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Abstract

X-ray diffraction (XRD) is routinely used to characterise Ti alloys, as it provides insight on structure-
related aspects. However, there are no dedicated reports on its accuracy are available. To fill this gap,
this work aims at examining the benefits and limitations of XRD analysis for phase identification in Ti-
based alloys. It is worth mentioning that this study analyses both standard and experimental Ti alloys
but the scope is primarily on alloys slow cooled from high temperature, thus characterised by
equilibrium microstructures. To be comprehensive, this study considers the all spectrum of Ti alloys,
ranging from alpha to beta Ti alloys. It is found that successful identification and quantification of the
phases is achieved in the majority of the different type of Ti-based alloys. However, in some instances
like for near-alpha alloys, the output of XRD analysis needs to be complemented with other
characterisation techniques such as microscopy to be able to fully characterise the material. The
correlation between the results of XRD analysis and the molybdenum equivalent parameter (MoE),
which is widely used to design Ti alloys, was also investigated using structural-analytical models. The
parallel model is found to be the best to estimate the amount of 3-Ti phase as a function of the MoE
parameter.

1. Introduction

Materials characterisation techniques are paramount when developing advanced materials. Amongst them,
x-ray diffraction (XRD) is a simple, powerful, non-destructive method used on both particulate and bulk
materials [1]. XRD is commonly used as able to provide basic information about the structure/phases [2],
texture [3] as well as other more advanced structural parameters including crystallinity, lattice strain [4], and
crystal defects [5]. The output of a XRD experiment is a XRD pattern in which the position and relative intensity
of the peaks yield the fingerprint of the underlying crystalline structure. This is used to identify the phases
present in the material, derived the unit cells, and identify the diffraction planes of such unit cells [6]. This is
possible because an incident x-rays beam with an angle 6 is reflected off with the same angle. Such reflection
derives from crystal planes that are a distance d apart. The Bragg law (i.e. A = 2d sin 6, where )\ is the wavelength)
is then used to deduce the crystal structure based on the constructive interfere between the incident and reflected
beams [1]. Comparing and contrasting experimental XRD patterns with databases permits to label the
diffraction peaks present in the material.

Titanium (T1) and its alloys are advanced materials generally used in high demanding applications like
aerospace/aeronautic and biomedical because of the wide range of combinations of properties they provide
[7-9]. Such combinations of performance are achievable because Ti is an allotropic material. The addition of
alloying elements either stabilises the low temperature hexagonal close packed (HCP) a-Ti phase or the high
temperature body centred cubic (BCC) 3-Tiphase, with some few exceptions [10, 11]. Tialloys are, therefore,
categorised as a alloys, o+ Ti alloys, and B alloys depending on the dominant phase(s) present in the
microstructure [12, 13]. Nevertheless, the addition of specific alloying elements, the use of particular processing
procedure, or the combination of both can also bring about the formation of metastable phases in Ti.

© 2024 The Author(s). Published by IOP Publishing Ltd
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Table 1. Composition and type of Ti-based alloys analysed.

Composition Alloy type Status References
PureTi Alpha (a) Standard [19]
Ti-3A1-2.5V Near-alpha (o) Standard [20]
Ti-1Cu-1Mn Near-alpha (a) Experimental [21]
Ti-6Al-4V Alpha+beta (a+0) Standard [22]
Ti-2Nb-2Fe Alpha-+beta (a+0) Experimental [23]
Ti-5A1-5V-5Mo0-3Cr Near-beta (3) Standard [24]
Ti-5Mn-5Nb Near-beta (3) Experimental [25]
Ti-5Mn-5Fe Metastable beta (3) Experimental [26]
Ti-10Mn Stable beta (3) Experimental [27]

