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Highlights
e Oxygen slows the growth of ® and changes o precipitates to cuboidal shapes

e Oxygen partitioning to o increases yield strength of compressed micropillars

e Oxygen-induced o refinement enables improved precipitation strengthening
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Abstract

The mechanical behavior of aged metastable B titanium alloys is directly influenced by the
formation and stability of metastable » and stable a phases during thermomechanical processing.
Interstitial oxygen, which is known to cause embrittlement in Ti alloys, affects metastable-and
stable-phase stability in these alloys that-and also impacts their structural properties. The present
study investigated the role of interstitial oxygen on @ and a precipitation in an aged metastable 3
Ti-15Mo alloy and the subsequent effect of these microstructural changes on the alloy’s

compressive mechanical properties. High oxygen levels reduced the @ growth rate and induced a



shape change for o precipitates with oxygen partitioning to ® precipitates during ageing. Oxygen-
containing specimens displayed higher compressive yield strengths than in oxygen-free specimens
during micropillar compression testing. However, in both cases, ® precipitates were ultimately
sheared leading to slip band formation and plastic flow localization. Elevated oxygen also refined
the o precipitate distribution whether a nucleation happened homogeneously or heterogeneously.
The finer a precipitates with oxygen led to increased compressive yield strength during micropillar
compression compared to specimens without oxygen. Oxygen plays a key role in the evolution of
o and a precipitate distributions and associated mechanical properties, which is another example

of how oxygen ean-may be a useful alloying element in B titanium alloys.
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1. Introduction

Metastable B titanium alloys have been the subject of continued scientific investigation and
development due to their rich variety of microstructures and wide range of attainable mechanical
properties depending on alloy chemistry and processing [1]. This range of properties allows their
use in many applications including aerospace and biomedical components [2—4]. In B Ti alloys,
the body centered cubic (bcc) B phase is stabilized to room temperatures by the addition of -
stabilizing elements such as Mo, V, and Nb, and a metastable B phase matrix is typically obtained
after solution treatment and quenching. Depending on thermomechanical treatment, the metastable
f state can also result in the formation of intermediate metastable phases such as o’ (hcp) and o”
(orthorhombic) martensites [1], o (hexagonal or trigonal) phase [5], and recently reported
nanoscale phases [6—9] prior to stable a precipitation [1]. The formation and stability of metastable
phases in  Ti alloys have been extensively investigated because of the link between these phases
and desirable mechanical properties such as superlow clastic modulus, ultrahigh strength, and

superelastic behavior [10-12].



Oxygen is another important element for § T1 alloys due to its unique effects on metastable
and-stable-phase stability. In general, oxygen is highly soluble in a and B Ti phases [13], and
significant ingress and dissolution of oxygen occurs during elevated temperature oxidation
exposures for Ti and Ti alloys [14,15]. High levels of dissolved oxygen are known to embrittle a

and B Ti phases, leading to increased hardness but reduced ductility [16]. While it has been well

reported that O causes solid solution hardening and ductility reduction in o-Ti alloys [17], the

ductility of selected B Ti alloys is not jeopardized by high oxygen levels in the range of 2.5-3.0 at.

% (0.6 wt. %) [10,18], enabling the use of dilute oxygen levels in tailoring alloy microstructure

and properties. However;¥Recent investigations have shown that oxygen alse-enables significant

changes in metastable phase stability for B Ti alloys, which impacts microstructural evolution and
mechanical behavior. These changes include the suppression of large-scale martensite formation
during quenching of Ti-Nb alloys that allows formation of nanoscale products such as
nanodomains [19] and O’ [8,20] leading to properties such as shape memory behavior [12],
superelasticity [21,22] and unique thermal expansion behavior [23]. Elevated oxygen also affects
the evolution of the metastable w phase, which subsequently impacts mechanical behavior. ®
formation is known to cause severe embrittlement in aged B Ti alloys [24-26], but ® has gathered

renewed interest due to its role in changing the deformation mechanisms from transformation-

induced plasticity and twinning-induced plasticity defermation-mechanisms-to dislocation slip

[27,28], contributinges to strong and ductile B Ti alloys after short ageing treatments [29,30], and
actingintluence as a heterogeneous nucleation agent for stable a precipitation [31-34]. Elevated O
levels have been reported to stabilize the w phase and oxygen partitions to o precipitates during
ageing [35,36]. Furthermore, microstructures with O partitioning to large ® precipitates showed
suppression of slip localization resulting in improved duetility—and-work hardening during
micropillar compression of Ti-Nb alloys, which addresses known embrittlement challenges with
isothermal ® formation without oxygen [37]. High oxygen levels also affect the precipitation
kinetics of the stable a phase. Elevated O concentrations have been demonstrated to induce o phase
refinement in an aged metastable B Ti-15-333 alloy, leading to increased compressive strengths
and improved precipitation strengthening [38].

Ti-Mo alloys are an important subset of f titanium alloys due to the frequent use of Mo in
commercial alloy compositions. Mo is a common addition to B Ti alloys due to its strong

stabilization of the P phase resulting in cost-effective master alloys and low tendency for



solidification segregation [2]. When considering isomorphous 3 phase stabilizing elements Mo,

Nb, Ta, V. and W. Mo has the lowest critical concentration to retain 100% of the B phase after

quenching to room temperature [1], which enables a metastable  phase matrix with lower solute
levels leading to lower overall alloy density that is important for weight-sensitive aerospace

components. Although other [B-stabilizing elements such as Cr and Fe have a lower critical

concentration to retain 100% of the B phase upon quenching, these elements exhibit limited solid

solubility in Ti, and a eutectoid reaction results in the formation of intermetallic compounds [1].

