Microstructural Evolution in a Superelastic Metastable Beta-Ti Alloy
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Abstract

The microstructural evolution of Ti-24Nb-4Zr-8Sn wt.% during low-temperature ageing is examined by atom-probe to-
mography (APT) and X-ray diffraction (XRD). This ageing is deleterious to the desirable mechanical properties, such
as ultra-low elastic modulus and superelasticity. Initially, the cold-rolled alloy possesses a martensitic o’-precipitate/3-
matrix microstructure. On ageing, Ti-rich/solute-lean precipitates grow in linear arrangements, which are likely asso-
ciated with dislocations. Additionally, the composition and number density of Nb-rich domains (which are associated
with superelasticity) are quantified for the first time. The domains are unstable, but decrease in number density during
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ageing, causing the deterioration in mechanical properties.
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Ti-24Nb-4Zr-8Sn wt.% (Ti-15Nb-3Zr-4Sn at.%), com- 2
monly referred to as Ti-2448, is a Gum-like [1] metastable 2
B-Ti alloy being developed for biomedical applications. In s
its thermodynamically stable state this alloy consists of s
body-centered cubic (bcc) 8 and hexagonal closed-packed =
(hep) o phases. However, on quenching from above the s
[B-transus temperature, the S-structure is almost fully re- s
tained to room temperature along with strain-induced phases,
such as o, 0, and athermal w [2-6]. Quenched Ti-2448 s
possesses a non-linear elastic response with an ultra-low s
elastic modulus and a hysteresis loop on loading-unloading ss
(corresponding to energy absorption) [7] due to a stress-
induced phase transformation [2]. 40

To develop 3-Ti alloys further and broaden their range «
of applications, it is necessary to relate instabilities in me-
chanical properties to mechanically and thermally induced
microstructural evolution. In the present work atom-probe s
tomography (APT) and laboratory X-ray diffraction (XRD)s
were used to study Ti-2448 following cold-rolling sam-
ples and ageing at 300°C for 4h and 8h, respectively.
XRD shows that the alloy initially possesses a martensitic-
o' precipitate/S-matrix microstructure. On ageing, Ti-
rich/solute-lean nanoprecipitates nucleate and form linear so
arrangements, which are likely associated with disloca- s
tions. These may be w and/or « phase, which is difficult s
to distinguish in this case as metastable w is a precursor to s3
nanoscale a-formation [8]. Number density and composi- s
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tion of metastable Ti-lean, Nb-rich precipitates are quan-
tified for the first time, and the number density decreases
with ageing time. This is significant, as Nb-rich domains
are the source of the desirable non-linear elastic properties
[2], thus the cause of deterioration of the elastic properties
with low temperature ageing [7] is now identified.

A plate of Ti-2448 was supplied from the Chinese Academy
of Science Institute of Metal Research, Shenyang National
Laboratory for Materials Science. The plate had been
cold-rolled to 90% strain. Two samples were then heat-
treated at (i) 300°C/4h and (ii) 300°C/8h, followed by
air-cooling. Needle-shaped APT samples of the heat-treated
conditions were prepared using a standard lift-out method
utilising a FEI Helios NanoLab 600 DualBeam focused ion-
beam (FIB) microscope equipped with an Omniprobe mi-
cromanipulator. A detailed description of the FIB lift-out
and tip sharpening procedure can be found in references
[9-11].

Laboratory XRD measurements were performed on the
Ti-2448 plate following cold-rolling, and the 300°C/4h
and 300°C/8h heat-treatments. XRD was performed on
a Rigaku Ultima IV using Cu-K, X-ray radiation with a
characteristic wavelength of 1.541 A at 40kV and 20 mA.
Data were collected over a range of 30 - 100° 26. Phase
identification was performed using the program CrystalD-
iffract.