Specifically, o’, &, athermal w, and isothermal w are the main metastable phases that can be formed in Ti [14].
More in detail, the hexagonal o’ martensitic phase is commonly obtained upon quenching of Ti alloys with low-
to-medium amount of 3 stabilisers. As the a’martensitic phase shares the same lattice and Burger orientation
relationships with the 5-Ti phase of the a-Ti phase (i.e. (110)5//(0002), and [1 1 1]3//[1120),,), it is generally
difficult to discern them purely based on XRD measurements. With the increment of the amount of 3 stabilisers,
the lattice of the o’martensitic phase gets distorted, losing the hexagonal symmetry, and thus transforming into
the orthorhombic o martensitic phase. The two types of w phase share the same trigonal /non-compact
hexagonal lattice, depending on whether the amount of 3 stabilisers is very high or high, respectively. However,
the athermal one forms upon the decomposition of the 5-Ti phase in alloys where the martensitic
transformation is suppressed whereas the isothermal one forms during ageing heat treatments. It is worth
mentioning that all these non-equilibrium phases (i.e. @’, &, athermal wand isothermal w) generally lead to the
embrittlement of the alloy [15]. Thus they are generally avoided or used either as transient phases upon
subsequent heat treatments (i.e. quenching plus ageing [16, 17]) or to enhance a specific property (e.g.

stiffness [18]).

To the best knowledge of the authors, there is not a specific dedicated piece of work in literature analysing the
accuracy of XRD for detecting phases in Ti alloys with near-equilibrium microstructure. This will be valuable as
XRD is universally employed when new Ti alloys with unprecedented compositions are developed. Therefore,
this work aims to highlight the advantages and limitations of using XRD for the characterisation of the phases
present in different types of Ti-based alloys. These include alpha, alpha+beta, and beta Ti alloys, covering the
full spectrum of Ti alloys. Furthermore, the work is complemented with the establishment of the correlation
between the output of XRD analysis and the molybdenum equivalent parameter (MoE). This is significant as the
MoE parameter is routinely used to design new Ti alloys.

2. Alloys analysed

A variety of Ti-based alloys were considered to analyse the advantages and limitations of XRD to identify the
phase(s) constituting them. The composition and type of Ti-based alloys analysed are reported in table 1. Itis
worth mentioning that compositions are in weight percentage (wt%), unless otherwise indicated. For the sake of
comparison and make to study more reliable, both standard and experimental Ti alloys were considered. A
standard Ti alloy is an established material utilised in industry and that can be found in handbooks like [10],
whereas experimental Ti alloys are new alloys being created for enhanced performance or reduced cost.

The Ti-based alloy compositions of table | were obtained through powder metallurgy, which generally
involves shaping of the loose powder and its consolidation via sintering. The selected Ti-based alloys, whose
manufacturing details can be found in the specific references, were slow cooled, resulting in a near-equilibrium
microstructure. The only exception is the Ti-10Mn alloy, which was forged in the G field (i.e. 1150 °C) [27].

XRD patterns of the Ti-based alloys were obtained by means of Philips X’pert with Cu K, radiation (1.54 IOA).
For that the materials were scanned at a rate 0f 0.013°, with dwell time of 0.5 s, in the 30—80° range. In order to
confirm the phases present in the near-equilibrium microstructure of the Ti-based alloys, the samples were cut
and prepared metallographically using progressively finer SiC grinding papers followed by polishing using an
OPS solution. A water-based Kroll solution (2HF 4+ 4HNOj3, vol.%) was eventually used to chemically etch the
samples to reveal the microconstituents. Microstructural analysis was performed via an Olympus BX-60 optical
microscope and a Hitachi S-4700 SEM equipped with an EDS detector.
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Figure 1. XRD pattern of pure Ti (a) and associated optical micrograph (b).

