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Microstructure and mechanical properties
of a novel Titanium-based alloy with high
elastic strain for orthopedic implant
applications
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Abstract

This study develops a biocompatible Ti-37.5Nb-4.5Zr alloy for orthopedic implants, addressing strength-ductility and stress
shielding issues by leveraging twinning-induced plasticity (TVVIP) and transformation-induced plasticity (TRIP) effects, and con-
trolled phase transformations among S, , @, and @’ phases with comprehensive characterization, such as CALPHAD, dilato-
metry, X-ray diffraction (XRD), transmission electron microscopy (TEM), and mechanical testing. Results show a cold-rolled
sample with a yield strength of 1050 + 20 MPa, tensile strength of 1340 + |5 MPa, elastic modulus of 40.5 + 0.2 GPa, and 2.1
+ 0.2% elongation, while the annealed sample at 700°C for 30 min achieve 750 + 10 MPa yield strength, 1050 + 10 MPa tensile
strength, 44.0 + 0.4 GPamodulus, and 26.2 + | .1 % elongation, demonstrating a balanced combination of strength, ductility, and

elastic strain suitable for advanced orthopedic applications.
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Introduction

The application of thermo-mechanical processes through vari-
ous routes leads to the formation of a wide range of microstruc-
tures in Ti-based alloys, resulting in different phase fractions,
morphologies, and distributions, which ultimately changes
their mechanical properties significantly.! To address the
inherent trade-off between strength and ductility in Ti-based
alloys, the focus has shifted toward metastable g-Ti alloys
that exhibit enhanced ductility mechanisms and excellent
strain hardening capability, particularly in the last decade.?

Average bond order (Bo)-average d-orbital energy level
(Md) phase diagrams provide a promising approach for the
design and development of Ti-based alloys. These diagrams
are constructed using three overall electronic parameters,
including the average electron/atom ratio (e/a), Bo, and Md
have demonstrated significant potential in alloy design.’

On the other hand, the admissible elastic strain (5), calcu-
lated from the ratio of yield strength to Young’s modulus (E),
reflects an important combination of properties and serves as
a key parameter for guiding material selection in biomedical
applications.* A higher admissible elastic strain indicates
greater suitability for materials intended for biomedical
implants.

The addition of Nb and Zr elements (both highly biocom-
patible metals*) into Ti-based alloys enables the creation of
strong, lightweight, and durable alloys with low elastic mod-
uli. This characteristic is crucial for orthopedic implants, as a

mismatch in the Young’s modulus between the implant and
surrounding bone can lead to complications referred to as
“stress shielding”.’

Numerous literature reviews have explored the thermo-
mechanical processing,®’ microstructure-properties relation-
ships,®® and applications'®!! of metastable -Ti alloys.
However, due to the high variety of achievable compositions
in these alloys, identifying a composition that precisely meets
desired requirements can be challenging.

To overcome the challenge of achieving both high strength
and ductility in metastable §-Tialloys, a combination of precipi-
tation hardening with two phenomena, Twinning-Induced
Plasticity (TWIP) and Transformation-Induced Plasticity
(TRIP), can be utilized.'> Historically observed in steels,
dynamic phase transformation and twinning during deform-
ation concurrently enhance strength, ductility, and strain hard-
ening.!* The family of strain-induced transformation TRIP/
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TWIP Ti-based alloys has been developed over the last decade
by strategically adding alloying elements to control the stability
of the /8 phase.'>™'® The instability of the  phase makes it sus-
ceptible to transforming into twins and/or new phases, thereby
inducing significant TWIP and/or TRIP effects. This
deformation mechanism can lead to the formation of {112}
and {332} twins, /o’ martensite, and the @ phase.'"'
Notably, the interfaces formed, including twin boundaries and
phase boundaries, act as strong and effective obstacles to dis-
location slip.

The " phase has an orthorhombic crystal structure,
whereas the ' phase exhibits a hexagonal crystal structure.
Both the & and o’ phases predominantly form through
stress-induced transformation from the f phase or during
the quenching process in titanium-niobium alloys. This trans-
formation is primarily driven by lattice changes occurring
near twin boundaries.'®

The transition from the f to w phase (as a hexagonal
phase) can occur through two primary routes: (i) rapid cool-
ing from the single f phase field at high temperature or sub-
sequent isothermal aging, resulting in the formation of
ellipsoidal or cuboidal @ particles homogeneously distribu-
ted throughout the f matrix, or (ii) compressive loading at
a high strain rate (or shock loading), resulting in ® plates
with a heterogeneous distribution, generally located along
{112} or {332} twin boundaries.®'*

Although the influence of the ® phase on the mechanical
properties of metastable S-Ti-based alloys has been explored,
these investigations have largely struggled to maintain ductil-
ity. It is critical to note that the precipitation of secondary
phases (o and/or @) may influence the affects of TWIP and
TRIP. Therefore, systematic research is needed to integrate
® phase precipitation with TRIP/TWIP effects to thoroughly
understand their combined influence on strength and ductil-
ity. Hence, this paper aims to design and produce a new bio-
compatible alloy, focusing on the interaction of four phases
(o, d’, , and p) and their effect on deformation mechanisms
and mechanical properties.

Materials and methods

Sample production

The ingots with a nominal composition of Ti-37.5Nb-4.5Zr
(wt.%) were prepared using vacuum arc melting (VAR,
FZKH-100VAR-L, Farazob Khala, Tehran, Iran) in a water-
cooled copper crucible under a high-purity argon atmos-
phere. High-purity Ti (99.999 wt%), Nb (99.95 wt%), and
Zr (99.95 wt%) were utilized as starting materials. To
improve homogeneity, the ingots were remelted at least six
times, with the ingot being turned over between each melting
cycle. The chemical composition was confirmed using
inductively coupled plasma-optical emission spectrometry
(ICP-OES, Leco ONHS836, Michigan, USA) analysis. The
results, detailed in Table 1, showcase a close alignment
with the target composition.

The ingots were then homogenized under vacuum in a
quartz tube along with a pure Ti getter at 1100°C for 2 h
and subsequently quenched in ice water. After it, the

Table I. Chemical composition of the investigated alloy.