Fe and Cr also promote a wider mushy zone upon solidification of alloy ingots leading to issues
such as greaterconstitutionalundercoolinecoring; and gross segregation thatreguire more-control
durine—inesotmelting [2]. The absence of intermetallic phases for Ti systems alloyed with

isomorphous 3 phase stabilizing elements allows for a simpler system to understand O effects on

microstructural evolution in 3 Ti. In the Ti-Mo system, oxygen can alse-affect precipitation

kinetics and metastable phase stability. As-quenched microstructures of Ti-7.5Mo wt. % without
O have shown martensite formation [39]. However, formation of the a phase in addition to
martensite was reported for these alloys with high oxygen levels up to 0.5 wt. % O due to a-
stabilization with oxygen [39]. In a more solute-rich Ti-15Mo wt. % alloy, athermal ® phase
formation was suppressed upon quenching with O levels up to 0.5 wt. %, and the deformation
mechanism transitioned from twinning to dislocation slip in the presence of oxygen [40]. Oxygen
played an important role in the formation of nanoscale phases reported for Ti-Nb based
compositions [19,22]. However, in Ti-Mo alloys, the nanoscale O’ phase was identified despite
interstitial oxygen being intentionally removed [41]. Although these studies explored the influence
of oxygen in Ti-Mo based compositions, extensive investigations have not been conducted for
oxygen in relation to other metastable phases such as @ and the impact of microstructural changes
with oxygen on mechanical properties. Yet, understanding the effects of interstitial oxygen on the
microstructures and properties of Ti-Mo based alloys is an important area of investigation due to
the frequent use of Mo in commercial B Ti alloy compositions and the low allowable oxygen levels
in industrial alloy specifications due to embrittlement concerns.

———n—this—stady—Therefore, this study focuses on evaluating aged Ti-15Mo with
varying oxygen content was-evaluated-to understand differences in @ and a precipitation kinetics

and their impacts on mechanical behavior using micropillar compression. Heat-treatments—were




2. Materials and methods

Commercial alloy Ti-15Mo wt. % (Ti-8Mo at. %) with nominally less than 0.1 wt. % O
was provided by ATI. Specimens were sectioned using a slow speed diamond saw, encapsulated

in quartz tubes with Ar gas, selution-treatedhomogenized by heat treating at 1000 °C for 24 h, and

quenched by breaking the tube in water. A subset of solution treated samples was oxidized in a 1
standard cubic centimeter per minute (SCCM) O2/4 SCCM Ar (20% O2) environment at 900 °C
for 5 hours. Oxygen concentration profiles in the  matrix after oxidation were measured on
polished cross-sections using wavelength dispersive spectroscopy (WDS) in a Cameca SX100
electron microprobe as reported in [36,38]. Measurements of the O Ka, Ti Ko, and Mo Lo X-rays
were made using a focused electron beam with a beam current of 40 nA and accelerating potential
of 15 keV. Calibration standards were synthetic MgO (O Ka), Ti metal (Ti Ka), and Mo metal
(Mo La); Additional details on the analysis of WDS data are located in Supplemental

Supplementary Material.

As-solution treated samples and oxidized samples were subsequently encapsulated in
quartz tubes with Ar gas and isothermally aged using the following conditions: 450 °C for 2 and
24 h, 500 °C for 24 h, and 600 °C for 4 h. Specimens were inserted into a preheated furnace such

that the sample heating rate was > 5 °C/s. Complete dissolution of @ has been observed at 560 °C
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in Ti-15Mo [42]. Therefore, ageing treatments for ® formation were conducted at 450 and 500 °C
to promote fast ® precipitation and elemental partitioning while maintaining slower o precipitation
kinetics. Ageing at 600 °C was also performed to induce direct a precipitation. Finally, a two--step
ageing treatment was conducted with the first step at 450 °C for 2 h, followed by a second step at
600 °C for 4 h to investigate the effect of w-assisted a precipitation with elevated oxygen content.

Processing diagrams that give a visual description of the specific ageing treatments and parameters

studied here are shownprovided in Supplementary Material.

Aged specimens were cross-sectioned using a slow speed diamond saw, mounted in epoxy,
then ground using 320-1200 grit SiC papers and polished using 0.03 pm colloidal silica
suspension. Scanning electron microscopy (SEM) imaging and focused ion beam (FIB)
preparation of transmission electron microscopy (TEM) foils and needle-shaped atom probe
tomography (APT) specimens were performed using a Thermo Fisher Scientific FEI Helios 650
Nanolab with a Ga" ion FIB. TEM images and selected area electron diffraction (SAED) patterns
were obtained using a Thermo Fisher Scientific Talos F200X G2 microscope operated at 200 kV.
APT data collection was performed with a Cameca local electrode atom probe (LEAP) 5000 XR
operated in laser mode. APT data was collected using a specimen temperature of 30 K, a detection
rate of 0.005 atoms per pulse, laser pulse energy of 25 pJ, and pulse repetition rate of 200 kHz.
Data reconstruction, background subtraction, peak deconvolution, and compositional analysis
were performed using the AP Suite software package 6.1.

Due to the compositionally graded nature of specimens created after the oxidation
exposure, micropillar compression testing was used to evaluate the compressive mechanical
properties of local microstructural regions with varying oxygen content (corresponding to oxygen
concentration profiles measured using WDS). A specific grain for pillar fabrication was selected
in each specimen to be close to the (100)s out of plane orientation after characterization using

electron backscattered diffraction (EBSD) (Supplemental-Supplementary Material). Single

crystal micropillars with a 2 pm diameter were fabricated in the selected grain using FIB in a
Thermo Fisher Scientific FEI Helios 650 Nanolab. Pillars were fabricated with an automated script
with coarse annular milling at 30 kV, 9 nA and fine milling at 30 kV, 0.79 nA. Milled micropillars
had a diameter-to-height aspect ratio of approximately 1 to 2.5 to avoid a triaxial stress state for
low aspect ratios and pillar buckling at high aspect ratios [43]. Four Mmicropillars per condition

were tested in compression in a Hysitron TI 950 Triboindenter with a flat punch indenter (60° cone



angle, 10 um diameter flat end) in displacement-controlled mode with a strain rate of ~ 0.0005 s
!, Tests were manually stopped at a predetermined displacement amount to characterize
compressed pillars at specific strain levels. Compressive engineering stress-strain curves were
calculated from collected load versus displacement data. The engineering stress was calculated as
o = F/Ao where F is the measured force and Ay is the cross-sectional area at the top of the pillar,
and the engineering strain was calculated as € = AL/Ly where AL is the pillar displacement and Ly
is the initial pillar height [44]. After compression, the morphology of deformed pillars was

observed using SEM and TEM. Cross-sections and TEM foils of deformed micropillars were

prepared using a cross-sectional FIB liftout technique similar to Refs. [45].

