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Abstract: The research focus in the field of medical titanium alloys has recently shifted towards
the development of low-modulus and high-strength titanium alloys. In this study, the influence
of aging temperature on the microstructure and mechanical properties of a -type Ti-20Zr-40Ta
alloy (TZT) was investigated. It was found that the recovery and the recrystallization occurred
in the as-rolled alloy depended on the aging temperature. The periodically distributed Ta-lean
phase (1) and Ta-rich phase (32) were produced by the spinodal decomposition in all the samples
aged at different temperatures. The spinodal decomposition significantly influenced the mechanical
properties and deformation mechanisms of the TZT alloy. Upon aging at 650 °C and 750 °C, the as-
rolled alloy exhibited a double-yield phenomenon during tensile testing, indicating a stress-induced
martensitic transformation; however, its ductility was limited due to the presence of w phases.
Conversely, aging at 850 °C resulted in an alloy with high strength and good ductility, which was
potentially attributed to the enhanced strength resulting from modulated structures introduced with
spinodal decomposition.
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Ti-20Zr-40Ta Alloy during Aging The materials utilized for bone implantation typically necessitate high strength and
Treatment. Coatings 2024, 14, 590. a low elastic modulus. Conventional titanium alloys, like Ti-6Al-4V, possess a lower
https://doi.org/10.3390/ elastic modulus compared to other metallic materials [1]; however, their elastic modulus
coatings14050590 still exceeds that of human bone (4-30 GPa) [2]. This may lead to the development of
Academic Editor: Seunghan Oh a phenomenon known as the “stress shielding effect” when implanted in the human

body, which could potentially contribute to an early deterioration of the implants [3,4].
Incorporation of non-toxic 3 stabilizing elements (such as Ta, Nb, Mo, etc.) has led to the
development of a range of metastable titanium alloys with a 3-type structure in recent years.
These alloys exhibit significantly reduced elastic moduli comparable to those of human
bones [5-8]. For instance, the elastic modulus range for the 3-type Ti-29Nb-13Ta-4.6Zr alloy
is approximately 50-55 GPa [9], while the Ti-24Nb-4Zr-85n alloy (Ti2448) demonstrates an
even lower elastic modulus at around 40 GPa [10].

High strength is a crucial requirement for bone implant materials. However, the
alloying or microstructure regulation of Ti alloys typically leads to a decrease in their
This article is an open access article  €lastic modulus and subsequently compromises their strength [11,12]. The challenge lies
distributed under the terms and  iN reducing an alloy’s elastic modulus without compromising its strength [13,14]. In our
conditions of the Creative Commons ~ previous study [15], we successfully designed a metastable 3-type Ti alloy, named Ti-
Attribution (CC BY) license (https://  20Zr-40Ta (TZT, at%), based on the Ti-Zr-Ta ternary phase diagram and d-electron orbital
creativecommons.org/licenses /by / theory. By annealing the alloy at 700 °C for 6 h, spinodal decomposition took place, leading
40/). to the emergence of two (3 phases characterized by distinct compositions yet possessing
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an identical structure. Remarkably, the as-annealed alloy exhibited enhanced strength
attributed to the spinodal strengthening effect while maintaining a negligible increase in
its elastic modulus. Therefore, introducing spinodal decomposition into a 3-type Ti alloy
represents an effective approach to reconcile its high strength and low elastic modulus.

The impact of the wavelength, amplitude, shape, and volume fraction of the decompo-
sition products on the spinodal strengthening effect has been extensively studied and found
to be significant [16,17]. Therefore, the aging temperature and duration have a notable
impact on the microstructural characteristics and mechanical behavior of Ti alloys undergo-
ing spinodal decomposition. In this study, a Ti-20Zr-40Ta (at%, TZT) alloy was prepared
using the arc melting method. The as-cast alloy underwent solid solution treatment at
1100 °C for 0.5 h and was subsequently cold rolled to achieve a thickness reduction of
90%. Subsequently, the as-rolled alloys underwent annealing at temperatures ranging from
550 °C to 850 °C to examine how the microstructure and mechanical properties of the alloy
are influenced by variations in annealing temperature and duration.

