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Abstract. B2-CsCl intermetallic compounds exhibit excellent high-
temperature stability, corrosion resistance, and mechanical strength. During
solidification, these compounds can recrystallise and undergo martensitic
phase transformation, a phenomenon widely studied in TiNi and associated
with shape memory behaviour. In contrast, the B2 phase of TiRu, with Ru
being the least expensive platinum group metal, remains thermodynamically
stable down to room temperature, showing no phase change, and is thus not
a high-temperature shape memory alloy. This raises a key research question:
why does B2 TiRu not exhibit transformation behaviour comparable to TiNi
and TiPd, and how does its experimental phase stability differ? This study
investigated the metallurgical characterisation of TiRu, TiNi, and TiPd
alloys produced via arc melting under argon. X-ray diffraction (XRD)
confirmed the stable B2 phase in TiRu, while TiNi and TiPd exhibited
multiple secondary phases, indicating B2 instability and potential phase
transformations at lower temperatures. Micro-Vickers hardness
measurements and optical microscopy revealed relationships between
microstructure and mechanical response. Hardness of TiNi and TiPd
improved upon annealing due to grain refinement, whereas TiRu softened,
likely due to grain coarsening.

1 Introduction

Titanium (T1i) based intermetallic alloys consisting of B2 (CsCl-type) phase with space group
Pm-3m (#221), have gained significant attention due to their superior high-temperature
stability, corrosion resistance, and mechanical properties, making them ideal candidates for
aerospace and high-temperature structural applications [1-3]. B2 alloys are broadly classified
based on their phase stability, with some undergoing martensitic phase transformation
(MPT), a characteristic widely observed in TiNi alloy, while others, such as TiRu, retain their
B2 crystal structure at room temperature [4]. This martensitic phase transformation,
particularly in the Ti-Ni system at composition near equiatomic, is well known to proceed
through a two-step process, starting from B2 austenite to monoclinic B19’, with an
intermediate B19 orthorhombic phase [5].
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Figures 1 and 2 present the binary phase diagrams of the TiNi, TiPd, and TiRu systems.
Common to all is the formation of a B2 phase at high temperatures, and upon cooling, the
behaviour of this B2 phase differs significantly among these compounds. In the TiNi and
TiPd systems, as illustrated in Figures 1(a) and 1(b), their B2 phase becomes unstable at
lower temperatures, resulting in the formation of low-symmetry phases such as B19, B19', or
other intermetallic compounds. This is a clear indication that the B2 of these compounds is
likely to undergo martensitic phase transformation at lower temperatures. In contrast, the
binary phase diagram of TiRu given in Figure 2 reveals only the presence of the B2 phase.
This indicates that the B2 of TiRu remains thermodynamically stable, retaining its sole B2
phase throughout the solidification range without undergoing any phase transformation. This
behaviour differs from the TiNi and TiPd binary systems [6-8].
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Fig. 1. TiNi and TiPd binary phase diagrams [6, 8]. Figure 1(a) reprinted from  J. L. Murray, Ni-Ti
(nickel-titanium). Binary Alloy Phase Diagrams, 2nd ED., ed. T. B. Massalski, 3, 1763-1767 (1986).
And Figure 1(b) is reprinted from H. Okamoto, Pd-Ti (Palladium-Titanium). J. Phase Equilib. Diffus.
34, 74-75 (2013).
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Fig. 2. The binary phase diagram of TiRu alloy [7]. J.L. Murray, The Ru-Ti (ruthenium-titanium)
System. Bulletin of Alloy Phase Diagrams. 3, 216-221 (1982)
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Nitinol (TiNi) is a widely studied shape memory alloy (SMA) due to its remarkable shape
memory effect (SME) and pseudo-elasticity (PE), rendering it ideal for applications in
biomedical, actuator, and aerospace industries. However, Nitinol has limitations, including
low transformation temperatures (~100 °C), poor high-temperature mechanical properties,
and oxidation resistance, restricting its use in extreme environments [3,9].

To address these challenges, our previous studies employed density functional theory
(DFT) calculations to investigate the MPT behaviour of these three binary alloys, including
B2 TiPt [9-10]. In addition, the incorporation of Group 10 transition metals (Ni, Pd and Pt)
into the stable B2 TiRu system to induce MPT and improve its martensitic transformation
characteristics was explored [12-14]. Theoretical predictions suggest that alloying B2 TiRu
with the above-mentioned transition metals impacts its stability and enables phase transition
[12-14]. However, experimental validation is required to assess the accuracy of these
predictions and their practical implications.

