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Abstract. The design and development of metastable B-type Ti alloys with
low Young’s moduli (E) requires the use of multiple B-phase stabilising
alloying elements. The most commonly used alloy development design
strategies do not provide accurate composition design. Moreover, the
process of developing alloys is still based on empirical exploration, which is
costly and time consuming. In this study, the cluster-plus-glue-atom
(CPGA) model was employed in the composition design and interpretation
of low-E, B-type Ti based alloys. Microstructure, phase analysis, Young’s
modulus (mechanical testing and nano-indentation testing) of the as-cast
alloys were investigated. The results demonstrated that the CPGA model
was effective in formulating compositions which were able to
simultaneously achieve high B-phase stability and low-E as exemplified by
the [(Mo0o4Snoe) (Ti)14] (NDb); alloy which obtained a Young’s modulus
of 59 GPa.
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1 Introduction

Surgical stainless steel (316L), cobalt-chromium (Co-Cr) alloys, and titanium (Ti) alloys are
commonly used biomaterials for orthopaedic and dental implants [1-3]. Titanium and its
alloys, specifically, are chosen for orthopaedic implants due to their excellent resistance to
corrosion and fatigue, biocompatibility, mechanical properties, and lower -elasticity
compared to other materials [4-6]. Stainless steel materials are favoured for their
affordability, availability, processability, and good biocompatibility. Cobalt-chromium
alloys, on the other hand, offer superior wear resistance, corrosion resistance, and fatigue
strength [7]. The use of 316L stainless steel and Co-Cr alloys in orthopedic applications is
constrained by the potential release of nickel (Ni), cobalt (Co), and chromium (Cr) due to
corrosion and wear. Studies indicate that Ni can lead to skin conditions like dermatitis, while
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Co has been linked to neurological problems in some patients after years of implantation.
Moreover, Cr can initiate oxidative processes in the body that may damage the kidneys, liver,
and blood cells. Additionally, the Young's modulus of Co-Cr alloys and 316L stainless steel
is considerably higher—240 GPa for Co-Cr alloys and 210 GPa for 316L stainless steel—
compared to human bone, which ranges from 10 to 30 GPa, this disparity can result in a
stress-shielding effect [7-9].

While titanium alloys, especially Ti-6Al-4V, are commonly preferred for orthopaedic
applications, they do have certain drawbacks. The Young's modulus of Ti-6Al-4V (= 110
GPa) is considerably higher than that of human bone (10-30 GPa) [10-12]. Additionally,
there have been observations of the release of vanadium (V) and aluminium (Al) ions from
Ti-6Al-4V in the human body, which limits its biomedical applications [13, 14]. Research
suggests that the release of trace amounts of vanadium (V) and aluminum (Al) in the human
body can lead to cytotoxic effects and neurological disorders, including Alzheimer’s
disease[15]. Additionally, the Young's modulus of the a + B Ti6Al4V alloy is greater than
that of B-type titanium alloys [14, 16]. To overcome these limitations, researchers have
focused on developing new Ti-based alloys that incorporate non-toxic B-stabilizing alloying
elements such as Molybdenum, Niobium, Tantalum, Tin, Chromium etc. to achieve a high
B-phase stability and a low Young’s modulus [14], [16-19].

To simultaneously achieve a low Young’s modulus and a highly stable B phase necessitates
the incorporation of multiple alloying elements [19]-[21]. In the field of multicomponent
alloy design, various methods have been employed to guide the selection of alloy
compositions. Among these methods are the d-electron concept [20], Mo-equivalence
(Moeq) [21], and electron concentration criterion (e/a) [22]. While these techniques have
been widely used, they often fall short in terms of providing precise composition design. As
a result, the development of alloys still heavily relies on empirical exploration and a trial-
and-error approach [22]. Also, the inclusion of numerous elements brings about composition
complexity, making the design process more intricate [20].