APT experiments were performed in the laser mode
using a Cameca LEAP 4000X Si equipped with a 355 nm
UV picosecond laser at the Northwestern University NU-
CAPT core facility. The specimen stage temperature was
30K and pulse energies of 20 pJ were used. Data recon-
struction and analysis was performed using IVAS.
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Table 1: Nominal composition of Ti-2448 in at.% and composition
measured by inductively coupled plasma optical emission spectrome-
try (ICP-OES) and LECO gas analyses. The compositions measured
by APT and the total number of million atoms used in the recon-

structions of each APT measurement are listed.

Ti Nb Zr Sn O | atoms (M)

Nominal Composition | 78.3 15.1 2.6 3.9 - -
ICP-OES 804 133 25 35 0.3 -
APT 4h 79.0 13.7 29 3.7 04 11
APT 8h 80.0 12.7 28 3.8 0.3 28

The X-ray diffraction patterns of cold-rolled and aged
Ti-2448 samples are shown in Figure 1. It is clear the ini-
tial processing with cold-rolling has induced extensive o’
phase. The o peak positions were determined from Liu et
al. [2]. Almost all the peaks of the other potential phases
lie very close to o/-reflections, so it is difficult to determine
if other phases are contributing to the diffraction spectra.
The highlighted peaks at 64.0°, 75.2° and 77.2° indicate
another phase may be present. These peaks grow in in-
tensity and appear to correspond to a-reflections. Liu et
al. [2] commented that compressive plastic strain (such ass
cold-rolling) induces w formation in this alloy. Indeed, w107
has been previously identified in Ti-2448 by TEM, follow-108
ing cold-rolling and also following low temperature ageing,109
despite not being observed by laboratory XRD [7]. 110

The bulk needle compositions determined from APTwm
are in good agreement with bulk compositions measured::2
by ICP-OES and LECO analyses, Table 1. Inspection of113
the concentration frequency distribution functions shows4
that the experimental data for Ti and Nb are broader thans
the binomial function, indicative of the presence of Ti-rich,s
Nb-lean regions and Ti-lean, Nb-rich regions, Figure 2. 7

Ti and Nb isoconcentration surfaces were drawn with1s
concentration values equaling the average of the far-fieldmo
concentrations in the matrix and the concentrations in thei2
precipitate core. The APT reconstructions of the 4h and:
8h heat-treated sample are shown in Figure 3. The Ti-122
rich phase is highlighted in blue, and the Nb-rich phase isi2
highlighted in red. The Ti-rich precipitates appear to be1
in linear arrangements, presumably along dislocation lines2s
given the extent of cold-rolling deformation the materialis
had been subjected to. The Ti-rich precipitates appear in2
two size groups: (i) very fine nanoscale precipitates typicalizs
of w; and (ii) larger lath structures typical of a. The Nb-12
rich nanoscale precipitates are more uniformly dispersed13o
throughout the needles. As the needle is predominantlyzs:
the bee-8 phase, an estimate of the precipitate number:s2
density can be obtained from knowledge of the pure (-1
Ti unit cell volume [12] and the total number of atoms
counted. The number density of the Nb-rich precipitates3s
in each measurement was approximately 1.2 x 1023 m ™3 af-1s
ter 4h heat-treatment, and decreased by an order of mag-137
nitude to 0.1 x 1023 m~3 after 8 h heat-treatment, for thess
stated Nb isoconcentration surface values. 139

The isoconcentration surfaces employed enabled gener-140
ation of proximity histogram concentration profiles (prox-1
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Figure 1: Laboratory XRD profiles for Ti-2448 in the initial cold-
rolled condition, and after 300°C/4h and 300 °C/8h ageing.