3. Results

3.1. Solution treated and oxidized Ti-15Mo prior to ageing

Solution treated and quenched Ti-15Mo contained a single  phase matrix with grain sizes
greater than 500 um. Following the oxidation exposure at 900 °C for 5 h, a thick, porous oxide
scale without strong adherence to the base metal formed on specimen surfaces, and oxide spallation
was frequently observed during specimen handling and sectioning. Specific oxide growth
mechanisms and oxide morphologies are not the focus of this work. Precipitation of a laths about
50 um in length was observed in the subsurface metal just below the oxide/metal interface of cross-
sectioned specimens (Figure 1a). Given oxygen’s role as a potent o stabilizing element in Ti
alloys, the formation of a laths in the outermost subsurface metal region during oxidation is
consistent with oxygen dissolution in the § Ti matrix that stabilizes a and promotes its precipitation
[13]. a formation is also accompanied by Mo rejection and partitioning from o to the  matrix,
which is consistent with Mo as a B-stabilizer in Ti alloys [46]. Below the a lath + f matrix region,
the single-phase  matrix contained interstitial oxygen that diffused in a concentration gradient
during the oxidation exposure. This oxygen concentration profile was measured in the single-phase
B matrix using WDS starting from the interface of the a lath +  matrix region near the sample’s
edges and moving towards the center of the cross-sectioned specimens (yellow arrow in Figure
1a). The average of four measured profiles (Figure 1b) illustrated that oxygen diffused to a depth
of ~1 mm in the  matrix during oxidation, which is a similar diffusion depth reported for Ti-20Nb

(at. %) after the same oxidation exposure [36]. This depth agrees with mean diffusion lengths



estimated using reported oxygen diffusion parameters in the range of 51x*10°"** to 15x*10°""? m?/s

at 900 °C in B Ti [47]. The maximum oxygen concentration of approximately 2.6 at. % O (0.8 wt.
% O) was located at the interface between the a lath / B matrix regions. WDS measurements did

not show changes for Mo concentration as a function of distance in the single-phase § matrix.
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Figure 1. (a) SEM-BSE image of cross-section for oxidized Ti-15Mo showing porous oxide scale
and o lath formation after oxidation exposure at 900 °C for 5 h. Yellow arrow indicates starting
location and direction of WDS line traces. (b) Average and standard deviation of four WDS line
traces measuring oxygen concentration beginning from the (o lath + ) / B matrix interface and

traversing across the cross-section of oxidized Ti-15Mo.

3.2. o precipitation and deformation in Ti-15Mo with varying oxygen content

As-solution treated specimens and oxidized specimens were subsequently aged to
understand ® precipitation with varying oxygen levels. Specimens that were solution treated and
aged with minimal oxygen content are hereafter referred to as directly aged-(P4), and specimens
that were solution treated, oxidized, and then aged with the created oxygen diffusion gradient are
hereafter referred to as oxidized and aged-+©OXA4). The microstructure characterized at specific
distances from the a lath / B matrix interface towards the center of the sample in OXA-oxidized
and aged specimens corresponded to specific oxygen contents as measured by WDS (Figure 1b).

Directly agedA and OXA-oxidized and aged specimens aged at 450 °C for 2 h resulted in

dense ~10 nm metastable ® precipitates observed in backscattered SEM (SEM-BSE) images



(Figure 2a-b). As expected from prior studies [48], elemental partitioning of Mo to the  matrix
occurred as demonstrated by compositional contrast in SEM-BSE images. After 24 h of ageing at
450 °C, o precipitates grew to ~20-30 nm in size. The o particles in oxygen-free DA-directly aged
specimens exhibited ellipsoidal shapes, which is consistent with prior o studies for the low misfit
Ti-Mo system [48]. SEM-BSE images showed higher number densities of finer @ precipitates in
the presence of oxygen compared to specimens without oxygen (Figure 2¢c-d). The OXA-oxidized
and aged samples with 2.2 at. % O also revealed alignment of ® precipitates (Figure 2d). After
ageing at 500 °C for 24 h, DA-directly aged and OXA-oxidized and aged microstructures showed

larger sizes and decreased number densities of ® precipitates (Figure 3a-b), and the morphology
differences with oxygen were more pronounced than at 450 °C. Specific grains close to the (100)p
out of plane orientation after EBSD characterization were selected to characterize o precipitate
alignment with elevated oxygen levels. SEM-BSE and bright-field TEM images confirmed that ®
particles were aligned along <001>p directions (Figure 3a-c). In addition, ® precipitates in the

OXA—oxidized and aged samples exhibited cuboidal-like shapes faceted along the <001>

directions (Figure 3c) and also showed an elongated major axis aligned with <111>p directions
that is typical for ® in Ti-Mo without O [5]. Finally, some regions with the highest oxygen levels
of 2.2 at. % O in the OXA-oxidized and aged specimen aged at 500 °C showed the onset of lath-

like o phase formation in addition to ® precipitates (Figure 3d), and this faster a precipitation rate
during isothermal ageing is due to the stabilization of o with higher oxygen contents [13]. a
precipitation was not observed for other oxygen levels in the DA-directly aged and ©XA-oxidized
and aged specimens aged at 500 °C for 24 h.