To address this complexity and facilitate the development of new alloys, Dong et.al [23]
developed the cluster-plus-glue-atom (CPGA) model for body-centered cubic (BCC) alloys,
shown in Figure 1, as an effective design approach. It introduces a novel framework of alloy
design by incorporating the concept of clusters and glue atoms, taking into account the
arrangement of atoms within the alloy structure and their interactions. This model provides
the basic compositional and structural information of a material through its cluster formula
[(center atom) -(shell atoms)i4] (glue atoms)ig]. The elements are positioned within the
formula based on their interactions, characterized by their enthalpy of mixing (AH). Elements
with a negative AH, such as Mo (-4 kJ/mol) and Sn (-21 kJ/mol), are preferentially placed at
the cluster centre. Elements with a positive AH, like Nb (2 kJ/mol), are assigned to the glue
site. Elements with a AH of zero (0), such as Ti (0 kJ/mol), are positioned in the cluster shell.
By appropriately arranging the alloying elements within the cluster formula, the CPGA
model enables the design of alloys with high [ phase stability and a low Young’s modulus.
This approach helps mitigate the challenges associated with composition complexity in
multi-component systems [21], [24-27]. Researchers and engineers can streamline the alloy
design process, reduce the reliance on empirical exploration, and enhance the accuracy of
composition design by utilising the CPGA model. This model represents a significant
advancement in the field of multicomponent alloy design, offering a more efficient and
precise approach to optimise alloy compositions for various applications. In this paper, the
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CPGA model with cluster formula [(Moi,Sny)(T1)14](Nb); was used to design low Young’s
modulus B-Ti Alloys for orthopaedic applications.

Fig. 1: Geometrical configuration of the cluster-plus-glue-atom model for BCC structure [22].
It consists of eight green atoms of the 1st-neighbor shell and six blue atoms of the 2nd-neighbor shell.
The red represents the cluster centre atom, and the grey are the glue atoms.

2 Methodology

2.1 Starting materials

The materials used in this study were angular shaped Ti and Nb powder with particles sizes
of -45 and -5 pum respectively, spherically shaped Mo and Sn powder with particles sizes of -
150 pm. The Ti and Nb powders were provided by Thermo Scientific (SA), while the Sn and
Mo powders were sourced from Alfa Aesar (USA).

2.2 Alloy design and fabrication

The CPGA model which arranges alloying elements within the cluster formula thus providing
chemical compositions of highly stable B phase alloys with low Young’s modulus was
employed to formulate chemical compositions (Table 1) for alloys to be used in this study.
100 g of powders per alloy were weighed using an Ohaus EX 224 balance. The powders were
subsequently mixed and compacted into green compacts with a diameter of 45 mm using a
uniaxial cold compacting machine at a pressure of 250 bars. The compacted samples were
subsequently melted in an arc furnace using a non-consumable tungsten electrode and a water-
cooled copper crucible, all within an argon atmosphere. Ti getters were employed to minimize
oxidation during the process. To ensure homogeneity, the samples were inverted and re-
melted five times.

Table 1: Chemical composition of the starting alloys.

Cluster formula Composition (wt. %)

[(MoosSng2) (Ti)14] (Nb); Ti-8.9Mo0-10.8Nb-2.7Sn
[(Moo.75Sn025) (Ti)14] (Nb); | Ti-8.3Mo-10.7Nb-3.4Sn
[(Mo04Sng6) (Ti)14] (Nb); Ti-4.4Mo-10.6Nb-8.2Sn
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2.3 Microstructure, chemical composition and phase analysis

To analyze the microstructure of the samples, a Leica DMI 5000M optical microscope was
employed. Precision-cut samples from the as-cast ingots were mounted, ground, and polished
according to the ASTM E3-11 standard guide for metallographic specimen preparation. For
final polishing, colloidal silica (3 um) was used. The samples were etched with Kroll’s
reagent, consisting of 3 ml HNO3, 2 ml HF, and 100 ml distilled water. Phase identification
was conducted using a PANalytical Empyrean diffractometer system. The system operated at
45 kV and 40 mA, with Cu Ka as the X-ray source, having A1 = 0.1540598 nm and A2 =
1.544426 nm. The scan range for the diffraction analysis was set from 20 to 90 degrees 26.

2.4 Mechanical testing

Tensile testing was carried out using an Instron 1342 mechanical testing machine. The
dimensions of the tensile specimen are illustrated in Figure 2. The testing was conducted at a
speed of 0.5 mm/sec, and three test specimens were tested for each alloy.
The elastic modulus of the alloys was determined using an AntonPaar TTXNHT3 nano-
indenter following the ASTM D785 standard. The nano-indenter was operated with an applied
load of 400mN, a penetration time of 20 seconds, a holding time of 20 seconds, and a releasing
time of 20 seconds. An average of five tests per sample was conducted to obtain accurate
measurements.

Fig. 2: Schematic dimensions of the tensile specimen.