3. XRD and microstructural analyses

Figure 1 shows the XRD pattern of pure Tiand the associated optical micrograph. As expected, only diffraction
peaks related to the a-Ti phase are present in the XRD pattern (figure 1(a)). This XRD pattern is the typical of pure
Tislow cooled from above its beta transus. Upon colling, a-Ti grains nucleate and grow from the prior 3-Ti that
constitute the material at high temperatures. Due to the slow cooling characteristic of vacuum sintering, which
results in a near-equilibrium microstructure, the @-Ti(101) plane peak has the highest relative intensity. A similar
behaviour is also found in pure Ti processed via repeated cold-rolling and annealing steps as demonstrated by the
study of Niu et al [28] where the material is characterized by equiaxed grains and the a-Ti (101) plane peak is the
major XRD peak. In agreement with the XRD results, the microstructure of pure Tiis entirely composed of
equiaxed a-Tigrains (figure 1(b)). It is worth mentioning that, as the alloys were obtained through powder
metallurgy, residual pores are present in the microstructure. They are visible as isolated, (almost)spherical, black
dots in the micrograph. They are found either at the a-Ti grain boundaries (i.e. @-Ti g.b.) or inside the a-Ti grains.

The XRD patterns of the standard (Ti-3Al-2.5 V) and experimental (Ti-1Cu-1Mn) near-alpha Ti alloys
analysed are presented in figure 2. As for pure Ti, only diffraction peaks related to the a-Ti phase are present in
the XRD patterns. No significant differences can be highlighted depending on the nature of alloy, if not minor
variations in the relative intensity of the diffraction peaks detected. The o-Ti (101) plane peak is still the one with
the highest relative intensity. The positions of possible 5-Ti phase diffraction peaks are superimposed (blue
dotted lines) in the experimental XRD patterns (figure 2(a)). This clearly shows that no §-Ti phase was detected
whatsoever, not even as an overlapping peak. This could have been the case between the a-Ti (101) plane peak
and the peak of the §-Ti(100) family-planes. The absence of peaks related to the 8-Ti phase in near-alpha Ti
alloys is common in literature regardless of the processing route used. For example, Yu et al[29] found such
behaviour in the Ti-6.5A1-2Sn-3Zr-1.5Mo-1.5Nb-0.4Si-0.2Y-0.4 C alloy obtained via either casting or hot
isostatic pressing, this is also the case when processing the Ti-3A1-2.5 V alloy by means of vacuum hot-
pressing [30].

The analysis of the microstructure of the standard (figure 2(b)) and experimental (figure 2(c)) near-alpha Ti
alloys shows the classical lamellar microstructure. Such structure is constituted of a-Ti grain boundaries and
alternating parallel lamellae of a-Tiand 3-Ti phases. In these optical micrographs, the a-Ti phase is visible as the
bright phase and the 3-Ti phase as the dark one. Even though there are differences in terms of size of the grains
and width of the lamellae, the 3-Ti phase is obviously present. The stabilisation of the 3-Ti phase is due to the
addition of S stabilisers, namely V, Cuand Nb in this instance. The differences in terms of the microstructural
phases’ features are related to the type, amount, and relative stabilisation strength of the individual alloying
elements. Specifically, Alis an o stabiliser and, therefore, decreases the stability of the 3-Ti phase. In terms of
relative stabilisation strength, Cu is the strongest, followed by V and Nb as per the MoE definitions [31-33].
Consequently, the standard Ti-3Al-2.5 V alloy has an overall coarser microstructure with respect to the
experimental Ti-1Cu-1Mn alloy. Analysis of the standard Ti-3Al1-2.5 V alloy via SEM-EDS yielded an average
chemical composition 0f 95.4Ti-3.6Al-1.0 V and 91.3Ti-2.8A1-5.9 V for a-Tiand §-Ti, respectively. For the
experimental Ti-1Cu-1Mn alloys, the a-Tiand 3-Ti phases were, respectively, found to be 98.8Ti-0.7Cu-0.5Mn
and 95.7Ti-2.3Cu-2.0Mn.