Figure 2. SEM-BSE images of DA-directly aged and ©OXA-oxidized and aged Ti-15Mo after

ageing at 450 °C for (a-b) 2 h and (c-d) 24 h. BA-Directly aged Ti-15Mo are shown in (a) and (c).
OXA-Oxidized and aged Ti-15Mo are shown in (b) and (d).
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Figure 3. SEM-BSE images of (a) DA-directly aged Ti-15Mo with 0.1 at. % O and (b) OXA
oxidized and aged Ti-15Mo with 1.5 at. % O aged for 24 h at 500 °C. Insets show EBSD inverse

pole figure maps with crystal grain orientations and the selected grain denoted by the black arrow
with associated cubic lattice projection for microstructures in (a) and (b). (c) Bright-field TEM
image of OXA-oxidized and aged Ti-15Mo aged for 24 h at 500 °C with 1.5 at. % O. Inset shows
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SAED pattern for the [110]p zone axis showing B and o diffraction spots. (d) SEM-BSE image of
OXA-oxidized and aged Ti-15Mo with 2.2 at. % O aged for 24 h at 500 °C.

Size, aspect ratio, area density, and volume fraction of ® precipitates in DA-directly aged
and OXA-oxidized and aged specimens aged for 24 h at 450 °C and 500 °C were estimated using

SEM-BSE images that showed all ® variants to compare differences in the aged microstructures
(Table 1). The average lengths of the major and minor axes for ® were used to calculate an
equivalent spherical diameter, 2r. After both 450 °C and 500 °C ageing, the measured equivalent
diameter decreased with higher oxygen. The measured aspect ratio of @ particles based on the
major and minor axes increased slightly without oxygen present. The area densities of o particles,
ns, were estimated by counting ® particles in SEM-BSE images and dividing the total particle
count by the area of the image. The area fraction of ® was estimated using image thresholding and
measurement of SEM-BSE images using ImageJ processing software to be approximately 41 +

1.1% for both BA-directly aged and OXA-oxidized and aged specimens aged at 450 °C and 500

°C. These area fractions were assumed to equal the volume fraction, £, of ® based on stereology
[49]. The inter-particle spacing D for o particles was calculated by taking into account the effect
of finite obstacle size for impenetrable particles and represents the measure of the free spacing
between finite obstacles [50]. The average planar radius <rs> was calculated using <1, > = w <
r >/4 , which was used to calculate D according to the following equation [50]:

D = [(32/3nf)Y/? — 2] < r, > (Equation 1).

Table 1. Quantification of microstructural features for o precipitates in aged Ti-15Mo with

varying oxygen content.

Area Inter-
Oxygen Oxygen  Equivalent Densitv. n particle
Ageing |Concentration Concentration Diameter, Aspect _}27’ s spacing, D
Specimen  Treatment (at. %) (wt. %) 2r (nm)  Ratio (um ) (nm)
BADirectly 24 h, 450 °C 0.1 0.1 46+ 1.8 24+03 271 16
Aged
OFAOxIdIZed 5y 450 oC 22 0.7 32437 20+01 501 11
and Aged
Oxidized and o 2.3+
AcedOX 24 h, 500 °C 0.1 0.1 75+£4.8 0.2 181 26

12



Oxidized and

Agedoxa 241,500°C L5 0.5 55437 19+0.1 216 19

In order to understand the extent of elemental partitioning to ® and 3, APT measurements
were performed after ageing at 450 °C and 500 °C. Reconstructed APT datasets from the OXA
oxidized and aged specimen aged for 24 h at 450 °C with 2.2 at. % O (Figure 4) and aged for 24

hat 500 °C with 1.5 at. % O (Figure 5) showed Ti-rich regions and Mo-rich regions corresponding

to the  and P phases, respectively. Proximity histograms (or proxigrams) that were generated

using iso-concentrations surfaces of 90 at. % Ti for OXA-oxidized and aged specimens aged at
450 °C and 500 °C showed that Ti partitioned to the w phase while Mo partitioned to the  matrix,
as has been reported in literature [48,51]. After ageing at 450 °C, O partitioned slightly to the ®
phase, with up to 4.3 at. % O in ® compared to ~2 at. % O present in the  matrix (Figure 4b). O

partitioned more significantly to ® in ©XA-oxidized and aged Ti-15Mo aged at 500 °C, and the ®
phase with ~3.5 at. % O contained three times as much oxygen content as in the § matrix with 1
at. % O (Figure 5b). This O partitioning behavior to ® during ageing has also been reported in the
Ti-Nb-O system [35,36]. According to calculated proxigrams, the compositions for ® and B in
OXA-oxidized and aged Ti-15Mo aged for 24 h at 500 °C with 1.5 at. % O are: 96.1 at. % Ti, 0.4
at. % Mo, 3.5 at. % O for o and 85 at. % Ti, 14 at. % Mo, 1.0 at. % O for B.

Mo
+0
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-
N
T

-
o
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S5 4 3 -2 A 0 1 2 3 4 5
Distance (nm)
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Figure 4. (a) APT reconstruction of OXA-oxidized and aged Ti-15Mo aged for 24 h at 450 °C

with 2.2 at. % O and (b) proxigram showing Mo and O concentration as a function of distance

from 90 at. % Ti1 iso-concentration surfaces.
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Figure 5. (a) APT reconstruction of OXA-oxidized and aged Ti-15Mo aged for 24 h at 500 °C

with 1.5 at. % O and (b) proxigram showing Mo and O concentration as a function of distance

from 90 at. % Ti1 iso-concentration surfaces.

Micropillar compression was conducted to investigate the influence of elevated oxygen, ®
precipitate size, and the corresponding microstructural changes on mechanical properties.