3 Results

3.1 Microstructure, chemical composition, and phase analysis

Optical images of the microstructures of the alloys are depicted in Figure 3. All the alloys
exhibited large equiaxed B grains without any signs of secondary phases. The microstructure
of the [(Moo.75Sn0.25) (Ti)14] (Nb)1 and [(Moo4Sno6) (Ti)14] (Nb): (Figure 2 b and c¢) revealed sub-
grain structures within the primary grains when etched. The presence of such structures in
titanium alloys is commonly associated with the recovery of work-hardened alloys [21];
however, they have also been observed in as-cast metastable B-type Ti alloys, likely due to
compositional variations [28-29] as alloying elements such as Mo, Nb and Sn are known to
effortlessly segregate during the solidification process in Ti alloys [30—34].
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Fig. 3: Optical micrographs of the alloys (a) [(Moo.sSno.2) (Ti)14] (Nb)1], (b) [(M00.75Sn0.25)
(Ti)14] (Nb)1 and (c) [(Moo.4Sno.e) (Ti)14] (Nb)1. x100.

3.2 XRD analysis

The X-ray diffraction patterns obtained from the alloys are depicted in Figure 4. The alloys
[(MoosSng2) (Ti)ia] (Nb); and [(Moo75Sng2s) (Ti)ia] (Nb); exhibited diffraction peaks
associated with the B phase. However, the alloy [(Moo4Snoes) (Ti)ia] (Nb); displayed
diffraction peaks corresponding to both the § phase and the secondary martensitic a” phase.
It is important to note that due to the rapid solidification and cooling resulting from
solidification in the copper mold, the final microstructure is anticipated to consist of
metastable phases [21]. The formation of the observed secondary phase is said to form via a
co-operative shear of atoms from the f phase and is seen in rapidly cooled alloys [35, 36]
containing a lean concentration of B stabilizing elements [37]. The presence of the a” phase
depends on the proportion of B stabilizing elements, as suggested by [37-38]. The results
demonstrate that the substitution of 0.6 Mo atoms with Sn atoms resulted in the
destabilization of the  phase. This observation can be attributed to the relative effectiveness
of Mo as a 3 phase stabilizer compared to Sn. It can be inferred that the presence of higher
amounts of Sn in the alloy contributed to a reduced stabilization effect on the  phase, leading
to its destabilization hence the formation of the secondary martensitic a” phase.
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Fig. 4: XRD patters of the alloys (a) [(Moo.sSno2) (Ti)1a] (Nb)], (b) [(Moo.75Sno.25) (Ti)14] (Nb)1 and
(c) [(Mo0.4Sno.6) (Ti)14] (Nb)1.

3.3 Mechanical testing

Figures 5 and 6 show the tensile strength and elastic modulus of the alloys respectively. The
results show that the [(MogsSno2) (Ti)14] (Nb); and the [(Moo4Snos) (Ti)14] (Nb); alloys had
similar tensile strengths with averages of 540 and 578 MPa respectively. The tensile strength
of the [(Moo.75Sno.25) (Ti)i14] (Nb): had an average of 401 MPa. However, the overlapping
error bars on all samples indicate that there were no significant differences in the tensile
strength.
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Fig. 5: Tensile results of the designed alloys.
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Fig. 6: Young’s modulus of the designed alloys along with those of CP-Ti and Ti6Al4V found in
literature for comparion purposes.

The determined elastic moduli of all the formulated alloys were found to be lower compared
to both commercially favoured Ti6Al4V (110 GPa) orthopaedic alloys and CP-Ti (105 GPa)
[39]. Specifically, the [(MoosgSno2) (Ti)14] (Nb): alloy exhibited an elastic modulus of 87
GPa. Notably, an increase in the Sn atom content from 0.2 to 0.25 within the cluster formula
resulted in a decrease in the elastic modulus from 87 GPa to 69 GPa. Subsequently, a further
increase in Sn atom content to 0.6 yielded an even lower elastic modulus of 59 GPa, as
observed in the [(Mog4Snge) (Ti)14] (Nb); alloy. The observed elastic modulus of 59 GPa in
the [(Moo4Snos) (Ti)14] (Nb); alloy was not expected since this alloy contained minor volume
fractions of the a” phase which has been said to increase the elastic modulus of B-Ti alloys
since the elastic modulus of the o phase is higher than that of the  phase [11, 20, 40].
However, contrary to these expectations, previous studies by researchers such as [25,37],
[38], have reported a lower elastic modulus in alloys containing the secondary a” phase
compared to those composed entirely of the  phase. Their results also indicated that their
alloys contained minor fractions of the ® phase which is said has the highest elastic modulus
amongst all these phases [40-41]. It is possible that the volume fraction of the ® phase was
higher in the alloys which comprised of the B phase hence the higher elastic modulus. In this
work, the XRD analysis was unable to detect the ® phase which has been said to be difficult
to detect without the use of slow scanning speeds [38]. Further phase analysis methods such
as electron backscatter diffraction (EBSD) or transmission electron microscopy (TEM) are
required to confirm if this was also the case in the studied alloys.