Element Nb Zr Fe (@) Ti

Amount (wt.%) 39.6 43 0.2 0.002 Bal.

homogenized ingots were hot-rolled at 950°C to produce a
plate with a thickness of 4.5 mm, achieving a total thickness
reduction of approximately 75%. After removing the oxide
layer, the ingots were cold-rolled at room temperature,
achieving a total reduction of approximately 95% without
intermediate annealing. Finally, the cold-rolled samples
were annealed at temperatures of 400, 500, 600, 700, 800,
850, 900, and 1000°C for 30 min under vacuum, followed
by quenching in ice water.

Characterization

CALPHAD calculations were performed using Thermo-Calc
software, incorporating the TCHEAG6 database along with the
upgraded TCFE9 databases.

Cylindrical samples (4 mm diameter, 25 mm height) were
prepared by electrical discharge machining (EDM) for dilato-
metry testing. The tests were performed using a DIL 805 A/D
apparatus (TA Instruments, New Castle, USA) at heating and
cooling rate of 5 K/min, reaching temperatures up to 1400°C.
Also, the phase evolutions of the annealed samples was ana-
lyzed through X-ray diffraction (XRD) using an Asenware
AW-DX300 diffractometer (Beijing, China) with Cu Ka radi-
ation (30 mA, 40 kV). Scans were performed from 20 to 100°
in 26, with step size 0f 0.05° and step times of 1 s. Furthermore,
high temperature X-ray diffraction (HT-XRD) patterns of the
homogenized sample were recorded between 20 and 100° at
different temperatures (200, 400, 1100, 1400°C). HT-XRD
was performed on an Anton-Paar XRDynamic 500 (Graz,
Austria) using a Primux 3000 Cu source operating at 40 kV.
The nominal heating rate was set at 20°C/min, with a scan
time was 59 min and a step size of 0.01°.

For tensile tests, the oriented rolling direction plate-type
and sub-sized tensile specimens (3 mm wide, 15 mm long)
were fabricated from the annealed samples using EDM.
These tests were performed at a strain rate of 10~ 1/s using
a Santam 15 Ton universal testing machine (Tehran, Iran)
and the tests were repeated three times for each specimen.
Also, Vickers microhardness testing was performed on the
samples at room temperature using a 200 g load and a 10 s
dwell time with a (Buehler, Micromet 5101, Illinois, USA).
Five measurements were taken on each sample, and the aver-
age hardness value was reported.

Microstructural features of the hot-rolled, cold-rolled, and
annealed samples were examined in the rolling direction
(RD)-transverse direction (TD) plane using transmission
electron microscopy (TEM) with a 200 kV FEI TECNAI
F20 S-Twin (Massachusetts, USA). TEM samples were pre-
pared through cutting, grinding, and subsequent twin-jet
electropolishing at —35°C in an electrolyte composed of 60
vol% methanol, 5 vol% perchloric acid, and 35 vol%
2-butoxyethanol.
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Results and discussion characteristics of the f-phase, quantified in wt%:

Design of metastable B-Titanium alloys M; =1156-150Fe-107Mn-96Cr-67Ni-49Mo-41Cu-37V
... . N . -17Nb-7Zr + 15Al

A critical characteristic of metastable f-titanium alloys is the 3)

stability of g phase, which is directly related to its
composition. f phase stability is of paramount importance
because its significantly influences the martensitic transform-
ation and the amount of martensite formation under both
thermal (e.g., quenching) and stress-induced conditions.
The p-phase composition strongly affects stress-induced
martensite, and is closely associated with the Ms tempera-
ture.!”"!® Furthermore, the deformation mechanisms in these
alloys also dependent on f-phase stability.'®2°

Stable S titanium alloys typically undergo plastic deform-
ation through a slip-dominated mechanism. This mechanism,
characterized by localized strain concentration, often results
in limited ductility.'®' In a stable 8 matrix, plastic deform-
ation is primarily driven by the activation of slip dislocations,
with shear bands becoming the dominant mechanism at later
stages.

As the f-phase stability of titanium alloys decreases, the
deformation mechanism tends to shift towards {112}(111)
twinning, {332}(113) twinning systems, and stress-induced
martensitic transformations (f — a” and  — w). Research
indicated that activating multiple deformation mechanisms
can significantly improve the ductility limitations associated
with slip-dominated deformation. '8

Consequently, tailoring the f-phase stability, and conse-
quently the deformation mechanisms, has emerged as a cru-
cial strategy in designing metastable f-titanium alloys. This
highlights the necessity for accurately estimating f-phase sta-
bility, particularly when developing more practical metasta-
ble p-titanium alloys.

The molybdenum equivalence (Mo,,) is the most widely
used method for evaluating and quantifying S-phase stability
in titanium alloys. It is calculated as a linear sum of the
weight percentages of the constituent alloying elements, as
presented in Eq. (1):**

Moy =1.0(wt.%Mo) + 0.67(Wt.%V) + 0.44(wt.%W)
+ 0.28(wt.%Nb) + 0.22(wt.%Ta) + 2.9(wt.%Fe)
+ 1.6(Wt.%Cr) + 1.25(wt.%Ni) + 1.70(wt.%Mn)
+ 1.70(wt.%Co) — 1.0(wt.%Al)

(1

In contrast, aluminum (Al) is not included in the equation,
as it promotes a-phase stabilization, as previously discussed.

Alp = 1.O(Wt.%Al) + 0.17(wt.%Zr) + 0.33(wt.%Sn)

+ 10(wt.%0) (2)

This highlights that the each constituent element has a dis-
tinct influence on phase stability within Ti alloys. A Mo, of
10.0 typically stabilizes the f-phase upon quenching, with
higher Mo, values corresponding to lower 7T temperatures.
A high Mo,,, value suggests a high degree of -phase stabil-
ity, a phenomenon commonly observed in multicomponent
alloy systems. Neelakantan et al.>> presented a linear rela-
tionship between the M| temperature and the compositional

Therefore, in-situ f-phase composition acts as the inde-
pendent variable in the relationships expressed by Egs. (1)
and (3), which predict f-phase stability and M, temperature,
respectively. More importantly, this is highly useful for
predicting or designing alloy compositions, that is, the
more stable the f-phase, the lower the M; temperature.
Consequently, increased p-phase stability correlates with a
decreased M, temperature.