Micropillars were fabricated for the DA-directly aged and ©XA-oxidized and aged specimens aged

at 450 and 500 °C for 24 hours. For the OXA-oxidized and aged specimen aged at 450 °C for 24

h, micropillars were fabricated at distances of ~100 um from the o lath / B matrix interface
corresponding to 2.2 at. % O. Since the region corresponding to 2.2 at. % O in the OXA-oxidized
and aged specimen aged at 500 °C for 24 h showed the onset of a precipitation in some regions
(Figure 3d), micropillars were fabricated at a distance of ~300 um from the a lath / f matrix
interface corresponding to 1.5 at. % O that showed only ® precipitation. Images of post-
compression micropillars after 15% strain revealed differences in deformed morphologies with
different oxygen contents (Figure 6). The deformed micropillars from the oxygen-free specimens
showed prominent step-like features that corresponded to slip band formation during compression.

Compressed pillars containing 2.2 and 1.5 at. % O also formed a large slip band after deformation,

14



although other finer slip traces were observed near the base of the pillar (located at blue arrow in

Figure 6b, 6d).

Figure 6. SEM-BSE images of 2 um diameter micropillars compressed to 15% engineering strain
for BA-directly aged and OXA-oxidized and aged Ti-15Mo after ageing for (a-b) 24 h at 450 °C,
and (c-d) 24 h at 500 °C. BA-Directly aged Ti-15Mo are shown in (a) and (¢). OXA-Oxidized and

aged Ti-15Mo are shown in (b) and (d), with blue arrows showing fine slip traces.

The influence of oxygen on the compression response of the oxygen-containing
micropillars differed for specimens aged at 450 °C and 500 °C (Figure 7a-b). Stress-strain curves

for BA—directly aged and OXA—oxidized and aged specimens aged 450 °C both showed

discontinuous and unstable flow during compression (Figure 7a). Significant drops in measured
stress values for these curves corresponded to the observations of macroscale formation of slip
bands (Figure 6a-b). The average yield strength and standard deviation values obtained from four

tests per condition were 465 + 31 MPa and 457 &+ 27 MPa for specimens without oxygen and with

2.2 at. % O respectively. For DA-directly aged and ©XA-oxidized and aged specimens aged at 500

°C and containing larger ® precipitates, stress-strain curves showed more stable plastic flow with

15



a slight drop or plateau in the engineering stress after initial yielding (Figure 7b). However, a
significant increase in compressive yield strength is noted with elevated oxygen content and finer
o sizes. The average yield strength and standard deviation values were ~575 £ 37 MPa in the
presence of oxygen, which significantly exceeded the average and standard deviation values of
about 419 + 31 MPa for DA-directly aged micropillars without oxygen. In order to understand the
deformation mechanisms, TEM imaging was performed on liftout samples from cross-sections
along [110]g for a compressed pillar with 1.5 at. % O (Figure 7¢). Dark-field TEM images formed
by selecting an o reflection revealed that a continuous slip band cut through o precipitates (blue
arrow in Figure 7¢). Slip trace analysis and direction of the slip bands observed in TEM images
revealed that the bands were parallel to [0001] 1 // [2-2-2]p directions and perpendicular to the (1-
12)p plane, indicating that dislocation activity took place along the <111>{112} slip system. The
formation of the continuous slip bands suggests that o precipitates were sheared as a result of

highly localized dislocation activity along the <111>{112}p system.
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Figure 7. Engineering stress-strain curves for DA-directly aged and ©XA-oxidized and aged Ti-
15Mo after ageing for (a) 24 h at 450 °C and (b) 24 h at 500 °C. (c) Dark-tfield TEM image of

liftout sample from compressed pillar to 15% strain for OXA-oxidized and aged Ti-15Mo aged for

24 h at 500 °C with 1.5 at. % O showing sheared o precipitates. Blue arrow points to sheared ®

precipitates along <222>p direction.
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3.3. a precipitation and deformation in Ti-15Mo with varying oxygen content

Ageing treatments conducted at 600 °C yielded widespread a precipitation in DA-directly
aged and OXA-oxidized and aged specimens, but the size and number density of o was directly

influenced by oxygen content and sequence of heat treatment steps (Figure 8). Oxygen-free DA
directly aged specimens aged for 4 h formed coarse a precipitates that were ~10 pm in length
(Figure 8a). In contrast, with 2.2 at. % O after the same heat treatment, a higher number density
of finer a precipitates with approximately 0.5 to 2 um laths sizes was observed (Figure 8b). As a
potent a-stabilizing element, oxygen is known to partition to the o phase during ageing of B Ti
alloys [35], so very little oxygen is expected in the B matrix after a formation.

Two step ageing results (Figure 8c-d) showed additional o refinement for both BA-directly
aged and OXA-oxidized and aged specimens compared to those aged directly-in one step directly

at 600 °C. The first step at 450 °C for 2 h allowed for o precipitation (Figure 2a-b) that then acted
as heterogeneous nucleation sites for o formation in the second 600 °C ageing step through -
assisted a nucleation mechanisms [31,32,52]. The a microstructures observed after two step ageing
also showed that elevated oxygen levels significantly increased the o number density. The
combined effects of w-assisted nucleation and oxygen-induced precipitation yielded the finest a

precipitates of all observed conditions in ©XA-oxidized and aged Ti-15Mo with two step ageing.
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Figure 8. SEM-BSE images of (a) DA-directly aged Ti-15Mo with 0.1 at. % O and (b) OXA
oxidized and aged Ti-15Mo with 2.2 at. % O aged in one step for 4 h at 600 °C (Direct Aged), and
(c) BA-directly aged Ti-15Mo with 0.1 at. % O and (d) ©XA-oxidized and aged Ti-15Mo with 2.2
at. % O aged for 2 h at 450 °C, then for 4 h at 600 °C (Two Step Aged).

