof 100MPa, compared to the as-receivedmaterial
which has a drop of 250MPa. Such retention of strength at high cycles
means that a manufactured engine part could be used for a longer period of
time, reducing costs and improving efficiency. In Fig. 6b, the crack growth
threshold (ΔKth) and crack growth rate can provide some explanation for
this. Though the edited route has a slightly lower crack threshold value, the
crack growth rate is much slower than the as-received Ti-6246. As detailed
earlier, there is no significant change in texture provided by defect stimu-
lated α growth, therefore it can be assumed that it is the change in effective
slip length that has caused the improvement in mechanical properties.

The presentmaterial achieves exceptional cyclic fatigue strength due to
its ability to form fine-scale α within grains, nucleated from nanoscale
defects, similar to the behaviour observed in near-β titanium alloys such as
Ti-10-2–3. In comparison testing (Fig. 6), it demonstrates a fatigue strength
advantage of 150MPa at 106 cycles for an un-notched plain bar. This per-
formancematches that of landing gear alloys, but in a material designed for
high-temperature applications, as summarised in Table 1. These results are
in good agreement with prior work completed by Lütjering25,26, where it was

Fig. 3 | Transmission electronmicroscopy images ofmicrostructures evolution in
the cold rolled specimen. a Bright Field Transmission Electron Microscopy (BF-
TEM) and b High Angle Annular Diffraction-Scanning Transmission Electron
Microscopy (HAADF-STEM) micrographs of the same area, prior to heating. The

yellow triangles show examples of dislocations. c, d HAADF-STEM micrograph of
in situ ageing of secondary α within the β matrix, over a period of 393 s at a tem-
perature of 850 °C.
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observed that smaller colony sizes impact the slip length, resulting in higher
strength, HCF and LCF.

Conclusions
A change in the thermomechanical processing of aerospace alloy Ti-6246
by either cold or warm rolling to introduce dislocations into the β matrix

has been presented and investigated using high resolution
characterisation techniques, mechanical testing and 4D-STEM. It has
shown that:

1. Nucleation of a finer secondary α phase occurs from dislocations
introduced via this new processing route.

Fig. 4 | 4D-STEM strain maps taken from 0 to 106 s at a temperature of 1050 °C.
The foil had previously been heated to 850 °C and taken back to room temperature.
The beam direction used was [111]β//[11�20]α. The u direction corresponds to the
[01�10]α and the v to [0002]α//[101]β, as shown in the inset diffraction pattern. All

directions are with respect to the primary α, which was fabricated to be on the basal
plane. εuu, εvv and εuv range from −5 to 5% strain, and the lattice rotation θ ranges
from −3 to 3%.
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2. Themulti-variant texture of secondary α is preserved when nucleation
from dislocations occurs.

3. The process can be achieved at warm temperatures, allowing for use in
scaled up metallographic processes.

4. Nucleation occurs along the {110} slip bands, and large rotation and
shear strain is observed as the newphase grows into the existing lattice.

5. The finer secondary α microstructure provides an increase in yield
strength of 8%, an increase of 15% peakHCF stress, and a slower crack
growth rate.

Therefore, defect-stimulated nucleation can be used to provide finer
length-scale microstructures, which have consequent improvements in

performance. This strategy will be broadly usable in all titanium alloys that
contain a secondary α phase with a slow enough diffusion rate to allow
nucleation from defects, potentially changing the way we process titanium
alloys in industry. This is significant in terms of jet engine materials. Such
improvement could result in much smaller engine parts, leading to less
weight and an increase in efficiency.