In the DV-Xa cluster method, a general approach for
evaluating the phase stability and elastic properties of f-Ti
alloy by Abdel-Hady et al.,*> two parameters-bond order
(Bo) and metal d-orbital energy level (Md)-are used to define
the martensitic and omega transformation boundaries in rela-
tion to the f-phase modulus. Bo quantifies the strength of the
chemical bond between Ti and the alloying elements. Md
derived from the alloying element’s electronegativity and
metallic radius, reflects its electronic properties.”® For the
alloys under consideration, the average values of Bo and
Md are provided in references.”’?® Additionally, the
electron-to-atom ratio (e/a), as an important electronic indi-
cator, affects the stability of the  phase and its transform-
ation boundaries.

n

Bo=)_ x(Bo), 4)
i=1

W=y ), )
i=1

Ta=Y e ®)

For each alloying element i, x; denotes its atomic fraction,
while (Bo); and (Md); represent its bond order and metal
d-orbital energy level, respectively, where ¢; is the valence
number of the ith atom. In addition, the phase stability map
can be constructed using Bo and Md, as initially proposed
by Morinaga et al.*® The position of a designed alloy on
this phase stability map is determined by its chemical
composition.

The Young’s modulus along the f/( + w) phase boundary
decreases with increasing values of Bo and Md.*** The min-
imum Young’s modulus is observed in an alloy with an e/a
ratio between 4.07 and 4.20, where the metastable f phase
and o” and/or « phases can be formed at room tempera-
ture.*° It was experimentally found that a lower e/a ratio cor-
relates with a decrease in the elastic modulus of metastable
p-type titanium alloys.’

Two groups of metastable f-type titanium alloys have
been developed that balance high strength with low elastic
modulus. One group, known as Gum Metal, has an e/a ratio
of approximately 4.24,%!? which is suitable for biomedical
titanium alloys due to its low elastic modulus. The other
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alloy, Ti-24Nb-4Zr-8Sn (in wt%), has an e/a ratio of about
4153 Despite significant differences in composition and
processing, both alloys exhibit unique non-linear tensile
deformation behavior and highly localized plasticity.>' >

At an e/a ratio of 4.24, the Young’s modulus in the {100}
direction of the becc structure approaches zero, indicating
very high ductility in this direction. In addition to the low
Young’s modulus, the shear modulus in this direction is
also significantly reduced, resulting in the lowest overall
Young’s modulus for the material. The work hardening ratio
reaches its minimum value at an e/a ratio of 4.24, suggesting
that candidate alloys should aim for this value or something
close to it.**>*

Furthermore, when the bond value is 2.87, both the elastic
modulus and work hardening ratio reach their minimum. For
the alloy to remain stable in the metastable beta phase, the
Md value should be approximately 2.45.%3¢

The Bo and Md diagram serves as a predictive tool that links
p-phase chemical stability to the operative deformation
mechanisms. Empirical validation across diverse alloy sys-
tems? confirms the diagram’s effectiveness in predicting dom-
inant deformation modes, including those induced by
mechanical twinning.?*>” Consequently, the Bo and Md phase
stability diagram is a valuable tool for investigating how alloy
composition-and, therefore, - Ti phase stability-affects plastic
deformation behavior.

Although the transition boundaries between different
plasticity states are semi-empirically estimated based on a
summary of experimental results, alloys situated near the
transition lines on the Bo and Md map may exhibit a combin-
ation of plasticity states, such as TWIP and TRIP. Numerous
successful cases have demonstrated the design of new meta-
stable B-Ti alloys using the Bo and Md approach in open
studies.”

However, recent research has revealed inaccuracies in the
Bo and Md diagram’s estimations of phase stability and
deformation mechanisms when applied to specific metastable
titanium alloys. A notable limitation is that the Bo and Md map
does not account for mechanical strength. Additionally, the
calculations for the Bo and Md exclude oxygen.

An example of the discrepancy between prediction and
observation is observed in the Ti-10V-3Fe-3Al (wt.%) alloy.
While the Bo and Md diagram indicated twinning, cold
deformation resulted in the formation of stress-induced mar-
tensitic («'’) phase,*®~? suggesting a potential inaccuracy in
the diagram’s predictive capabilities.

To address the limitations of existing models, Wang
et al.?® introduced a semi-empirical method for evaluating
the impact of deformation behavior on P-phase stability in
Ti alloys. This new method incorporates the e/a and the
atomic radius difference (Ar), resulting in the e/a-Ar map.

n

Ar = Z ci(ri —rp) @)

1

The e/a-Ar map displays the following characteristics:

e Higher e/a values are associated with slip-dominated
deformation, whereas twinning and Stress-Induced
Martensite (SIM) transformations are favored at e/a
<4.2 and Ar>-2.5.
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Figure I. The calculated isopleth phase diagram of Ti-Nb-Zr
system using Thermo-Calc’s.

e The critical e/a value for the onset of twinning/SIM
exhibits a maximum near Ar=0 before decreasing
as Ar increases.

As a result, with increased f-phase stability, both e/a and
Ar influence lattice shear resistance, thereby affecting the
deformation mechanisms in f-phase titanium alloys. Based
on the design, the alloy was computed to have the following
values:

Md = 2.45
Bo =2.87
ela=4.24
Moy, =10.42
Ar=0.377

One of the notable capabilities of Thermo-Calc’s is its
ability to identify and understand metastable phase transfor-
mations in Ti-based alloys, particularly Ti-Nb-Zr alloys.
These transformations, often unexplainable by stable phase
diagrams, are facilitated by Thermo-Calc’s advanced model-
ing 1

In enhancing alloy performance for specific applications,
such as dental and orthopedic implants, Thermo-Calc’s plays
a crucial role by the optimizing thermomechanical process-
ing parameters.*>*3

The calculated phase diagram effectively illustrates the
phase behavior of this alloy at various temperatures, as
shown in Figure 1. The diagram clearly depicts the presence
of HCP, BCC, and liquid phases, along with the transforma-
tions between them. At lower temperatures (below approxi-
mately 600°C), the HCP phase, also known as the w phase
is present, although its fraction gradually decreases with
increasing temperature. As the temperature rises, the HCP
phase progressively transforms into the BCC, and above
600°C, all HCP converts to BCC. The BCC phase remains
the sole stable phase up to approximately 1600°C.

Literature indicates that the presence of Nb and Zr pro-
motes the formation of the HCP phase in Ti-based alloys.
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Zr with its relatively large atomic radius, is beneficial for both
precipitation hardening and solid solution strengthening,**-*+#°

Experimental results have shown that the phases observed
at room temperature were formed due to the rapid cooling
from higher temperatures, resulting in metastable phases.**
The phase compositions of the produced alloys were in sat-
isfactory agreement with CALPHAD calculations.