igrams) [14-19], to examine, in detail, the composition
of each phase after each heat-treatment, Figure 4. The
Ti-rich precipitates were depleted in Nb, Zr, and Sn so-
lute additions. In a previous study, the authors identified
w-precipitates in Ti-5A1-5V-5Mo-3Cr wt.% (Ti-5553) as
Ti-rich, solute-depleted precipitates [13]. In the case of
Ti-5553 the morphology and size seen by APT were con-
comitant with that of a dispersed w-phase. Similarly to
Ti-5553 [13], in Ti-2448 APT results it was observed that
the Ti-rich precipitates occurred as very fine nanoscale pre-
cipitates that are associated with w, but had also formed a
lath-like structure that is typical of the a-phase. It is well
known that the w-phase is a metastable precursor phase
that forms upon low-temperature heat-treatments prior to
the formation of the stable a-phase [6, 8]. Thus, in this
case we conclude that the Ti-rich precipitates observed
were a combination of fine w-discs and a-laths, of similar
Ti-rich, solute-lean composition but with different crystal
structures. This is reasonable, as w and a have previously
been identified by TEM under similar ageing conditions
in Ti-2448 [7], and the diffraction peaks associated with
a grow in intensity with heat-treatment time in the XRD
data, Figure 1. On the matrix-side of the interface, Fig-
ure 4, there is a clear Ti depletion zone compared to the
far-field composition, and a corresponding Nb, Sn, and Zr
enrichment-zone. Oxygen segregation is observed as an in-
crease of O concentration in the interfacial region, similar
to what has been observed in Ti-5553 [13].

It is difficult to assign a crystal structure to the Ti-lean,
Nb-rich precipitates based on the proxigram compositions
alone. However, based on the XRD data it is reasonable
to associate this phase with o/, Figure 1. In this case, the
number density decreases between the 4h and 8 h thermal
exposures, concomitant with martensitic phases being re-
moved on annealing [20]. Unlike the Ti-rich precipitate
formation, there is no segregation of O at the interface of
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Figure 2: Ti and Nb concentration frequency distributions con-

structed with a block size of 100 atoms, for Ti-2448 with a 300°C/4h
heat-treatment. The binomial distribution is shown for comparison.

the Nb-rich precipitates, Figure 4. Sn and Zr were slightly
depleted in the Ti-lean a’’-precipitates, and it was pre-
dominantly a direct substitution of Nb for Ti. The Ti was
depleted by about ~ 20 at.% within the precipitates, com-
pared to the far-field concentrations, and the precipitates
were enriched by this amount with Nb, compared to the far
field concentrations. The quenched and low-temperature
aged Ti-5553 material alloy did not contain the Ti depleted
o'-phase when analysed by APT [13].

Previously it was observed that low-temperature heat-
treatment of Ti-2448 was detrimental to the non-linear
elastic properties on loading, and this was attributed to
the formation of the w-phase by TEM analysis [7]. How-
ever, Liu et al. [2] identified nanoscale o/’ precipitates that
they refer to as embryos, which grow in size on loading,
contributing to a non-linear, low-stiffness elastic regime.,q,
There is a decrease in number density of the Ti-lean, Nb-,,,
rich phase that may be o/’ embryos, and this would con-g,
tribute to the previously observed removal of the non-,
linear elastic regime when annealed [7]. 184

Mo and V are also frequently used to stabilise the (-4
phase to room temperature [20]. Low temperature ageing
increases the stiffness of Ti-V and Ti-Mo binary alloys [21,
22], and was previously associated with precipitation of the'™
w and « phases. To the authors’ knowledge, the presence,;
of solute rich o embryos has not been examined in anyss
detail for Ti-V and Ti-Mo, and we can only hypothesiseiss
that the observations herein are applicable to those alloys.1%

In summary, the alloy initially possesses o martensite
within a g-matrix, induced from the cold-rolling process.'*
Following ageing at 300°C, (i) Ti-rich/solute-depleted w'®
and a-precipitates form in linear arrangements that likely™
are associated with dislocations, and (ii) A Ti—lean/Nb—iZZ
enriched phase is also identified. The Nb-enriched domains
are unstable, and decrease in number density with ageing,,
time. This is of significance, as the Nb-rich domains are,q,
the source of the desirable non-linear elastic properties [2].x0
The dissolution of the Nb-rich domains at 300 °C (repre-2n

202

3

150 nm

Figure 3: APT reconstructions of a Ti 85.5 at.% isoconcentration
surface (blue) and Nb 22.8 at.% isoconcentration surface (red) for a)
Ti-2448+300°C/4h, and b) Ti-2448+300°C/8h, with 25% of the
Zr atoms displayed (purple).

sentative of low-temperature ageing) is identified as the
cause of deterioration of the elastic properties [7] for the
first time. (iii) O partitions to the interface of the Ti-
rich phase, and this has been previously noted to occur
in Ti-5553. This partitioning is not observed at the Ti-
lean/Nb-rich precipitate interface with the matrix.