Methods
Samples were prepared from a forging of nominal composition Ti-
6Al-2Sn-4Zr-6Mo (wt%) supplied by Rolls-Royce plc. Derby and
therefore meet aerospace rotor grade specifications, which is nom-
inally a maximum of 0.15 wt% O, 0.15 wt% Fe, 0.04 wt% N, 0.04 wt%
C and 0.125 wt% H. The as-received material experiences deforma-
tion above the β transus and in the α+β, followed by a controlled
cooling at room temperature. The as-received material is then aged at
600 °C for 4 h followed by an air cool. Material for rolling was then
heated to 850 °C in a vacuum furnace for 6 h, followed by a water
quench. All specimens were loaded when the furnace has reached the
appropriate temperature, to negate any heating rate effects. After
rolling, the specimens were then aged at 600 °C for 30 min in air,
followed by an air cool.

Physical and microstructural characterisation
Electron Backscatter Diffraction (EBSD) and backscatter electron
scanning electron microscopy (BSE-SEM) was performed using a Zeiss
Sigma300 FEG-SEM fitted with an Oxford Instruments EBSD detector
to locate a (0002)α//{110}β grain for TEM lift out. TEM samples for
both in situ TEM and TKD were prepared using an FEI Helios NanoLab
600 DualBeam system equipped with an OmniprobeTM. TKD maps
were obtained on a Zeiss Merlin equipped with a Bruker on-axis e-flash
HD detector. HAADF-STEM and 4D-STEM was completed using a
JEOL Grand ARM300F in combination with a DENS Wildfire double
tilt holder. Diffraction patterns for 4D-STEM were collected using
a Medipix-3 direct electron detector using Merlin software. An
accelerating voltage of 200 kV and a camera length of 9 cm was used, with
a 10 μm condenser lens aperture. In order to collect data for 4D-STEM,
a pencil beam condition was achieved by switching off the probe
corrector hexapoles and using the condenser and transfer lens pairs to
create a small convergence semi angle of 2.3mrad, with a 1.3ms dwell
time used for exposure time per probe position. The 4D-STEM data
was collected in a 256 × 256 configuration. Initially the DENS in-situ
heating chip was heated in 50 °C until nucleation was observed at 850 °C.
Heating was near instantaneous due to the nanoscale surface area of the
foil. After collection of HAADF-STEM data, the sample was
cooled instantly to room temperature as the microscope was realigned for
4D-STEM. The sample was then reheated to 850 °C and again heated in
50 °C until growth of the secondaryαwas observed at 1050 °C.As explained
in thediscussion, it is known in the literature that thinfilmeffects can impact
nucleation and growth in TEM foils, which explains the change in ageing
temperature.

Tensile tests were completed using a 30 kN Instron tensile tester with
an extensometer at a strain rate of 10−3 s−1.HCF testingwas completedusing
an Amsler Vibrophone at a frequency of 85Hz and stress ratioR = 0.1. LCF
and corner crack testing was completed using a 100kN Mayes with an
Instron controller. A Matelect DCPD unit was used to apply a potential of
5 V and measure the potential drop as the crack grew. All tensile, HCF and
LCF test specimens weremachined to a specimen size withM11 thread and
a 5mmgauge diameter. Fatigue crack growth test specimensweremachined
to an M12 thread with a 5mm square cross section with a crack
depth 0.25mm.

Diffraction patterns were analysed using strain calculation and pattern
matching algorithms described in previous literature16–18. For this study, the
beam direction used was [111]β//[11�20]α. For directional strain analysis in
Fig. 4, the u direction corresponds to the [01�10]α and the v to [0002]α//
[101]β with respect to the primary α phase.

Fig. 5 | Tensile mechanical testing data comparing as-received material to warm
rolled and aged. a Tensile curves of as-received Ti-6246 in black and material from
the edited processing route in red, with corresponding 0.2% yield (MPa), ultimate
tensile strength (MPa) and ductility values. The inset table shows hardness testing
results for as received, material without primary α, after cold rolling and ageing, and
after warm rolling and ageing. b An enlarged view of (a) to show the 0.2% yield
strength difference in the as-received and edited route.
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Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request,
a.ackerman14@imperial.ac.uk.

Code availability
Code used for data analysis of the 4D-STEM data can be accessed via
GitHub at cophus/py4DSTEM.
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