The nanoindentation load-displacement curves of the designed alloys subjected to
indentation loads of 400 mN are presented in Figure 7 with the results given in Table 2. From
the figure, it can be seen that the alloys exhibit similar loading and unloading behaviours that
are smooth with no pop-in effect. The load-displacement curves show that the [(Moo.sSno.)
(Ti)14] (ND); alloy had a low penetration depth, that is, the indenter does not penetrate easily
into the material. This resistance can be attributed to the stiffness of the alloy, which is
indicative of its high modulus (82 GPa). The addition of 0.25 and 0.6 Atoms of Sn into the
cluster formula, substituting the Mo atoms, resulted in an increase in the depth of penetration
as evidenced by the unloading curves shifting to the right thus indicating softening of the
alloys which translates to a decrease in elastic modulus where the values for the
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[(Moo.75Sng25) (Ti)14] (Nb): and [(Moo4Snos) (Ti)14] (Nb); were 73 and 68 GPa, respectively.
The trend observed in the elastic modulus values from the nano-indentation correlates with
that obtained from mechanical testing where the increase in the number of Sn atoms (wt.%

Sn) resulted in a decrease in the Young’s modulus.

Several studies have reported the

reduction in elastic modulus of B-type titanium alloys by incorporating Sn as an alloying
element. Xie et.al [42] investigated the effect of Sn addition on Ti-Nb-Sn alloys. Similarly,
Hao et.al [43] studied the impact of Sn in Ti-Nb-Zr-Sn alloys. Additionally, Zhang et.al [44]
examined the influence of Sn in Ti-Nb-Mo-Sn alloys, while another study by Moraes et.al
[38] focused on Ti-Nb-Sn alloys. In all these investigations, the common finding was a
decrease in the elastic modulus of the alloys due to the addition and increase of Sn.

Table 2: Nano-indentation elastic modulus of the alloys.

Cluster formula Elastic Modulus (E)
(GPa)
[(MoosSno.2) (Ti)14] (Nb), 82
[(Moo.75Sn0.25) (Ti)14] (Nb); 73
[(Mo094Sng6) (Ti)14] (Nb) 68
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Fig. 7: Nano-indentation elastic modulus of the alloys.
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4 Conclusions and future work

In this study, the CPGA model with cluster formula [(Mox,Sny)(Ti)14](Nb); was used to
design low Young’s modulus B-Ti Alloys for orthopaedic applications.

The alloys formulated in this study were found to exhibit microstructures consisting
of equiaxed P grains, and no evidence of secondary phases was observed.

X-ray diffraction (XRD) analysis was conducted to investigate the structural
characteristics resulting from the substitution of 0.25 and 0.6 atoms of Mo with Sn
in the cluster shell. The analysis revealed the presence of minute secondary o
phases, suggesting that the addition of Sn led to the formation of these secondary
phases within the alloy structure.

Mechanical testing and nano-indentation results consistently indicated that the
elastic modulus of the alloys was lower compared to the conventional orthopaedic
implants which can be advantageous for orthopaedic applications by potentially
reducing stress shielding effects and improving biomechanical compatibility.

The CPGA (Cluster-plus-Glue-Atom) model was utilized in this study to design
multi-alloy compositions that exhibit high B-phase stability and a low elastic
modulus. The model proved to be effective in achieving this objective by
optimising the alloy compositions. Among the tested compositions, the
[(Moo4Sngs) (Ti)14] (Nb); alloy exhibited the lowest elastic modulus, with a value
of 59 GPa.

Future work will be undertaken to study the influence of increased Sn on the [(Mo;-
Sny) (Ti)14] (Nb); alloy to see if the elastic modulus can be further decreased.

Phase analysis using EBSD an TEM will be undertaken to analyse and study the ®
phase if present in the alloys.

This research was financially supported by the Titanium Centre of Competence (TiCoC), the Council
for Scientific and Industrial Research (CSIR) and the Department of Science and Innovation (DSI).
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