Dilatometric test and phase analysis

The heating process induces the @+ f — f phase transform-
ation, where the a phase (including o’ and a” phases) trans-
forms into the f phase. The initial transformation temperature
(Ts) and the final transformation temperature () are key
parameters for characterizing the material’s response to ther-
mal conditions. The a+f — f transformation typically
begins around 720°C and completes by 950°C, as observed
in similar titanium alloys.**=*3

The addition of Zr to Ti-Nb-based alloys lowers the peak
temperature of the reverse martensitic transformation,
thereby enhancing the stability of the martensitic phase.*’
This indicates that adding Zr has a more significant effect
on stabilizing the martensite phase than on reducing the
peak temperature of the martensitic transformation.*%*’
The dilatometric technique reveals the kinetics of phase
transformations, showing an S-shaped pattern in the heating
curve (as seen in Figure 2), indicative of the complex nature
of the a to S transformation.

In Figure 2(b), within the temperature range of 1200 to
1300°C, a phase transformation peak occurs. This peak is
characterized by two points: T}, the start temperature of trans-
formation at approximately 1199.3°C, and T} the finishing
temperature of transformation at around 1305.5°C.
Between 7 and T, the a phase (including o and a” phases)
gradually dissolves into the P phase, resulting in a final
microstructure composed entirely of the § phase.

On other hand, during cooling, especially in metastable
p/-Ti based alloys, the formation of the @ (HCP) phase is
observed, as predicted by Thermo-Calc and observed in
Figure 2(c). This phase typically forms during aging at inter-
mediate temperatures, generally between 300 and 500°C in
the S region (specifically around 489 to 495°C), and during
slow cooling, characteristic of the w;q, type. This process is
diffusion-controlled and time-dependent; at intermediate
temperatures, atoms have sufficient time for diffusion and
rearrangement. The diffusion of alloying elements (such as
Nb and Zr) leads to regions within the § matrix becoming
enriched or depleted in these elements. Regions enriched
with alloying elements are susceptible to the formation of
this type of e phase.>”

It has been found that transformation temperatures
decrease with increasing cooling rate, so the higher the cool-
ing rate, the more rapid the phase transformation.”' The o,
a’, and w phases can form from the f phase during cooling,
with the transformation temperature and rate being influ-
enced by the cooling rate.***

The interactions between these phases and their relative
fractions are strongly dependent on the cooling rate, with fas-
ter cooling rates generally favoring the formation of ' and &
phases over the 8 phase.** Due to the slow cooling rate of
5 K/min used in the dilatometry test, only the w,,, phase is
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Figure 2. Dilatometry curves illustrating the heating and cooling
rates for (a) Ti-37.5Nb-4.5Zr (wt.%) alloy at 5 K/min, (b) a detailed
view of the starting and finishing temperatures of the o+ —
phase transformation during the heating cycle, and (c) a detailed
view of the starting and finishing temperatures of f — @ phase
transformation during the cooling cycle.

formed, while the & and o” phases are not appear. During
heating, because the dilatometry test sample, which was
homogenized and then quickly quenched in ice water after
homogenization, contains a minor fraction of «, a”, and
wqy, (athermal type) phases. Upon heating the sample,
dissolves and allowing the  phase to grow.>>~>>

In other words, the ,,;, phase forms during rapid cooling
from the f region to lower temperatures; it is a
non-equilibrium phase arising from high cooling rates. Its
formation is diffusionless and exhibits a martensitic nature;
meaning that atoms move collectively without the need for
long-range diffusion. The instability of the beta phase lattice
at lower temperatures causes the  (BCC) crystal structure to
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transform into the @ (HCP) phase structure through a shear
mechanism, and this transformation occurs very rapidly.

In-situ high-temperature X-ray diffraction (In-situ
HT-XRD)

A previously homogenized sample (1100°C for 2 h, followed
by ice-water quenching) was initially analyzed using in-situ
high-temperature X-ray diffraction (HT-XRD) at room tem-
perature. Phase analysis revealed the presence of f and w
phases (Figure 3(a)). The sample was then heated to 200°C
and held at this temperature. At this point, the Ti,ZrO phase
appeared alongside the ff and w phases. Subsequently, in add-
ition to the f+ @ phases, the Ti,ZrO phase appears, which
can be considered a more complex oxide compared to simple
oxides TiO, or ZrO, (Figure 3(b)). The formation of Ti,ZrO
indicates a combined oxidation behavior of Ti and Zr. This
phase is commonly observed to nucleate during solidifica-
tion, or more accurately, at lower thermal regimes, with its
formation being contingent upon the oxygen concentration
and potentially leading to interstitial solid solution strength-
ening,52:56-58

When the temperature was increased to 400°C, the TiO,
phase also appeared (Figure 3(c)). TiO, is typically observed
as a secondary phase that can enhanced hardness but may
also reduce ductility due to its brittle nature, especially along
grain boundaries.*®- It is the primary oxide formed at lower
temperatures and in the early stages of oxidation.

Upon further heating to 1100°C and holding it there, the
TiNb,O, phase emerged with significant intensity, in add-
ition to the previously mentioned three phases
(Figure 3(d)). TiNb,Oy is a ternary oxide composed of titan-
ium, niobium, and oxygen, which can formed during high-
temperature processing and is associated with improved
mechanical properties due to its stable structure.* The for-
mation of TiNb,O indicates a more advanced stage of oxi-
dation or specific conditions that favor the development of
this ternary oxide.

As the temperature was raised to 1400°C, the intensity of
these oxide phases decreases, because they are approaching
their melting points**-” (Figure 3(e)). After cooling the sam-
ple in the furnace and performing phase analysis again, the
phases TiNb,O-, Ti,ZrO, and f+ @ were again observed,
similar to those at 1100 and 1400°C (Figure 3(f)).
Following sandpaper treatment to remove the oxide layers
and subsequent phase analysis, the # and @ phases, along
with minor volume fraction of the oxide phases TiNb,O,
and TiO,, are detected (Figure 3(g)).