Micropillar compression testing of DA—directly aged and OXA—oxidized and aged

specimens aged at 600 °C for 4 h was performed to understand changes in mechanical behavior
with different o sizes and number densities. Oxygen-free compressed micropillars showed
different morphologies depending on local a lath orientation in the pillar’s volume. In some pillars,
step formation and slip traces were observed near a/f interfaces (Figure 9a). Previously reported
micropillar compression results for dual phase a-3 Ti alloys also showed that slip may occur along
the interface between a and B phases if oriented favorably relative to the deformation direction
[53-55]. Alternatively, other micropillars did not show significant step formation and instead

formed fine slip traces in the B matrix (Figure 9b). These variations in deformed pillar morphology
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were attributed to the coarse a laths sizes observed after ageing that resulted in differences in a
lath amounts and distributions in the tested micropillar volumes. In contrast, compressed pillars
containing 2.2 at. % O (Figure 9c-d) showed a larger number of short slip traces that formed in
multiple locations on pillar surfaces, suggesting more distributed deformation occurred than in the
oxygen-free samples.

Compressive engineering stress-strain curves showed that the a lath size greatly influenced
yield strength and curve shape (Figure 9e). Stress-strain curves for micropillars on BDA-directly
aged specimens directly—aged in one step at 600 °C for 4 h showed significant scatter in
compressive yield strengths ranging from 200-350 MPa. Additionally,littlewerk-hardening was

two step ageing displayed less variation in curve shapes and nearly doubled the compressive yield

strengths (450-500 MPa).-with-im

—0.1 at. % O, Direct Aged
—2.2at. % O, Two Step Aged

0 0.05 0.1 0.15
Engineering Strain

Figure 9. SEM-BSE images of 2 um diameter micropillars compressed to 15% strain for (a-b) DA
directly aged Ti-15Mo with 0.1 at. % O aged in one step for 4 h at 600 °C (Direct Aged) and (c-d)
OXA-oxidized and aged Ti-15Mo with 2.2 at. % O aged for 2 h at 450 °C, then 4 h at 600 °C (Two
Step Aged). (e) Engineering stress-strain curves for BA-directly aged Ti-15Mo with 0.1 at. % O

aged in one step for 4 h at 600 °C (Direct Aged) and OXA-oxidized and aged Ti-15Mo with 2.2
at. % O aged for 2 h at 450 °C, then 4 h at 600 °C (Two Step Aged).
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4. Discussion

Aged microstructures and micropillar compression results revealed that interstitial oxygen
levels obtained during oxidation directly influenced subsequent precipitate evolution and the
associated mechanical properties of Ti-15Mo. In the single B phase matrix after oxidation, the
maximum oxygen content was measured as 2.6 at. % O. Assuming equilibrium, this maximum
oxygen level is controlled by the oxygen solubility limit in the B phase before inducing
thermodynamic stabilization and precipitation of a. For Ti-Mo alloys, the extent of oxygen
solubility in the metal substrate during oxidation has been reported to be influenced by the level
of Mo, with higher Mo concentrations reducing the level of oxygen uptake by the substrate [56].
However, other metastable 3 Ti systems such as Ti-Nb based compositions have shown different
maximum oxygen levels up to ~5 at. % obtained similarly through oxidation [36] or intentionally
added to the bulk alloys [12,57,58]. The higher O solubility in the B phase for Ti-Nb compared to
Ti-Mo alloys may be related to changes in the electron/atom (e/a) ratio [56], though the e/a ratios
for Ti-15Mo and Ti-20Nb do not differ significantly with values of 4.24 and 4.2 respectively.
However, pure Mo shows essentially no solubility for interstitial oxygen before forming oxide
phases [59,60], while pure Nb allows for limited oxygen solubility prior to oxide formation [60].
In Nb-Mo alloys, oxygen solubility also decreases with increasing Mo content from ~2 at. % O in
pure Nb to zero oxygen solubility with 75 at. % Mo [61]. Therefore, alloying Ti with Mo would
likely reduce oxygen solubility compared to alloying Ti with Nb. The tailoring of oxygen solubility
and maximum saturation levels via alloy chemistry design may allow for more pronounced effects
regarding oxygen-induced phase transformations. Therefore, the maximum oxygen solubility in
metastable B Ti alloys may be an important design consideration during development of future
alloy compositions that intentionally utilize high oxygen levels.

Upon subsequent ageing at 450-500 °C, the microstructural evolution of ® precipitates in

Ti-15Mo showed noticeable changes depending on oxygen content. Within Ti alloys, w is known

to form through a number of pathways including ellipsoidal nano-scale athermal ® through

diffusionless transformation in compositions where the martensite start temperature is lower than

the o-start temperature and diffusional isothermal @ precipitation with ellipsoidal and/or cuboidal

morphologies in more concentrated alloys upon ageing [5]. Plate-like or lamellar ® morphologies
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have also been reported for @ formation under high pressure or shock loading [5] or during tensile

deformation [62]. In the absence of oxygen and stress, m-like embryos form in Ti-Mo by the partial
displacive collapse of {111} planes during rapid cooling after solution treatment [51]. With
additional ageing, the full collapse of {111} planes completes the B to  transformation [51], and
Mo is rejected from growing @ precipitates to the B matrix [5]. With elevated oxygen, oxygen
partitions to o precipitates (Figure 5) and several changes were noted including higher number
densities and smaller o precipitate sizes compared to specimens without oxygen (Figure 2, Figure
3). Such differences were also observed in the binary Ti-Nb system. In particular, the growth rate
changes were attributed to possible kinetic barriers for the B to o transformation with high oxygen
[36]. More generally, o precipitates grew more slowly in Ti-Mo compared to Ti-Nb for similar
ageing treatments at all oxygen levels. This observation is consistent with prior studies showing
slower ® nucleation and coarsening kinetics in oxygen-free Ti-Mo alloys compared to Ti-Nb
systems [63]. This effect is attributed to the slower Mo diffusion rate compared to Nb in Ti [64]
resulting in slower rejection of B-stabilizing elements during ® growth.