2. Materials and Methods
2.1. Preparation of TZT Alloy

The Ti-20Zr-40Ta alloy was prepared by vacuum arc melting using pure Ti, Zr, and Ta
(99.9% purity, purchased from Beijing Licheng Innovation Metal Materials Technology Co.,
Ltd., Beijing, China, 99.9% purity) as raw materials. To ensure a uniform composition, the
alloy was flipped and repeatedly melted eight times. A button ingot with a diameter of
approximately 40 mm and maximum thickness of 15 mm was then cut into a cubic sample
measuring 20 x 10 x 10 mm. According to the Ti-Zr-Ta phase diagram, for the Ti-20Zr-40Ta
alloy used in the present work, the phase transformation point of a phase to the 3 phase
is about 900 °C. In order to fully consolidate the alloy elements into the titanium matrix,
we chose a relatively high temperature, 1100 °C, as the solid solution temperature. So,
the as-cast sample was sealed in a vacuum and subjected to solid solution treatment at
1100 °C for 0.5 h in a tubular furnace before being quenched in water. The resulting solid
solution-treated sample (referred to as STed sample) underwent cold rolling to form a plate
with a thickness reduction rate of about 90%, yielding a final thickness of 1 mm (referred to
as CRed sample). Subsequently, the STed sample was sectioned into smaller fragments for
subsequent annealing treatment. The CRed samples were hermetically sealed in vacuum
silicon tubes and aged at temperatures of 550 °C, 650 °C, 750 °C, and 850 °C for durations
of 30 min each (referred to as Aged-550 sample, Aged-650 sample, Aged-750 sample, and
Aged-850 sample, respectively). Finally, all samples were quenched in water.

2.2. Characterization of Microstructure and Mechanical Properties

The optical microscope was utilized to observe the microstructures of STed, Cred, and
Aged samples. Additionally, X-ray diffraction (XRD, Rigaku D/max2500, Tokyo, Japan)
with Cu K« radiation (A = 1.5406 nm), operated at 50 kV and 100 mA, respectively, was em-
ployed to characterize their phase constitutions. The samples used for optical microscopic
(OM, Leica DM2500C, Heidelberg, German) observations and XRD characterizations were
cut into dimensions of 5 mm x 5 mm X 1 mm, mounted, ground with SiC sandpapers
ranging from 400# to 5000#, and were finally polished to achieve a mirror surface using
diamond grinding paste (W 0.5). For the optical microstructure observation, the samples
underwent etching in a solution containing 7 vol.% HF. Transmission electron microscope
(TEM) observations of the samples were conducted on a JEM-2100 (JEOL Ltd., Tokyo, Japan)
operating at an acceleration voltage of 160 KV; TEM samples were prepared using Ar* ion
milling. Uniaxial tensile tests were performed on an Instron 5569 universal test machine
(Instron, Norwood, MA, USA). Each group of tests was conducted in triplicate, and the
resulting data were averaged. The yield strength (0 7) is defined as the stress at which
the tensile strain reaches 0.2%. The dimensions of the samples used for the tensile test
were measured as follows. The gauge length was 8 mm; the width was 2.5 mm; and the
thickness was 1 mm (as schematically shown in Figure 1).
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Figure 1. Geometric sketch of the tensile sample.

3. Results and Discussion
3.1. Microstructure

The optical metallurgical images of the STed, Cred, and Aged samples of the TZT
alloy are presented in Figure 2. The STed sample exhibited a microstructure characterized
by equiaxed grains, with an average size of around 200 pm. After cold rolling, the grains
elongated along the rolling direction, resulting in blurred grain boundaries. When the CRed
sample was aged at 550 °C, its grain morphology did not change significantly, indicating
only the occurrence of recovery in the sample aged at 550 °C, resulting in a decrease in the
density of dislocations in the alloy. As the aging temperature was increased to 650 °C, partial
recrystallization occurred in the Aged sample, evidenced by the appearance of equiaxed
grains in some regions. With the aging temperature further increasing to 750 °C, full
recrystallization occurred in the Aged sample, in which the elongated grains disappeared
and were replaced by the equiaxed grains. The average grain size was measured to be
about 150 pm. As the CRed sample was aged at 850 °C for 30 min, its equiaxed grains
started to grow, with an average grain size of about 220 pum.