The oxidation process in this alloy begins with the diffu-
sion of oxygen atoms from the surface into the interior. It is
hypothesized that oxygen diffusion occurs preferentially,
suggesting that oxygen transport may vary across the differ-
ent phases due to differences in crystal structure and activa-
tion energy for diffusion within the # and w phases.

The kinetics of oxide formation exhibits strong tempera-
ture dependence. At lower temperatures, the rates of oxygen
diffusion and associated chemical reactions leading to a
slower rate of oxide formation. Conversely, as the tempera-
ture increases, both diffusion and reaction rates accelerate,
resulting in a higher rate of oxide formation. The oxidation

process proceeds in a stepwise manner: at lower tempera-
tures, simpler oxides like TiO, and mixed oxides such as
Ti,ZrO are preferentially formed. At elevated temperatures,
more complex oxides, such as TiNb,O;, emerge. This
sequential phase evolution clearly demonstrates that the
kinetics of phase formation are modulated by temperature.®'

Phase and structural analysis

XRD and TEM studies on the Ti-37.5Nb-4.5Zr (wt.%) alloy
revealed significant phase transformations under various pro-
cessing conditions. These transformations were examined in
the as-cast, homogenized, hot rolled (75% area reduction),
cold rolled (95% area reduction), and heat-treated states at
different temperatures, and are discussed in detail in the fol-
lowing sections.

As-cast and homogenized states: Initial 5 phase structure. In the
as-cast and homogenized alloy samples, the X-ray
Diffraction (XRD) results, as shown in Figure 4, indicate
that the § phase is dominant phase in the structure. Under
these conditions, the alloy primarily consists of the stable f
phase, which is thermodynamically favored at high tempera-
tures. This stability can be attributed to the nature of the
Ti-Nb-Zr alloys and the presence of f-phase stabilizers, par-
ticularly Nb, known for its strong p-phase stabilization in
Ti-systems.

High temperatures during casting and homogenization
ensure that the p-phase remains the most stable phase.
Furthermore, the homogenization and quenching heat treat-
ment eliminate structural inhomogeneities, improving the
distribution of alloying elements and resulting in a more uni-
form microstructure of equiaxed pJ grains. This process
enhances the stability of the § phase further.

The  phase is distributed as the fine and uniform parti-
cles dispersed throughout the f phase matrix (Figure 5(a)).
The formation of the @ phase during cooling from high tem-
peratures, such as the casting temperature, can be attributed
to the characteristics of its phase transformation. The f —
 transformation occurs via a displacive mechanism, which
does not require long-range atomic diffusion and can occur
during rapid cooling.

The presence of fine, homogeneously dispersed w parti-
cles indicates that the formation of the @ phase in the S
matrix follows a mechanism of homogeneous nucleation
and growth. XRD studies reveal that the @ phase forms as
coherent precipitates with a hexagonal structure due to the
periodic collapse of {111} planes in the g phase.®*%
Figure 5(b) shows selected area electron diffraction
(SAED) pattern which reveals the presence of two distinct
phases: the matrix phase with a body-centered cubic (BCC)
crystal structure of f-Ti type with space group im3 m, and
a secondary w phase. The pattern originating from the matrix
phase with a zone axis of [111] and the pattern of the w phase
with a zone axis of [2131] are simultaneously observed in
this image, indicating the coexistence of these two phases
in the selected area of the sample.

The presence of secondary phases such as w can induce
structural changes in the alloy. For instance, broadening of
XRD peaks indicates an increase in lattice defects and micro-
strains. In Ti-Nb-Zr alloys, the presence of the @ phase can
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Figure 3. In-situ HT-XRD patterns of the Ti-37.5Nb-4.5Zr (wt.%) alloy at various temperatures: (a) room temperature, (b) 200, (c) 400,
(d) 1100, and (e) 1400°C, (f) phase analysis after cooling in the furnace, and (g) phase analysis after removing oxide layers.

lead to a finer grain microstructure, thereby enhancing hard-
ness and toughness.

Furthermore, the thermal stability of the @ phase improves
with higher Nb concentration in the alloy, and lower stacking
fault energy (SFE) promotes its formation. The f — @ trans-
formation can also occur due to severe plastic deformation,
such as cold rolling, which induces compressive stress in
the material. The @ phase can stabilize interfaces between
different transformed phases, contributing to the structural
integrity of the alloy.**~%

Accurately distinguishing between the f and w phases in
XRD patterns poses challenges due to their structural similar-
ities and overlapping diffraction peaks. Additionally, the sta-
bility of the § phase at high temperatures, combined with the
specific alloy composition, results in minimal formation of o’
and o’ phases in the initial structure. When, they do form, the
quantities are very low, and they do not produce distinguish-
able peaks in XRD patterns. The o’ and o” phases are mar-
tensitic, formed from the shear transformation of the g
phase during rapid cooling, typically occurring in £ alloys
with lower S phase stability. In the as-cast and homogenized
states, the high stability of the § phase (due to alloy compos-
ition and elevated temperature) significantly reduces the like-
lihood of martensitic transformation from g to o'/a’,
resulting in the absence of distinguishable peaks from these

phases in XRD. Consequently, no distinguishable peaks
from these phases are observed in XRD. It is also noteworthy
that the presence of oxygen in the structure can hinder the
formation of w and a” phases after the cooling.*

Effect of rolling processes (hot and cold): Induction of martensitic
transformation. Rolling processes, particularly cold rolling,
induces significant phase transformations in the alloy. In
hot-rolled and especially cold-rolled samples, peaks corre-
sponding to the martensitic ' and a” phases appear along-
side the f phase peaks. This indicates the transformation of
the f phase into non-equilibrium martensitic @”’/a’ phases
due to the thermomechanical effects of rolling.%”-¢®

Cold rolling imparts substantial plastic strain to the alloy,
reducing the stability of the  phase and facilitating the mar-
tensitic transformation from f to ’/@”. This transformation is
referred to as SIM. As seen in Figure 6, in the investigated
alloy, three distinct types of SIM: SIM «, SIM ”, and
SIM @ are observed.

The dominant mechanism governing the deformation of
metastable g titanium alloys includes dislocation slip, mech-
anical twinning, and phase transformation induced by stress
or strain. The applied strain energy provides the activation
energy necessary for the shear transformation, accelerating
the formation of o and o” phases. The introduction of
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Figure 4. XRD patterns of the Ti-37.5Nb-4.5Zr (wt.%) alloy samples in various states: as-cast, homogenized, hot rolled, cold rolled, and

annealed at 400, 700, 850, 900, and 1000°C.