Oxygen also has a strong effect on ® precipitate morphology (Figure 3), with slightly
faceted shapes and aligned particles seen with elevated oxygen compared to ellipsoidal shapes and
more random arrangements without oxygen. The low lattice misfit Ti-Mo and Ti-Nb systems are
known to yield ellipsoidal ® shapes, while higher misfit systems like Ti-V form cuboidal
morphologies [5]. However, changes in ®’s shape with elevated oxygen have been reported
previously, such as for Ti-Nb that showed elongation along the major axis in the <111>p direction
resulting in rod-like shapes [36]. The shape of ® in Ti-15Mo with high oxygen (Figure 3¢) showed
slight faceting along <001>p directions that matches the faceting of cuboidal @ observed in higher
lattice misfit f Ti compositions such as the Ti-V system [65—67]. High oxygen levels may therefore
result in the generation of additional misfit strains inducing the faceted ® morphologies in Ti-Mo.
The alignment of ® precipitates with elevated oxygen (Figure 3b) was not observed in prior Ti-
Nb studies [36]. Precipitate alignment has been widely reported for other metallic systems such as
nickel [68—70] and cobalt superalloy [71,72] y/y’ microstructures driven by complex interactions
between interfacial energy, misfit strains, and elastic stiffness. The aligned morphologies observed

here for OXA-oxidized and aged Ti-15Mo suggest that the higher O levels may also result in

possible changes for interfacial energy, misfit strains, and elastic stiffness that induce the observed

aligned cuboidal-like microstructures.

21



The influence of oxygen on mechanical properties evaluated using micropillar compression
was dependent on oxygen partitioning to ® precipitates and the size of ® precipitates after ageing.

Although some oxygen partitioning was observed in OXA-oxidized and aged specimens aged for

24 h at 450 °C (Figure 4), little change was observed for compressive yield strength and work
hardening behavior in DA-directly aged and ©XA-oxidized and aged specimens (Figure 7a). With
OXA-oxidized and aged Ti-15Mo aged for 24 h at 500 °C with 1.5 at. % O that contained larger

oxygen-rich precipitates, micropillars showed higher compressive yield strength and-marginal
mprovement-in-work-hardening-compared to specimens without oxygen (Figure 7b). Shearing
and dissolution of isothermal coherent o precipitates along the <111>{112}p slip system during
deformation have been extensively reported in metastable  Ti alloys without oxygen [25,44,73—
76]. Observed in bulk tensile testing and micropillar compression, the precipitate shearing
mechanism has been associated with embrittlement via the formation of precipitate-free channels,
planar slip, localized slip band formation, and cavitation [25,44,74]. However, increased strength
and improved work hardening behavior were reported for Ti-20Nb (at. %) containing oxygen that
partitioned to larger o precipitates [37]. Oxygen partitioning to o inereased—&’sresistanceto
preeipitate shearingandimpeded precipitate shearing and the formation of continuous deformation

channels, allowing for more homogeneous deformation to occur through dislocation bypassing

[37]. To understand the role of oxygen in the Ti-Mo system and clarify w-dislocation interactions,

a similar analysis wais followedfollowed, and the stresses required for dislocations to shear or

bypass o particles were calculated for the Ti-15Mo microstructures observed here. The increase
in critical resolved shear stress (CRSS) for o precipitate shearing from modulus strengthening was

estimated using the following equation [77]:
1/2
At = A(]AG|)3/? (g) (Equation 2)

where 4 is a constant that was approximated as 0.013, AG the difference in shear modulus between
o precipitates and the 3 matrix, f the volume fraction of w particles, 2r the equivalent diameter for
o, G the shear modulus of the  matrix, and b the Burgers vector of the  matrix. The increase in
CRSS due to a dislocation bypassing mechanism through Orowan looping was also estimated for
the investigated Ti-15Mo microstructures using the following equation [25,78]:

Gb 2/3r
—In /

1 .
Aty = o, (Equation 3)
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where D is the inter-particle spacing. The values of Poisson’s ratio v and G of the  phase have

been estimated for asimilar Ti-MoNb-based-gum-metal alloys as 0.3619 [79]and 25-18 GPa [80];

=

diffraction|71576]. The value of G for single-crystalline ® phase was estimated for pure Ti as 60
GPa [81]. Assuming the same values for Ti-15Mo and using the microstructural parameters given
in Table 1, Ats was calculated to exceed ~2500-4000 MPa for all observed microstructures while
Aty ranged between ~330-640230-440 MPa, which reveals that the smaller applied stress for these
two mechanisms is dislocation bypassing. Although the estimated values for Ats and Aty, provide
only relative comparisons for the stresses required to activate these mechanisms, this simple
analysis suggests that dislocation bypassing is possible for the o sizes observed here, as was also
reported for Ti-20Nb microstructures in [37]. Even though dislocation bypassing is possible, the
load drops and formation of slip bands in compressed micropillars for BA-directly aged and OXA
oxidized and aged Ti-15Mo aged for 24 h at 450 °C indicated that shearing of ® precipitates

leading to continuous deformation channels still occurred. With oxygen partitioning to larger ®

precipitates in OXA-oxidized and aged Ti-15Mo aged for 24 h at 500 °C, compressive yield

strength increased compared to DA-directly aged specimens. However, the work hardening
behavior did not improve significantly since ® precipitates were ultimately sheared (Figure 7¢),
unlike observations in Ti-20Nb with higher O levels where shearing of ® was suppressed [37].
This difference is attributed to the lower maximum O solubility in the  matrix of Ti-15Mo after
oxidation compared to Ti-20Nb that resulted in a smaller amount of partitioned oxygen in ®. The
lower oxygen level observed here may be less effective in strengthening o precipitates against
shearing. Similar results were observed with lower oxygen levels during micropillar testing with
1.5 at. % O in Ti-20Nb, which also showed slip band formation indicating shearing of ® during
deformation [37]. These results suggest that work hardening and-duetility-improvements stemming
from partitioned elevated oxygen in o-containing 3 T1 alloys require a minimum amount of oxygen
that is partly controlled by the maximum solubility of O. Oxygen solubility therefore becomes an
important parameter in alloy design that employs this mechanism.