Drawing from the previous theoretical observations, the current study presents the initial
experimental effort to manufacture and characterise three Ti-based B2 binary alloys, namely,
TiNi, TiRu, and TiPd. The objective is to investigate their equilibrium phase stability and
phase transformation behaviour using metallurgical characterisation techniques. The findings
of this study aim to increase the understanding of equiatomic B2 intermetallic alloys,
particularly in the context of high-temperature and shape memory applications.

2 Experimental procedures

2.1 Alloys production and annealing

Button ingots of 20g each of the three investigated B2 Ti-based binary alloys were produced
using a state-of-the-art AMAZEMET arc melting technique, shown in Figure 3. High-purity
titanium and Group VIIIB metallic powders were arc-melted in the AMAZEMET system
equipped with a tungsten electrode and a water-cooled copper hearth. The melting process
was conducted under a controlled argon atmosphere to prevent oxidation. To ensure chemical
homogeneity, each ingot was flipped and re-melted at least three times.
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Fig. 3. The AMAZEMET® system used for melting button ingots in this study, with all the essential
units labelled [15].

After melting, representative samples with dimensions of 10 x 10 X 5 mm were sectioned
from the respective button ingots using electric discharge machining (EDM). For each alloy
(TiNi, TiPd, and TiRu), two sectioned samples were prepared, one retained in the as-cast
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condition and the other subjected to annealing. The annealed labelled samples were placed
into the Carbolite-Gero® vertical tube furnace set to 1100 °C, with a heating rate of 10
°C/min under a controlled Argon atmosphere. The samples were solution treated at this
temperature for 1 hour and then allowed to cool to room temperature within the furnace.

2.2 Metallography preparation and phase identification

All six samples, representing both the as-cast (AC) and annealed (AN) conditions, were
mounted in black resin, uniquely labelled, and ground using SiC abrasive papers. Thereafter,
polished down to a 1pm mirror-like surface finish suitable for metallurgical characterisation.

The prepared samples’ surfaces were etched using a modified Kroll’s reagent solution
(10% HF, 10% HNO; and 80% H,0). Kroll’s reagent is widely recognised for its
effectiveness in revealing the microstructural features of titanium and its alloys. However,
the presence of platinum group metals (PGMs) in TiPd and TiRu renders this reagent
ineffective to expose their underlying microstructures. Thus, the aqua-regia solution of 75%
HCI and 25% HNO; was considered for these two binary alloys, and still, TiRu could not be
attacked by either Kroll’s or the aqua-regia reagents.

Additionally, phase identification and crystal properties of the investigated alloys were
conducted using X-ray diffraction. XRD is a non-destructive analytical technique capable of
identifying crystalline phases and determining structural properties such as lattice parameters
[16].

XRD scans were performed on the as-polished surfaces of the investigated B2 binary
compounds using a Bruker D8® X-Ray diffractometer equipped with a CoKa X-ray source
(A=1.78897 A). Data capturing was set with a step increment of 0.02° per second in a non-
rotating mode, ranging from 5° to 80° of the 20 angle.

Thereafter, the collected XRD patterns were analysed using EVA® software (Bruker’s
evaluation software for XRD data analysis) for peak identification. Subsequently, the phase
identification and peaks matching were performed using the International Centre of
Diffraction Data (ICDD) PDF-2 2003 database.

2.3 Hardness measurement

Additionally, the as-cast and the annealed samples were subjected to hardness measurement
using a Falcon® 400 micro-Vickers hardness tester. Five random indentations were made on
the prepared surfaces of the mounted samples using a load of 2 kg (HV») with a dwelling
time of 15s. Hardness data have a close relationship with a material’s mechanical properties,
such as strength and ductility. Hence, for solid materials, it is regarded as a measurement of
their resistance to permanent shape change when a constant compressive load is applied [17].

3 Results and discussions

3.1 Microstructural results

Figures 4 to 6 display the optical microscope (OM) micrographs of the investigated TiNi,
TiPd, and TiRu binary compounds.

Figure 4 (a) and (b) show the OM microstructures of the AC and AN TiNi samples,
respectively. In the AC condition shown in Figure 4(a), there are distinct dendritic grains.
This formation results from the rapid cooling during solidification in the casting process,
which leads to a noticeable retention of the high-temperature B2 phase down to room
temperature. Such retention reflects a metastable condition, temporarily preserved by the fast
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cooling, rather than true equilibrium stability. The microstructure also reveals phases of
darker and lighter contrast at the slightly coarser grain boundaries. This indicates segregation
into nickel-rich and titanium-rich phases within the grains, which can be attributed to narrow
compositional variations and uneven cooling rates during the solidification (see Figure 1(a))
[18].