Figure 5. (a) Bright-field TEM image of the w phase in the Ti-37.5Nb-4.5Zr (wt.%) alloy after homogenization and water quenching, and
(b) selected area electron diffraction (SAED) patterns corresponding to the bright-field TEM image.
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Figure 6. TEM image revealing SIM transformations in cold-rolled Ti-37.5Nb-4.5Zr alloy; (a) bright field (BF) image, (b) dark field (DF)
TEM image of SIM o’ and SIM &’ (c) and (d) corresponding SAED patterns presented alongside the image to confirm their crystallographic
structures and aid in phase identification, (e) BF image of SIM w, and (f) SAED pattern of (e).

dislocations during deformation also promotes martensitic
transformation, enabling the material to adapt to stress
changes. The degree of strain-induced martensitic transform-
ation correlates with the magnitude of applied plastic strain,
with cold rolling typically introducing much higher plastic
strains than hot rolling. Consequently, cold rolling drives

the transformation from f to &'/’ more extensively, result-
ing in a higher volume fraction of these phases in the
structure.

During strain application, the softer S phase initially
accommodates strain, followed by the the o’ phase and its
interface with the matrix taking over strain accommodation.
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This sequential activation facilitates the operation of various
slip systems during deformation. After elongation to the
alloy, thick deformation bands alongside narrow dislocation
slip lines and twinning were observed, confirming that dis-
location slip following quenching is the primary deformation
mechanism in these alloys. The alloy structure allows for the
activation of 48 different slip systems, with at least two sep-
arate slip systems being simultaneously activated within each
grain. The dominant mobile dislocations in this system are
edge dislocations of the type {110} f<111>4.%

Investigation of heat treatments at different temperatures: Phase
evolution and phase competition. The investigation of alloy
samples subjected to heat treatments at various temperatures
reveals the following phase evolutions:

At 400°C, the atomic diffusion rate increases sufficiently
to enable the isothermal transformation f — @, known as the
;. Transformation, which is controlled by atomic diffusion.
In B-group alloys, the w;y, can be formed during heat treat-
ment. If insufficient time is available for structural ordering
and long-range atomic diffusion, shear transformation or
interlocking will occur instead of atomic rearrangement.
The simultaneous presence of f, o, a’, and @ phases at
this temperature indicates non-equilibrium conditions and
competition between different phase transformations. The
increased intensity of the &’ phase compared to the hot-rolled
and cold-rolled states may result from recovery and recrystal-
lization effects at 400°C on the martensitic structure formed
by rolling.

Hence, two types of omega phases have been identified:

o Athermal omega (w,,;,): Forms during rapid quench-
ing (sudden cooling) from the S phase region.

e Isothermal omega (w;,): Can form during the aging
process at relatively high temperatures (around 100 to
500°C), providing the necessary time for formation
and growth.

At 700°C, the peaks of the martensitic @ and a” phases
become much weaker, while the intensity of the @ phase sig-
nificantly increases. The transformation processes of mar-
tensitic phases to the @ phase (¢/a” — w) and the direct
transformation of the B phase to the w phase (f — o)
progresses with the increase in temperature from 400 to
700°C. The higher atomic diffusion rate facilitates diffusion-
controlled transformations, resulting in an increased volume
fraction of the @ phase and a decreased volume fraction of
the martensitic phases. During heating, the w,,, dissolves
and transforms into the w;, phase. Controlled aging can
also lead to the growth and coarsening of the @ phase, future
increasing its volume fraction.*’

At 850°C, the proportion of the @ phase decreases
slightly, while the intensity of the o' and «” phase peaks
increases. This phenomenon is complex, potentially due to
competition between different phase transformations and
changes in the relative phase stability with temperature.
The decrease in the w phase at this temperature may indicate
greater thermodynamic instability compared to lower tem-
peratures. The increased presence of the @ and @’ phases
at 850°C may be attributed to the reverse transformation of
the @ phase to the § phase (# — ) followed by the

re-transformation of the f phase to martensitic phases
(f — a'/a") during cooling. The cooling rate at this tempera-
ture and the alloy composition may encourage martensitic
phase formation once more. Theoretical studies suggested
that the stability range of the @ phase extends above 420°
C, indicating that strain energy and other factors may lover
the actual onset temperature for @ phase formation.”®”"

At 900 and 1000°C, the peaks of the f phase begin to
increase in intensity, gradually becoming the dominant phase
in the structure. This change indicates the reverse transform-
ation o/a’ — f at these higher temperatures. The peaks of
the «” phase increase significantly as well. At 1000°C,
both the B phase and residual w and o” phases remain.

As temperature increases, the Gibbs free energy of the f
phase decreases relative to the @ and «” phases, facilitating
the reverse phase transformation o’/a”” — . Thus, martensitic
phases formed at lower temperatures revert back to the f
phase at higher temperatures. However, the presence of @
and o phases at 1000°C suggests that complete phase equi-
librium has not been achieved, indicating that these phases
may exist as residuals in the structure or have reformed dur-
ing cooling from 1000°C.

Factors dffecting the deformation mechanism

The dominant deformation mechanism in metastable f-Ti
based alloys, such as Ti-37.5Nb-4.5Zr (wt.%) alloy, are illu-
strated in Figure 7. These mechanisms include dislocation
slip, mechanical twinning, and stress and/or strain-induced
phase transformation. Dislocation slip is the primary plastic
deformation mechanism, especially at higher strains, allow-
ing dislocations to move through the crystal lattice.

SIM occurs as a result of applied stress rather than through
thermal effects, leading to the formation of martensitic ' and
a” phases during deformation and mechanical loading.
Factors such as grain size and strain rate significantly influ-
ence the deformation mechanism.

Research on the Schmid factor and twin formation indi-
cates that reducing grain size complicates the formation of
twins within the structure. Under conditions where the
matrix phase remains constant, increasing the strain rate
shifts the deformation mechanism from martensitic trans-
formation toward twinning. Initially, the deformation mech-
anism changes from exclusive martensitic transformation to a
combination of martensitic transformation and twinning. At
very high strain rates, however, martensitic transformation
does not occur, and twinning becomes the sole mechanism
for strain accommodation.”