Acknowledgements

JC acknowledges support from the European Union Sev-
enth Framework Programme under the Marie Curie grant agree-
ment number 628643. The authors would like to thank Rui
Yang for sample preparation. This work made use of the J.B.
Cohen X-ray Diffraction Facility at the Materials Research Cen-
ter of Northwestern University supported by the National Sci-
ence Foundations MRSEC program (DMR-1121262). Atom-
probe tomography measurements were performed under the
same program and grant at the Northwestern University Cen-
ter for Atom-Probe Tomography (NUCAPT) Shared Facility.
The LEAP tomograph was purchased and upgraded with fund-
ing from the NSF-MRI (DMR 0420532) and ONR DURIP
(N00014-0400798, N00014- 0610539, N00014-0910781) programs.
We are also grateful to the Initiative for Sustainability and En-
ergy at Northwestern (ISEN) for grants to upgrade NUCAPTs
capabilities.



203

204
205
206
207
208
209
210

212
213
214
215
216
217
218
219
220
221

222
223

225
226
227
228
229

Tirich/Nb lean precipitates

Distance (nm)

Tilean /Nb rich precipitates

Distance (nm)

-8 -6 -4 -2 0 2 -8 -6 -4 -2 0 2

-IOO 1 1 1 1 1 1 1 1 1 i I 1 1 1 1 1 1 1 1 1 |. éf 1 1 ‘IOO

. interface
a) d) matrix - ppt
e 801 | = region L s0%
o o T Ti %
s o 4hTi o 4hTi Rag &
é 91 o 8hTi : intérface i 1@ 8hTi | P é
P 4h Nb matrix Reqion  PPtE | 1 @ 4hNb F o f
g = 8h Nb Ef = 8h Nb g
5 201 Nb o Nb L 208
-l_mw.—.— o
o
5 b | 5
— ) Sn
S 44 | o F4
8 e ' boe] 5
< 3] a F3 ¢
R e Ps
g 24 Zr | Lo %
I3 (7]
§ 14 V 4hsSn 44hZr o V 4hSn A 4hZr { - §
v 8hSn Aghzr | v 8hSn Aghzr |
0 T T T T T T T T T T T T T -0
0.5 - | 0.5
)

§ 04 F 3 ‘h F04 ¥
g 03 E 1 F03 <
£ 0.2 | o 0 F0.2 ‘E
8 <> 4h0 <> 4h0 s
801 & gho | F <« 8hO Fo.1 8

0.0 T T T T T T T T T T T T T T T T T T T T T T T T 0.0

-8 -6 -4 -2 0 2 -8 -6 -4 2 0 2

Distance (nm)

Distance (nm)

Figure 4: (la- d) Proximity histogram concentration profiles of Ti-2448 in the 300 °C/4h and 300 °C/8 h heat-treated conditions averaged over
identified precipitates using a LEAP 4000X Si, for the Ti 85.0 at.% isoconcentration surface (4h sample) and Ti 85.5 at.% isoconcentration

surface (8 h sample).

(2a - d) Proximity histogram concentration profiles of the same samples for the Nb 23 at.% isoconcentration surface

(4h sample) and Nb 22.8 at.% isoconcentration surface (8 h sample). The inflection point for the 8 h Ti isoconcentration surface data is
highlighted with a dashed line (1a - d), and the Nb isoconcentration surface data (2a - d) as an approximation for the center of the interfacial
region between the 8 matrix and the precipitates (ppt).
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