Figure 3 shows the XRD patterns of the standard (Ti-6Al-4V) and experimental (Ti-2Nb-2Fe) alpha+beta Ti
alloys and their optical micrographs. Conversely to near-alpha Ti alloys (figure 2(a)), diffraction peaks related to
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Figure 2. XRD patterns of the near-alpha Ti alloys (a) and associated optical micrographs: (b) Ti-3A1-2.5 V (standard), and (c)
Ti-1Cu-1Mn (experimental).

both the a-Tiand 3-Ti phases were detected. The a-Ti phase is still the predominant as the diffraction peak of
the a-Ti(101) plane is the one with the strongest relative intensity. The type and relative intensity of the 8-Ti
phase’ peaks vary depending on the chemistry of the alloy as it is strictly correlated with the amount of stabilised
0-Tiphase (figure 3(a)). On the one side, the §-Ti (100) family-planes’ peak is the only 3-Ti phase’ peak detected
for the standard Ti-6Al-4V alloy. On the other side, peaks of the 5-Ti(100), (200), and (211) family of planes
were detected for the experimental Ti-2Nb-2Fe alloy. This trend is common in alpha+beta Ti alloys and peaks of
the 8-Ti phase can also be detected in the Ti-6Al-4V alloy manufactured using hot extrusion as demonstrated by
the study of Luo et al [34] when aiming to achieve a dual harmonic structure.

Both the Ti-6Al1-4V (figure 3(b)) and Ti-2Nb-2Fe (figure 3(c)) alloys are characterised by a lamellar
microstructure composed of equiaxed - Ti grains filled with a+ 5 lamellae. As for near-alpha Ti alloys
(figure 2), the features of the microconstituents of the lamellar structure are remarkable different depending on
the nature of the alloy. The Ti-2Nb-2Fe alloy has a significantly finer microstructure than the Ti-6Al-4V alloy.
This is due to the fact that the latter alloy bears Al as « stabiliser in its composition and Fe is a much stronger 3
stabiliser in comparison to V [31-33]. Consequently, a considerable much greater amount of 3-Ti phase is
stabilised upon slow cooling of the Ti-2Nb-2Fe alloy compared to the Ti-6Al-4V alloy. This, in turn, justifies the
detection of different §-Ti phase’ peaks with higher relative intensity in the experimental Ti-2Nb-2Fe alloy
(figure 3(a)). From EDS analysis, the Ti-6A1-4V alloy is composed 0f 92.2Ti-6.3Al-1.5 V (a-Ti) and 81.7Ti-
7.2A1-11.1 V (3-Ti), and the Ti-2Nb-2Fe alloy by 97.5Ti-1.6Nb-0.9Fe (a-Ti) and 91.9Ti-2.7Nb-6.5Fe (5-Ti).

The XRD patterns of the standard (Ti-5A1-5V-5Mo-3Cr) and experimental (Ti-5Mn-5NDb) near-beta Ti
alloys analysed are shown in figure 4. As for previously analysed alpha+beta Ti alloys, diffraction peaks of the
a-Tiand B-Tiphases were found in the XRD patterns. The influence of the chemistry of the alloy is also clear.
Therefore, the 8-Ti(100) family-planes’ peak is the one with the greatest relative intensity in the case of the
Ti-5A1-5V-5Mo-3Cr alloy, indicating that the 5-Ti phase is the predominant in the material. Conversely, in the
case of the Ti-5Mn-5Nb alloy it is the -T1i(101) plane that has the highest relative intensity. Consistently, the
relative intensity of the other diffraction peaks of the 3-Ti phase (i.e. 200 and 211) is also higher in the case of the
Ti-5Al-5V-5Mo-3Cr alloy. It is worth mentioning that metastable phases can form in near-beta Ti alloys,
especially when cooled under non-equilibrium conditions. However, no diffraction peaks of any metastable
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Figure 3. XRD patterns of the alpha+beta Ti alloys (a) and associated optical micrographs: (b) Ti-6Al-4V (standard), and (c) Ti-2Nb-
2Fe (experimental).

phase were detected confirming that such phases did not form upon slow cooling from the sintering
temperature. Such behaviour is proven in the near-beta Ti-5A1-5V-5Mo-3Cr alloy processed by selective laser
melting [35] where only peaks of the 3-Ti phase were detected as a consequence of the high solidification rate.