The annealing process was undertaken to ensure elemental segregation is eliminated and
to refine the phase distribution resulting from the rapid solidification of non-equilibrium
microstructures, such as retained and metastable phases. This process promotes the recovery
and recrystallisation of microstructural phases, leading to refined and uniformly dispersed
grains within the matrix and facilitating the precipitation of secondary phases [19]. Hence, it
is a well-known fact that the strength and hardness of conventional metals increase as grain
size decreases, a fundamental concept described as the Hall-Petch effect [20].

In Figure 4(b), the annealing process appears to have reduced the grain size, resulting in
grains that are more evenly distributed across the matrix [19]. This may have a strengthening
effect on the properties of the annealed sample, as secondary phases are homogeneously
diffused.

Fig. 4. The optical microscope micrographs of TiNi, representing the (a) as-cast and (b) annealed
conditions, respectively.

Figure 5(a) and (b) illustrate the microstructures of the AC and AN TiPd samples,
respectively. As shown in the binary phase diagram in Figure 1(b), the B2 phase of TiPd
solidifies over a broader compositional range than TiNi. This broader window can promote
the formation of secondary phases during solidification at uneven rates.

In Figure 5(a), the phases are distributed heterogeneously, though the grains appear fine.
In contrast, Figure 5(b) demonstrates that the annealing process significantly refines the
grains, leading to a more homogencous distribution of the phases. However, this refinement
may only have a limited effect on the material’s overall strengthening, since the grain sizes
remain relatively similar between the AC and AN conditions, and other factors such as
precipitation also play a role.
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Fig. 5. The optical microscope micrographs of TiPd, representing the (a) as-cast and (b) annealed
conditions, respectively.

As mentioned in Section 2.2, neither Kroll's reagent nor the aqua regia solution
successfully revealed the microstructure of the TiRu binary representative under the annealed
condition. Only the as-cast sample showed observable features, which appear relatively
homogenised with finely dispersed grains throughout the matrix. Consequently, this limited
observation illustrated in Figure 6 presents only the AC microstructure, consistent with the
known stability of the B2 phase of TiRu down to room temperature, with no detectable
secondary phases [10-14]. In contrast, the B2 phases of TiNi and TiPd are naturally less stable
and tend to develop secondary phases, leading to phase transformations at lower
temperatures, see Figure 1(a) and (b).

Fig. 6. The optical microscope micrograph of TiRu representing the as-cast condition.

3.2 XRD phase identification results

Figures 6 and 7 present the XRD patterns for the TiNi, TiPd, and TiRu compounds
investigated. Figure 6(a) illustrates the TiNi system, while Figure 6(b) shows the TiPd
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system, both presented in their AC and AN conditions, respectively. Meanwhile, Figure 7
presents the XRD patterns of the TiRu system in its as-cast condition.

In the bottom panel of Figure 6(a), three phases were detected in the TiNi-AC sample,
confirming the presence of a high-temperature B2-TiNi phase (cubic, Pm-3m, #221), the low-
temperature NiTi, (cubic, Fd-3m, #227), which is associated with a martensitic phase, as well
as the presence of the a-Ti phase. The AC results reported here agreed with the work reported
by Jones et al. [21]. On the other hand, the top panel of Figure 6(a) shows the presence of
five intermetallic phases in the TiNi-AN sample. This confirms the presence of B19’ TiNi
(monoclinic, P2;/m, #11), B2-NiTi (cubic, Pm-3m, #221), NiT1i, (cubic, Fd-3m, #227), Ni3Ti
(hexagonal, P63/mmc, #194) and Ni4Ti3 (hexagonal, R-3, #148) phases.

The XRD pattern on the bottom panel of Figure 6(b) reveals four distinct intermetallic
phases in the TiPd-AC sample. These include the presence of B2-PdTi (cubic, Pm3m, #221),
Pd,Ti (tetragonal, [4/mmm, #139), PdTi (orthorhombic, Pmma, #51), and Pd;Ti (hexagonal,
P63/mmc, #194) phases. Additionally, the top panel of Figure 6(b) shows five distinct phases
identified in the TiPd-AN sample, confirming the presence of PdTi (orthorhombic, Pmma,
#51), TiPd; (hexagonal, P63/mmc, #194), Pd,Ti (tetragonal, 14/mmm, #139), as well as o
(HCP) and y (FCC) solid solutions.