In the investigated alloy (Ti-37.5Nb-4.5Zr), the stability
of the w phase is present, yet the phenomenon of SIM was
observed. This indicates that an interaction between the w
phase and martensitic transformation (SIM o' and SIM ")
can occur, depending on the alloy’s chemical composition.

Figure 8 presents the tensile stress-strain curves of the
investigated alloy in the cold-rolled state and after annealing
treatments at various temperatures from 400 to 1000°C for
30 min. Also, the mechanical properties are extracted from
these curves are listed in Table 2.

Based on the results presented in Table 2, the cold-rolled
sample exhibits the highest values for yield strength (1050 +
20 MPa) and tensile strength (1350 + 15 MPa) among the
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Figure 7. The BF image illustrating deformation mechanisms in cold-rolled Ti-37.5Nb-4.5Zr alloy. (a) dislocations, deformation twins,
and strain-induced martensite (SIM o) phase, and (b) corresponding SAED pattern.

samples studied. This high strength can be attributed to the
work-hardened structure and the increased dislocation dens-
ity resulting from the cold rolling process. However, this pro-
cess also leads to a reduction in ductility and toughness. The
presence of strain-induced martensitic o/« phases (SIM) in
the cold-rolled structure likely plays a significant role in
enhancing its strength.

In examining the heat-treated samples, a temperature of
400°C leads to a remarkable increase in hardness (320 + 11
HV), achieving the highest hardness value among all sam-
ples. This increase is likely due to the formation of the w;q,
phase during heat treatment at this temperature, as the
phase is inherently hard and contributes to the alloy’s hard-
ness. Compared to the cold-rolled sample, a slight decrease
in yield and tensile strength is observed at 400°C, which
may be attributed to a reduction in dislocation density (recov-
ery) during heat treatment. Despite this, the overall strength
remains high, owing to the hardening effect of the w phase
and the possible presence of residual martensitic phases.
The slight increase in toughness at this temperature may sug-
gest a moderation of the work-hardened structure and a
reduction in internal stresses.

At 500°C, the tensile strength and the yield strength sig-
nificantly decrease to 700+ 15 and 1080 30 MPa, while
elongation remains low (2.7%) and toughness is similar to
that in the cold-rolled state (25 MJ/m?). The elastic modulus
and hardness show a slight decrease compared to 400°C.
These changes could be attributed to the ongoing growth
and coarsening of the w phase and the possible onset of @
phase instability. The decrease in tensile strength may indi-
cate the beginning of the w — S transformation or changes
in the morphology of the @ phase, resulting in reduced
strength. The persistently low elongation and toughness fur-
ther confirm the embrittlement effect of the w phase.”*”*

At600°C, there is a marked decrease in both yield and tensile
strength (600 + 10 and 930 + 25 MPa, respectively). However,
elongation shows a slight improvement (9.9 +0.3%), and
toughness significantly increases to 87 + 3 MJ/m?®. This change

in mechanical behavior is likely due to considerable progress of
the w — f transformation at this temperature. The reduction in
the volume fraction of the hard @ phase and the increase pres-
ence of the softer § phase in the matrix contribute to the
decreased strength and hardness, while enhancing ductility
and toughness.

At 700°C, significant changes in mechanical properties
are observed. The elongation increases dramatically (26.2 +
1.1%), reaching its highest value among the tested samples,
and toughness also improves significantly, reaching its max-
imum value of 251 +8 MJ/m>. This suggests that at 700°C,
the phase equilibrium shifts, allowing the ff phase to becomes
dominant, with fine, dispersed @ phase precipitates optimally
distributed in the matrix. This ideal microstructure provides
an exceptional balance of strength and ductility, resulting
in high toughness. The increase in elongation demonstrates
a significant improvement in flexibility under these condi-
tions. At this temperature, both thermal and isothermal @
phases likely form during heat treatment, and controlled
aging may facilitate the growth of the @ phase, while pre-
venting excessive embrittlement from its accumulation.

At temperatures higher than 700°C, the stability of the f
phase increasingly dominates, leading to gradual decompos-
ition of the @ phase. At 900 and 1000°C, the peaks of the
phase intensify, progressively become the dominant phase in
the structure. The reverse phase transformation (@'/a” — f)
occurs in this temperature range. The structure tends towards
a predominantly single  phase with coarser grains, generally
leads to a decrease in strength and hardness, with irregular
changes in elongation and toughness. At 1000°C, although
the B phase remains dominant, some amounts of the @ and
o phases are still stable within the structure. This indicates
that complete phase equilibrium has not fully shifted towards
the f phase at this temperature and cooling rate, with @ and
o phases likely being present as residuals or have reformed
during final cooling.

According to Figure 8, at 700°C, there is a significant
improvement in elongation (26.2+1.1%) and toughness
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Figure 8. Tensile stress-strain curves of the Ti-37.5Nb-4.5Zr alloy
temperatures from 400 to 1000°C for 30 min.

in the cold-rolled state and after solution heat treatment at various

Table 2. Mechanical properties of the Ti-37.5Nb-4.5Zr (wt.%) alloy under various processing conditions.

Yield strength Tensile strength Elongation Elastic modulus Hardness Toughness

Sample (MPa) (MPa) (%) (GPa) (HV) 8 (%) (MJ/m3)
Cold rolled 1050 +20 1350+ 15 2.1+02 40.5+0.2 233+8 26+0.1 25+2
400°C, 30 min 1000+ 15 1340 +20 24+03 356+0.3 320+ 11 28+0.1 26+ |
500°C, 30 min 700+ 15 1080 + 30 27+04 29.6 +2.1 224+7 24+0.2 25+2
600°C, 30 min 600+ 10 930 +25 99+0.3 365+ 1.1 191 £5 1.5+0.2 87+3
700°C, 30 min 750+ 10 1050 + 10 262+ 1.1 44+04 243 +7 1.7+0.1 251 +8
800°C, 30 min 650 +25 950 +25 90+1.0 37.1£09 229+6 1.8+0.1 833
850°C, 30 min 800+ 10 900 +5 50+0.5 27.0+0.6 221 +6 29402 48 +2
900°C, 30 min 970+ 30 1230+ 10 17.9+0.2 479 2.1 252+8 22+0.1 220+5
1000°C, 30 min 540 +20 860+5 14+0.3 269+08 295+8 1.8+0.1 120+ 10

(over 250 MJ/m?), while the strength remains at an accept-
able level. The stress-strain curve exhibits extensive plastic
behavior, suggesting that 700°C is the optimal temperature
for achieving a balance between strength and ductility in
this alloy.