Figure 4 also shows that the standard Ti-5Al-5V-5Mo-3Cr and experimental Ti-5Mn-5Nb near-beta Ti
alloys are both characterised by alamellar microstructure. The phases constituting the structure are the same,
but their relative amount and distribution is different. Specifically, the a+(3lamellae are found within equiaxed
B-Tigrains in the Ti-5A1-5V-5Mo-3Cr alloy (figure 4(b)) whereas they are confined by a-Ti grain boundaries in
the case of the Ti-5Mn-5Nb alloy (figure 4(c)). This is in agreement with the results of the XRD analysis where
the 8-Ti (100) family-planes’ peak was the predominant in the XRD pattern of the Ti-5A1-5V-5Mo-3Cr alloy. It
is worth noting that in the micrographs of figure 4 the colours of the phases of the two alloys are inverted. In
particular, the 5-Tiphase appears as dark in the micrograph of the Ti-5Mn-5Nb alloy whilst it is the bright phase
in the micrograph of the Ti-5Al-5V-5Mo-3Cr alloy. The resulting average EDS chemical composition for the a-
Tiand B-Tiphases are, respectively, 93.4Ti-2.5A1-1.6Mo-1.5C-1.0Cr and 84.6Ti-2.5A1-4.8Mo-5.1C-3.0Cr for
the Ti-5A1-5V-5Mo-3Cr alloy, and 89.2Ti-2.4Mn-3.1 Nb and 82.8Ti-9.5Mn-7.7 Nb for the Ti-5Mn-5Nb alloy.

Figure 5 shows the XRD patterns of the experimental metastable beta (Ti-5Mn-5Fe) and stable beta (Ti-
10Mn) Tialloys and the relative optical micrographs. For both alloys, the diffraction peak with the highest
relative intensity is that of the 5-Ti (100) family of planes. However, in the case of the Ti-5Mn-5Fe alloys, due to
its metastable nature, diffraction peaks of the a-Ti phase are also present. Contrarywise, only diffraction peaks of
the 8-Ti phase were found for the Ti-10Mn alloy. Coherently, Wang et al [36] found a comparable behaviour
where the microstructure is composed of equiaxed 3-Ti grains and only 5-Ti phase XRD peaks are detected in
their proposed new biomedical Ti-Mn-Nb alloys subjected to a solution treatment.

The micrographs of the metastable beta Ti-5Mn-5Fe (figure 5(b)) and stable beta Ti-10Mn (figure 5(c))
alloys shows that both materials are characterised by a structure composed of equiaxed 3-Ti grains.
Nevertheless, grains of the a-Ti phase with acicular or needle-like morphology are also present in the
microstructure of the Ti-5Mn-5Fe alloys, which is not the case for the Ti-10Mn alloy. The phases found in the
microstructure are, therefore, consistent with the results of the XRD analysis. The precipitation of the acicular
«-Tigrains is related to the total amount of alloying elements added and their 3-Ti phase stabilisation strength.
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Figure 4. XRD patterns of the near-beta Ti alloys (a) and associated optical micrographs: (b) Ti-5A1-5V-5Mo-3Cr (standard), and (c)
Ti-5Mn-5Nb (experimental).

This determines the metastable/stable nature of each specific Ti alloy and whether suppression of the a-Ti — 3-
Tiallotropic phase transformation and full stabilisation of the 5-Ti phase is achieved. However, the
manufacturing route used to process the alloy has also an impact. In particular, the Ti-10Mn alloy analysed was
processed via forging in the Bfield (i.e. 1150 °C) [27], where the higher cooling rate of open die forging, with
respect to vacuum sintering, contributed to the suppression of the precipitation of the a-Ti phase.