After ageing at 600 °C, elevated oxygen levels resulted in significant o precipitate
refinement compared to specimens with minimal oxygen (Figure 8), observed both after direct
ageing and with intentional prior ® formation in two step ageing. Rapid heating and direct ageing

at 600 °C, which exceeds the reported 560 °C o solvus [42], avoided potential B phase separation
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and isothermal ® evolution known to promote heterogeneous a precipitation in 3 Ti alloys [82].
Also, athermal o phase that has been reported for similar Ti-Mo compositions [51] and is likely
present in solution treated and oxidized samples was expected to quickly dissolve upon rapid
heating to 600 °C. In the absence of intermediate phases, the microstructural changes in a

precipitate size and number density observed after direct ageing in a single step at 600 °C (Figure

8a-b) are attributed to the increase in a nucleation driving force from elevated oxygen. Such
differences have been demonstrated in a prior ageing study of the metastable § Ti-15-333 alloy
with varying oxygen content [38]. Oxygen in solid solution is a potent a stabilizer in metastable 3
Ti alloys, and this stabilization increased the nucleation driving force for a leading to faster
precipitation kinetics with a more refined lath size [38]. With two step ageing that intentionally
formed w prior to the 600 °C step (Figure 8c-d), w-assisted nucleation, where ® acts as a
heterogeneous nucleation agent for a [31-33], was combined with oxygen-induced a refinement

to obtain the finest a lath sizes in OXA-oxidized and aged specimens with 2.2 at. % O. During

micropillar compression, significant variation was observed in the yield point of stress-strain
curves for DA-directly aged Ti-15Mo aged in one step direethy-at 600 °C (Figure 9e). This
variation is attributed to intrinsic size effects related to the volume of tested micropillars relative
to the a lath sizes. This type of size effect dominates when the micropillar’s dimensions are on the
order of microstructural features and the pillar’s volume contains a small number density of
dispersed obstacles, which leads to an observed size effect on measured yield strengths [83]. With

smaller lath sizes in OXA-oxidized and aged Ti-15Mo after two step ageing, this size effect was

noticeably reduced, and the compressive yield strength roughly doubled compared to specimens
without oxygen (Figure 9e). Many a precipitation refinement studies in metastable B Ti alloys
have focused on obtaining finer a laths leading to increased tensile strengths after bulk testing [84]
and compression strengths in micropillar investigations [54,55]. Since the a-f interface acts as the
main barrier for dislocation motion in two phase Ti alloys, increased a number density results in a
greater number of these interfaces to impede dislocation motion for higher strength in bulk testing
[2,13]. Therefore, using elevated oxygen content to induce o lath refinement may offers an
additional pathway to obtain high strength metastable 3 Ti alloys and can be combined with other
mechanisms such as w-assisted nucleation to yield even further refinement.

The results revealed the influence of oxygen in Ti-15Mo on ® and a precipitation and

microstructural evolution that directly impacted compressive mechanical properties. While bulk
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testing of the present alloys would be required to assess any change in ductility, other studies on

oxygen containing B Ti alloys demonstrated strength increases without ductility reductions for

annealed conditions [10,18]. The present findings illustrate beneficial effects of oxygen

specifically for aged metastable B Ti alloys resulting in microstructural refinement and increased

strength. The partitioning of oxygen to o (Figure 5) and o precipitates [35] mitigates-the known
embrittlement-challenges-with-interstitial O-inB-Ti-H6}-whieh-opens possibilities for future alloy

and processing development that intentionally utilizes oxygen as an alloying element in 3 Ti alloys.

Furthermore, these findings may be used to understand the effects of higher oxygen levels in

commercially relevant Ti-Mo based compositions, which could allow for increased oxygen

concentration limits in industrial materials specifications.-Overall;-these results-demonstrate-that

5. Conclusions

The impact of high interstitial oxygen contents up to 2.6 at. % O, obtained using an
oxidation exposure, on ® and a precipitation and the resulting effects on compressive mechanical
properties were investigated for aged Ti-15Mo. The following conclusions were drawn:

1. High oxygen levels reduced the growth rate of ® precipitates and induced ® morphology
changes from randomly arranged ellipsoidal shapes without O to cuboidal-like shapes
aligned along <001>p directions with oxygen. O and Ti partitioning to ® and Mo
partitioning to J were observed after ageing at both 450 and 500 °C. With the highest
oxygen levels of 2.2 at. % O, a precipitation occurred in addition to ® formation after
isothermal ageing at 500 °C.

2. The influence of oxygen on mechanical properties evaluated for ®-containing
microstructures was dependent on oxygen partitioning to « precipitates and ® precipitate
size. Pillars with smaller oxygen-rich o precipitates showed similar slip band formation,
unstable plastic flow, and yield strength values as oxygen-free pillars. Pillars with larger
oxygen-rich precipitates showed higher compressive yield strengths than oxygen-free
pillars, but o precipitate shearing, continuous deformation channels, and catastrophic slip
were eventually observed. The strength improvement was attributed to hardening of the

precipitates by oxygen.
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. After ageing at 600 °C, elevated oxygen levels induced finer a precipitate sizes with a

higher number density compared to oxygen-free specimens. This refinement was due to an
increased nucleation driving force for a precipitation with high oxygen contents resulting
in faster nucleation of finer laths. Oxygen-induced refinement was also combined with the
w-assisted nucleation mechanism to obtain even smaller sizes for a precipitates.

The refined a precipitates obtained with elevated oxygen and two step ageing resulted in

smaller size effects and higher compressive yield strengths during micropillar

compression.
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