Figure 2. The optical images of the TZT alloys in different states: (a) CRed; (b) Aged-550-30; (c) Aged-
650-30; (d) Aged-750-30; (e) Aged-850-30.

The XRD patterns of the STed, CRed, and Aged samples are illustrated in Figure 3.
Only diffraction peaks corresponding to the (3 phase can be observed in the XRD patterns of
the STed and CRed samples, indicating that they consist solely of a single 3 phase due to the
addition of B-stabilizing elements Ta and Zr in the Ti alloy (see Figure 3b). In comparison
with the STed sample, the diffraction peaks of the 3 phase in the CRed sample exhibit
distinct broadening and slight leftward shifts, suggesting that cold rolling induces lattice
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distortion and residual stress within the alloy. Conversely, for samples aged at temperatures
ranging from 550 °C to 850 °C, each diffraction peak associated with the (3 phase split
into two peaks on their respective XRD patterns, signifying that spinodal decomposition
occurred within these Aged samples. Consequently, this decomposition resulted in two
phases (31 and (32) with identical crystal structures (body-centered cubic, BCC structure)
but different compositions. A careful examination revealed weak diffraction peaks present
on XRD patterns obtained from samples aged at 550 °C, 650 °C, and 750 °C; these can be
attributed to the w phase.
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Figure 3. The XRD patterns of the TZT alloys in different states: (a) STed and Cred samples; (b) sam-
ples aged at different temperatures.

Close observations were conducted on the samples aged at different temperatures
using TEM, and the TEM bright-field images of the aged samples are illustrated in Figure 4.
It is evident that nanoscale alternating dark and bright regions are present in all of the
aged samples. The SAED pattern reveals the occurrence of diffraction spot splitting in
the 3 phase, supporting the coexistence of two phases (1 and (32). These results indicate
that spinodal decomposition occurred during aging treatment, with the morphology of the
modulated structure being strongly influenced by aging temperature. For samples aged at
550 °C and 650 °C, oriented strip-shaped spinodal products were observed. As the aging
temperature increased to over 750 °C, both precipitate size and shape gradually changed to
discrete elliptical or round forms in order to reduce interface energy. Careful observation
of the SAED patterns of the samples aged at temperatures in the range of 550 °C revealed
that there were some weak diffraction spots (indicated by arrows) superimposed on the
diffraction patterns of the 3 phase. These weak diffraction spots were identified to be from
the w phase, indicating that the w phase precipitated in the 3 phase matrix during alloy
aging at temperatures ranging from 550 °C to 750 °C. However, when aging temperature
reached 850 °C, the w phase disappeared from the aged sample, which is attributed to
its instability at high temperatures over 800 °C [18]. This result suggests that spinodal
decomposition decreases 3 phase stability in the TZT alloy due to formation of Ta-rich
and Ta-poor phases; specifically, the Ta-poor phase exhibits low stability for the 3 phase,
resulting in isothermal w phase formation during aging below 750 °C while becoming
unstable above this temperature [19,20], leading to disappearance of the w phase in samples
aged at 850 °C.



Coatings 2024, 14, 590

50f8

Figure 4. The TEM bright-field images and the corresponding selected area diffraction patterns of the
TZT alloys after being aged at different temperatures: (a) 550 °C; (b) 650 °C; (c) 750 °C; (d) 850 °C.