4, Discussion

XRD is a simple, powerful, non-destructive method routinely used to characterise the phases present in
crystalline materials from the position and relative intensity of the peaks found in XRD patterns [1]. The limited
samples’ preparation, non-destructive nature and fast experimental outputs are all general advantages of the
technique. With respect to the characterisation of Ti alloys, the analysis of the XRD patterns of standards and
experimental alloys indicates that XRD is able to detect and allow the identification of the phases present. The
relative intensity of the XRD peaks detected is, normally, proportional to relative amount of the phase present in
the microstructure of the alloy. However, the accuracy, as dictated by the minimum detection limit of the
equipment, can lead to misjudgement of the phases present if not complemented with data from other
characterisation’ techniques, microstructural analysis in this instance. Microscopy techniques relevant to the
clarification of the phases present in Ti alloys span from optical microscopy for determining the grain size in
single-phase alloys [37], to SEM-EDS to confirm the chemistry and nature of generally ym-size phases [36], to
TEM to commonly characterise nm-size features [38]. The need of complementing data for such verification
constitutes a limitation of the XRD technique.

This study shows that XRD analysis is able to properly characterised Ti alloys composed by a single
equilibrium phase, namely in the case of pure Ti (figure 1) and stable beta Ti alloys (figure 5). Itis worth
mentioning that the phases detected were analysed and matched with JCPDS No. 089-2762 («-Ti) and JCPDS
No. 044-1288 (B-Ti) cards. The space group and lattice parameter of the a-Ti phase are P63/ mme, and
a=2.9511 Aand c=4.6843 A, respectively. For the 3-Ti phase, they are Im 3 m and a = 3.3065 A. Only
diffraction peaks of the equilibrium «-Tiand 3-Ti phases were detected. The peak with the highest relative
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Figure 5. XRD patterns of the metastable/stable beta Ti alloys (a) and associated optical micrographs: (b) Ti-5Mn-5Fe (experimental),
and (c) Ti-10Mn (experimental).

intensity is the a-Ti (101) plane in the case of pure Ti (figure 1(a)) and the 5-Ti(100) family of planes for stable
beta Tialloys (figure 5(a)). This behaviour is common in literature as exemplified by the work of Niu et al [28] on
Ti foils obtained via thermomechanical processing and that of Wang et al [36] on Ti-Mn-Nb alloys produced via
arc melting, respectively.

Analysing biphasic Ti alloys, which include near-alpha (figure 2), alpha+beta (figure 3), near-beta (figure 4)
and metastable beta (figure 5) Ti alloys, XRD analysis can successfully detect and identify the a-Tiand 3-Ti
phases, with the exception of near-alpha Ti alloys. When both phases are detected, the relative intensity of the
diffraction peaks generally agrees with the relative amount of the two phases present in the microstructure. This
is commonly encountered in experimental Ti alloys, as demonstrated by Qi et al [39] using a series of ternary Ti-
6Zr-xFe (x =4, 5, 6, 7%) alloys, as well as in conventional alloys such as Ti-13Nb-13Zr with respect to Ti-6Al-4V
[40]. The relative amount of the a-Ti and 3-Ti phases is also highly dependent on the manufacturing route as the
intrinsic cooling rate significantly affects the resultant phases, and thus the actual peaks detected in the XRD
pattern [34, 35].

As the relative intensity of the 5-Ti phase’ peaks increases that of the a-Ti phase’ peaks decreases due to the
higher amount of 3-Ti phase stabilised in the alloy. This is commonly achieved by either increasing the content
of B stabilisers or by using more potent 3 stabilisers. Accordingly, the greatest changes in relative intensity are
visible from the o-Ti (101) plane for the a-Ti phase and from the 8-Ti (100) family of planes for the 8-Ti phase.
For a sufficiently high amount of § stabilisers, which depends on their specific potency, the relative intensity of
the 8-Ti (100) family-planes’ peak overcomes that of the a-Ti(101) plane’ peak. This can be clearly seen by
comparing the XRD pattens of figures 3 and 4. This is also discernible by comparing the near-beta Ti alloys
(figure 4) where, in this case, the @-Ti (101) plane’ diffraction peak is the strongest in the experimental Ti-5Mn-
5Nb alloys but the 3-Ti (100) family-planes’ diffraction peak is the strongest in the standard Ti-5Al-5V-5Mo-
3Cr alloy. This is in agreement with the resulting equilibrium microstructure where a-Ti phase grain boundaries
are present in the former alloy whilst the 3-Ti phase constitutes the grain boundaries of the latter alloy.