At this temperature, the f phase most likely becomes
the dominant phase, with fine, dispersed @ phase
precipitates optimally distributed in the matrix. This ideal
microstructure facilitates the simultaneous activation of
dislocation slip and TWIP/TRIP mechanisms, enhancing
both strength and ductility. The critical role of twinning
(particularly {112} twinning) and strain-induced martens-
itic transformation (SIMT) in increasing strain hardening
and uniform elongation is essential for interpreting this
behavior,”*73-76-7°

Furthermore, TEM analysis, as shown in Figure 9(a),
along with similar studies, reveals that under deformation,
nanoscale and microscale secondary {112} twins form
within the primary {112} twins. In Figure 9(b), with higher
magnification, we observe dislocation pile-ups and

dislocation slips alongside the primary twins. SAED patterns
presented in Figures 9(c) & (d) clearly demonstrate the afore-
mentioned points, and in Figure 9(e), a hierarchical structure
consisting of primary, secondary, and ternary twins is
formed, which contributes to the TWIP effect.

These {112} twinning structures, similar to {332} twin-
ning, act as obstacles to dislocation motion. This obstruction
makes dislocation movement move challenging, resulting in
increased hardness and resistance to deformation due to a
higher strain hardening rate. While {112} twinning hinders
dislocation motion, it also helps prevent premature fracture
by distributing stress more uniformly throughout the metal,
thereby reducing stress concentration and the likelihood of
crack initiation. Consequently, the metal exhibits improved
ductility 3-8

The high formation of {112} twinning structures is similar
to refining metal grains. According to the Hall-Petch effect,
finer grains contribute to increased strength in metals.
Therefore, {112} twinning also plays a role in strengthening
the alloy.’0-82
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Figure 9. TEM micrographs of the Ti-37.5Nb-4.5Zr alloy annealed at 700°C: (a) BF image of 112 T bands (low magnification); (b)
close-up BF image of selected-area in (a); (c, d) the corresponding SAED patterns of selected-area in (b) labeled c and d with white dotted
cycles, along the zone axis (ZA) [102]g; (e) the TEM micrograph of the sample annealed at 700°C sample showing the hierarchical

twinned structures.

As dislocations interact with {112} twinning structures,
these boundaries act as barriers to dislocation motion, caus-
ing dislocations to accumulate and further hardening the
metal. However, pathways within the {112} twinning struc-
tures facilitate dislocation movement, allowing for controlled

dislocation motion and preventing accumulation that could
lead to fracture.”®7>-80-82

The innovative approach in designing the Ti-37.5
Nb-4.5Zr (wt.%) alloy involves combining @, precipitation
with the mechanisms of TWIP and TRIP to address the issue
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typical implant materials.

of reduced ductility. When these mechanisms work together,
their result obtained is better than the simple sum of each
individual effect. That is, their synergistic effect exceeds
the simple sum of their individual contributions.'>’%"°

During the early stages of aging at low temperatures, Nb
segregation mediates the precipitation of the w;, phase,
influencing active deformation mechanisms (mechanical
twinning {112}, martensitic transformation f — o”, and dis-
location slip). Although the precipitation of the w phase grad-
ually suppresses these deformation mechanisms, {112}
twinning demonstrates considerable resistance to the @ phase
formation.

In this alloy, the TRIP and TWIP mechanisms operate col-
laboratively. The phase transformation can create internal
stresses that promote twinning, making the activation of
twinning easier. Once the phase transformation reaches a cer-
tain point, twinning can serve as an additional deformation
mechanism, allowing the alloy to continue deforming while
maintaining strength and ductility.'>7¢7°

Ratio of strength-to-Young’s modulus

For titanium alloys intended for biomedical applications, par-
ticularly bone implants, achieving a low Young’s modulus is
critically important. Investigations have elucidated that the
reduction of Young’s modulus in these alloys is intrinsically
linked to the stabilization of the metastable § phase and the

phenomenon of SIM transformation. Additionally, lattice
expansion from the incorporation of elements like Nb further
contributes to this modulus reduction.

The presence of a limited fraction of @ ” martensite, along-
side its detwinning reorientation mechanisms, also signifi-
cantly influences the reduction of Young’s modulus. As
illustrated in Figure 10, the § Ti-37.5Nb-4.5Zr alloy exhibits
excellent performance, with a strength-to-modulus ratio of
approximately 1.4 and 2.9% after annealing at 600 and
850°C, respectively.

This alloy emerges as a promising material for biomedical
implants, as the strength-to-modulus ratio is a crucial metric
for evaluating material efficacy in bone implant applications.

Such favorable characteristics are readily achieved by
metastable f titanium alloys with a refined microstructure,
typically characterized by fine grains, densely distributed dis-
locations, and a phase precipitates. These features work syn-
ergistically to contribute to the desired property profile.®-%*

Conclusions

This research addresses the critical need for advanced bioma-
terials by focusing on the design of a novel Ti-37.5Nb-4.5Zr
alloy tailored for orthopedic implant applications. The pri-
mary objectives included overcoming the inherent strength-
ductility trade-off characteristic of titanium alloys and
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minimizing stress shielding through the achieving a low
Young’s modulus. The main findings are

e A 75% reduction in hot rolling and a 95% reduction in
cold rolling demonstrated the excellent formability of
this alloy.

e The alloy design capitalized on the principles of meta-
stable p-Ti alloys, incorporating TRIP/TWIP mechan-
isms and controlled phase transformations (f, w, o/,
and ") to achieve an optimal balance of mechanical
properties.

e Mechanisms of dislocation slip, TRIP, and TWIP were
investigated across all samples, with dislocation slip
acting as the predominant deformation mechanism.

e The TWIP/TRIP effect was more pronounced in the
sample annealed at 700°C, which exhibited the most
superior combination of mechanical properties. This
was attributed to the synergistic effects of w phase pre-
cipitation strengthening and the harmonious inter-
action of the TWIP/TRIP mechanisms.

e The best strength-to-modulus ratio (6= 1.4-2.9%) in
the annealed samples reflects a very promising per-
formance compared to many of the materials studied.

e The lowest elastic modulus, ~27 GPa, was observed
in the samples annealed at 850 and 1000 °C.
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