3.2. Mechanical Properties

The stress—strain curves of the STed, Cred, and Aged samples are presented in Figure 5.
It is evident that the STed sample exhibits a yield strength of 905 + 15 MPa with an
elongation of 11%. Subsequent cold rolling significantly enhances the alloy’s strength while
reducing its ductility due to the work hardening effect. Specifically, the CRed sample
demonstrates a yield strength of 1460 £ 24 MPa (at 0.2% strain) and an elongation of 3.6%.
This enhancement in strength and reduction in ductility can be ascribed to the occurrence
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of work-hardening phenomena within the alloy. Aging treatment at 550 °C for 30 min leads
to a reduction in strength due to recovery processes while maintaining low ductility. The
low ductility of the Aged sample may be associated with the precipitation of the w phase
during aging at both temperatures because the w phase is with a hexagonal close-packed
(HCP) crystal structure, which is very hard and brittle. Notably, stress-curves of samples
aged at 650 °C and 750 °C exhibit the presence of two discernible yield points: an initial
yield point occurring at a stress level of 310 MPa for the sample aged at 650 °C and at a
stress level of 480 MPa for the sample aged at 750 °C. This can be attributed to the 3 phase
transformation into martensite induced by applied stress [21]. The secondary yield point
was observed at a stress of 950 = 16 MPa for the sample aged at 650 °C and 810 £ 18 Mpa
for the sample aged at 750 °C, indicating plastic deformation of the alloy. This finding
implies that spinodal decomposition alters the deformation mechanisms of the alloy by
modifying the composition of the 3 phase.
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Figure 5. The mechanical properties of the Sted, Cred, and Aged samples of TZT alloy: (a) tensile
stress—strain curves; (b) histogram of the yield stress (0 ) and the elongation (Ay).

To validate this, XRD analysis was performed on the sample subjected to tensile testing
at 650 °C and 750 °C, as shown in Figure 6. The presence of diffraction peaks corresponding
to the f phase indicates the occurrence of stress-induced transformation to martensite (')
during tensile deformation in the sample aged at 650 °C. Moreover, the samples aged at
650 °C and 750 °C still exhibited very low ductility, and the presence of the w phases and
o' phases may be responsible for their low ductility. In contrast, for CRed samples aged at
850 °C, the double-yield phenomenon vanished from the stress—strain curves. Although
the strength decreased, a significant improvement in plasticity was observed compared to
CRed samples due to full recrystallization and the absence of w phases. Notably, despite
recrystallization, samples aged at 850 °C exhibited much higher strength than STed samples.
This enhancement can be primarily attributed to a pronounced reinforcing effect resulting
from spinodal decomposition and the presence of a modulated structure.
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Figure 6. XRD patterns of the samples aged at 650 °C and 750 °C before (Aged sample) and after
tensile test (T-Aged sample).

4. Conclusions

(1) The Ti-40Zr-20Ta alloy, primarily composed of the metastable 3 phase alloy, exhib-
ited a predominant presence of the said phase after undergoing solid solution treatment at
1100 °C and subsequent cold rolling. Subsequently aging the CRed alloy within a tempera-
ture range of 550 °C to 850 °C resulted in recovery and recrystallization phenomena, which
were dependent on the specific aging temperature. Concurrently, spinodal decomposition
occurred during the aging treatment of the CRed alloy, leading to the formation of 31 and
(32 phases with identical crystal structures but different compositions.

(2) The size and configuration of the spinodal decomposition products exhibited a
strong dependence on the temperature of aging and time. As the aging temperature and
time increased, both the size of the spinodal decomposition products and their morphology
transitioned from oriented strips to distinct elliptical or circular forms. Additionally, when
the CRed alloy was aged at temperatures ranging from 550 °C to 750 °C, isothermal w
phases were precipitated in the aged alloys due to a decrease in 3 phase stability caused by
spinodal decomposition. However, when further increasing the aging temperature up to
850 °C, these isothermal w phases disappeared due to their instability at high temperatures.

(3) The CRed alloy demonstrates high strength and low ductility as a result of work
hardening, with yield strength and elongation values of 1460 MPa and 3.6%, respectively.
Aging treatment leads to a decrease in the strength of the CRed alloy due to recovery
or recrystallization processes, while the temperature at which aging occurs significantly
influences its mechanical properties and deformation mechanisms. Tensile tests on as-
rolled alloys aged at 650 °C and 750 °C revealed a double-yield phenomenon, indicating
martensitic transformation induced by applied stress; however, these alloys exhibited
limited ductility due to the presence of w phases. On the other hand, the alloy aged at
850 °C exhibited comprehensive mechanical properties with a yield strength of 1100 MPa
and an elongation of 10%. This improvement in strength may be attributed to the modulated
structure introduced by spinodal decomposition.
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