As previously mentioned, it is found that the only scenario where XRD analysis cannot successfully fully
characterise Ti alloys is in the case of near-alpha alloys (figure 2). These type of Ti alloys normally bear a small
amount of Jstabilisers in their compositions, maximum 2%-3% by weight. This results in the stabilisation of
small amount of 8-Ti phase in the equilibrium microstructure (figure 2). Such amount is generally below the
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Table 2. Values of the dimensionless MoE parameter of the Ti-based alloys analysed.

Composition MoEjg (equation (1)) MoEy (equation (2)) Alloy type
Pure Ti 0.0 0.0 —
Ti-3A1-2.5V —1.3 —1.3 —
Ti-1Cu-1Mn 1.1 1.8 [3-rich
Ti-6Al-4V —3.3 —3.8 —
Ti-2Nb-2Fe 6.4 44 Near-beta
Ti-5A1-5V-5Mo-3Cr 8.2 9.4 Near-beta
Ti-5Mn-5Nb 9.1 12.7 Near-beta / Beta
Ti-5Mn-5Fe 22.2 21.0 Beta
Ti-10Mn 154 22.6 Beta

detection limit of most XRD equipment found in research labs, and it is one of the primary limitations. This is
confirmed by the study of Cai et al [41] where the main diffraction peaks of the 3-Ti phase of the experimental
Ti-9Al-1Mn and Ti-9Al-2Mn alloys was either not detected or barely visible as overlapping with one of the a-Ti
phase peaks. Similarly, the 3-Tiphase was not detected in the cast Ti-4Cu alloy in the study of Wang et al [42] or
in the cast or hot isostatically pressed Ti-6.5A1-2Sn-3Zr-1.5Mo-1.5Nb-0.4Si-0.2Y-0.4 C alloy [29].

Tialloys are generally classified as a function of the phases composing the material at room temperature after
an annealing (i.e. slow cooling) heat treatment. The MoE parameter is commonly used to quantify the effect of
the specific alloying elements on the stabilisation of the 5-Ti phase so as to define the nature of the alloy.
Furthermore, the MoE parameter is commonly used, along with other theoretical frameworks like the molecular
orbital method [43], to design novel Ti alloys. Therefore, the establishment of a correlation between XRD results
and the MoE parameter will provide an additional tool to verify the accuracy of the latter. This could result in the
need ofless experimental work for designing new optimised compositions. Equations (1) and (2) report the
formula for the calculation of the dimensionless MoE parameter according to Bania [32] and Wang et al [33]:

MoEg = Mo + 0.67-V + 0.28:-Nb + 2.9-Fe
+ 1.6:Cr + 0.77-Cu + 1.54-Mn — Al Q)

MoEy = Mo + 1.25:V + 0.28-Nb + 1.93-Fe
+ 1.84-Cr + 1.5-Cu + 2.26-Mn — 1.47-Al 2)

Asageneral rule, alloys with 0 < MoE < 5 are (3-rich, alloys with 5 < MoE < 10 are near-beta, and alloys with
MOoE > 10 are (3[44]. Table 2 shows the values of the MoE parameter as calculated via equations (1) and (2) for
the alloys analysed where it can be seen that there is a good agreement between the two, with the exception of the
Ti-5Mn-5Nb alloy which has a different classification depending on the equation used. Moreover, it is worth
noting the inconsistency for many of the alloys with the classification of table 1.