In Figure 7, a sole intermetallic phase was identified as the B2-TiRu (cubic, Pm-3m,
#221). The stability of B2 TiRu persists down to room temperature, with no detectable
secondary phases.
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Fig. 6. The XRD patterns of the B2 TiNi and TiPd compounds, in their as-cast and annealed
conditions, respectively.
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Fig. 7. The XRD patterns of the B2 TiRu compound in the as-cast condition.

The reported XRD results agree well with the microstructural features observed in Section
3.1, as well as the phases present in the respective binary phase diagrams (see Figures 1 and
2). Furthermore, all the XRD patterns reported here consist of a common peak at around 30°
in the 20 position, identified as graphite from the mounting resin.

3.3 Vickers hardness results

Figure 8 presents the micro-Vickers hardness results obtained from the investigated B2
compounds. The graph displays the average HV, values plotted along with error bars
reflecting the standard deviation for both the as-cast and annealed representative samples. It
is well known that the strength or hardness of conventional metals increases with decreasing
grain size, a fundamental concept well outlined by the Hall-Petch principle [20].

For B2 TiNi, the Vickers hardness values were found to increase from an average of 235.5
to 390.1 HV; for the AC and AN samples, respectively. This significant hardening effect
observed after annealing is likely due to enhanced ordering of the B2 phase, and the
precipitation of Ni3Ti, B19' and NisTi3 intermetallic phases as shown in Figure 6 (a). The
small error bars indicate the consistency of the reported results, which can be attributed to
possible phase uniformity and minimal segregation.

In the case of B2 TiPd, the hardness values were found to average at 259.6 and 308.8 HV;
for both the AC and AN samples, respectively. As shown in Figure 8, the moderate hardening
effect observed after annealing suggests that the B2 phase remained relatively stable
throughout the process. This is also the evidence with the low error bars observed. The slight
increase in hardness may be attributed to the segregation of the martensitic Pmma-PdTi phase
into elemental Pd and Ti phases, as shown by the XRD peaks given in Figure 6(b). This may
result from the reduced internal strain due to annealing, a common characteristic observed in
TiPd-based shape memory alloys [1-2].

For B2 TiRu, an opposite trend was observed, with average values of 475.1 and 392.9
HV; for AC and AN samples, respectively. As shown in Figure 6, the AC microstructure
reveals grain boundary precipitates, which may be evidence of the high hardness of B2 in its
AC condition. This suggests that the B2 phase in TiRu remains relatively stable even at room
temperature, as theoretically expected [22]. The annealing process introduced some softening
to the compound, likely due to the grain coarsening of the dominant B2 phase throughout the
matrix, which is reflected by the hardness reduction on the AN sample.
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Although Figure 7 shows that only B2 was detected in the XRD pattern, other phases,
such as Ti-rich or Ru-rich, might be present, judging from the agglomerated dark contrasts
on the grain boundaries of the microstructure shown in Figure 6. These possible phases, if
present, may be either thermodynamically unstable or they are below the XRD detection limit
(~2 wt.%). Efforts to ascertain this will form part of our future work to study these metastable
phases using a scanning electron microscope (SEM) [23]. These observations agree with a
DFT study conducted by Xing et al., which reported the possible existence of other
metastable phases in TiRu, such as Ru,Ti, RuTis, and TiRus [24-25]. However, to date, there
is no experimental work that has been conducted to verify the existence of such metastable
phases.

Though the hardness results reported here were found to differ from those reported by
other researchers, such as 216 HVs, for B2 TiNi, 262 HV s for B2 TiPd and 699 HVsy for B2
TiRu, the general trends observed were found to be in good agreement [26]. Furthermore, the
hardness results reported here are in support of the microstructural morphology shown in
Figures 4 to 6, as discussed in Section 3.1.
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Fig. 8. The Vickers hardness results of the investigated B2 compounds.

4 Conclusions

This study successfully carried out the metallurgical characterisation of TiNi, TiPd, and TiRu
alloys in both as-cast conditions. The XRD analysis confirmed and identified the presence of
some retained B2, orthorhombic, and hexagonal phases, which were found to correlate well
with the microstructural features observed in the optical microscope. This was eventually
validated by the micro-Vickers hardness profile obtained. These results provide vital
information about the shape memory effect in TiNi and TiPd. While B2 TiRu remains stable
at room temperature, exhibiting no phase transformation, B2 of TiNi and TiPd upon cooling
decompose into secondary phases, indicating a possible phase transformation. Future work
will involve the assessment of mechanical properties and transformation behaviour of these
B2 compounds using Differential Scanning Calorimetry (DSC) and verifying the existence
of the metastable phases in the TiRu binary system using SEM coupled with Energy
Dispersive Spectroscopy (EDS) analysis.
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