Prediction of physical properties like thermal conductivity and electrical resistivity is generally done in
literature using structural-analytical models. This is because they are rapid, physically based, reasonably accurate
tools when the microstructure is uncertain [45]. The five most common structural-analytical models are the
parallel model (P), the Maxwell-Eucken 1 model (ME1), the effective medium theory (EMT), the Maxwell-
Eucken 2 model (ME2), and the series model (S). The variation of a relative property with a phase’s volume
fraction, and the associated physical structures as insets, for each structural-analytical model are shown in
figure 6(a)). The models were tested to estimate the variation of the 8-Ti phase volume fraction with the addition
of the alloying elements accounted for using the MoE parameter (figure 6(b)). This was done comparing it with
the experimental data obtained from the analysis of the respective XRD patterns (figures 1-5). The mean
squared error of each prediction was calculated to estimate their accuracy and the results are shown in
figure 6(c)). It can be seen that the reliability of the prediction progressively worsens from the P to the S model.
The P model, which is equivalent to the rule of mixtures, is the most precise to estimate the amount of 3-Ti phase
as a function of the MoE parameter. Furthermore, a slightly better prediction is obtained if the latter is calculated
using equation (2) rather than equation (1).

4.1. Comment on the characterisation of metastable phases

As point out in the introduction, different combinations of alloying elements and processing conditions might
lead to the formation of the martensitic &’ and «”” phases, or the athermal /isothermal w phase [14].
Identification and quantification of the martensitic phases purely based on XRD patterns can be challenging as
their peaks mostly overlap with those of the equilibrium «-Ti phase. Analysis of minor variations of the
diffraction angle and peaks’ width can be combined with the output of other characterisation techniques to
discern them. A clear example where the diffraction peaks of the v/ o’ peaks overlap in the XRD pattern is the
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Figure 6. Prediction of a relative property with a phase’s volume fraction using structural-analytical model (a), prediction of the 5-Tiphase
volume fraction versus relative MoE values with superimposed experimental data (b), and mean squared error of the structural-analytical
models (c). Legend: P (Parallel Model), ME1 (Maxwell-Eucken 1), EMT (Effective Medium Theory), ME2 (Maxwell-Eucken 2),and S
(Series Model).

study of Sun atel. [46] on the martensitic Ti-6Al-4V alloy. Because of its derivation from the equilibrium -Ti
phase, identification of the metastable w phase can also be difficult especially if its volume fraction and size are
low. This is demonstrated by the work of Tang et al[17] on metastable 3 titanium alloys where TEM was needed
to properly identify and characterise the w phase. There are however some instances, like in the case of the
spinodal decomposition of the quenched 3-Ti phase, where identification of the metastable w phase can be
achieved as the 3(200) diffraction peak splits into two overlapping peaks, one related to 3-Tiand the other to w,
as the decomposition progresses [47].

5. Conclusions

This work considered the benefits and limitations of using x-ray diffraction (XRD) for the identification of the
phases present in different types of Ti-based alloys characterised by equilibrium microstructure. From the
analysis of the respective XRD patterns, it is confirmed that XRD is a simple and powerful technique to gain
insight on the crystallinity, structure, and relative amount of the phases present in Ti-based alloys. For instance,
XRD analysis can properly fully characterised Ti alloys composed by a single equilibrium phase such as in alpha
and beta Tialloys. This is significant as XRD can be used as a fast non-destructive screening technique in
industrial applications. Additionally, the technique is reliable for most of the other types of Tialloys, with the
clear exception of near-alpha alloys. It is however advisable, and it is sometime actually required, to complement
the characterisation of the alloys by means of other techniques, the simplest option being microscopy, to fully
characterise the structure of the material. Correlation of the output of XRD analysis with the molybdenum
equivalent parameter (MoE) that takes into account the stabilisation strength of different alloying elements
yields good consistency. The parallel structural-analytical model can be used to reliably predict the 3-Ti phase
volume fraction as a function of MoE.
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