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There is no specific, simple approach for predicting whether the addition of an eutectoid beta stabiliser to Ti
leads to an ‘active’ eutectoid transformation upon primary processing (e.g., sintering). Here, we demonstrate
that, among theoretical/empirical models, phase diagram features, and electronic structure parameters, the
hypoeutectoid area is the best predictor, followed by the molybdenum equivalent parameter (MoE), of the
precipitability for 4-period d-metals. As the area increases, which corresponds to the addition of progressively

stronger p-eutectoid stabilisers, the less active the eutectoid phase transformation, changing from pearlitic to
bainitic (i.e., need for an ageing heat treatment). This occurs if the MoE weighted coefficient is, respectively,
lower than or higher than 1. This is because molybdenum is taken as reference, and the higher the coefficient, the
larger the drop of the p transus temperature (i.e., higher stabilisation). Valid for 4-period d-metals, it remains to
be proven for 5-period and 6-period d-metals.

The development of Ti alloys for high demanding engineering ap-
plications relies on the addition of specific alloying elements, which are
commonly divided between a and p stabilisers. The latter are further
divided between isomorphous and eutectoid depending on the resulting
phase diagram [1]. B-eutectoid stabilisers are desirable because they are
the strongest stabilisers and they are generally cheaper than Ti, which is
beneficial in the quest to reduce the cost of Ti alloys [2]. However, the
addition of B-eutectoid stabilisers can lead to the precipitation of brittle
intermediate phases. This can either be appositely targeted to enhance
specific performance, for instance mechanical properties [3] or anti-
bacterial capability [4], or it can be an unwanted side effect of the
incorporation of a specific alloying element in the chemical composi-
tion. When intermediate phases are desired, they are generally achieved
by means of a precipitation hardening heat treatment (i.e., solid solution
plus ageing) similarly to Al-, Ni- and Mg-based alloys amongst others
[5], although precipitation upon primary processing (i.e., pearlitic from
near-equilibrium cooling conditions) also occurs. When intermediate
phases are unsought, careful selection of the elements is crucial.
Nevertheless, due to the complexity of the associated eutectoid reaction
(which is pearlitic/bainitic in nature in many systems), the problem has
been overlooked in literature, and a simple guiding relationship is not
available. Specifically, cooling rate, eutectoid temperature and compo-
sition, martensitic transformation start temperature, and diffusivity [6]
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are all meant to affect the eutectoid precipitation, and so are the elec-
tronic structure and the reaction kinetics. Most of these features (e.g.,
eutectoid point) vary broadly in Ti alloys bearing 4-period d-metal,
making them ideal to tackle the issue. Therefore, the objective of this
work is to revisit the eutectoid precipitation in binary Ti alloys, identify
key aspects that promote/hinder the formation of intermediate phases,
and provide a framework for choosing alloying elements based on the
desired outcome (e.g., presence of precipitated intermediate phases,
equivalent to an active eutectoid phase transformation upon primary
processing). Specifically, the eutectoid transformation behaviour was
methodically analysed against available theories (e.g., molybdenum
equivalent), phase diagram features (e.g., eutectoid point), and param-
eters of the electronic structure (e.g., electron affinity). It is worth
mentioning that the work focuses on hypoeutectoid and near-eutectoid
compositions where the nucleation and growth of the ‘first’ intermediate
phase occurs via an invariant eutectoid transformation.

Generally, the addition of an eutectoid stabiliser to Ti reduces the
allotropic phase transformation temperature (i.e., p transus) and in-
troduces either a monotectoid or an eutectoid phase transformation [7].
Specifically, the ability to stabilise the p phase can be defined by the
slope of the p transus and the extend of a solubility, which decreases for
more potent B stabilisers. 4-period d-metal eutectoid stabilisers span
from Cr (group 6, BCC), to Co (group 9, HCP), and to Zn (group 12, FCC),
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with all of them resulting in the occurrence of an eutectoid trans-
formation with the exception of Cr (Fig. 1). Due to its characteristic
monotectoid transformation, Cr is the only element with a ‘first’ inter-
mediate phase with TiM; structure (i.e., TiCry), which switches to TiM (i.
e., Mn and Fe) and eventually to Ti;M (where M is a generic d-metal) as
the group number increases where electronegativity, valency, and
relative atomic size determine the structure of the intermediate phase.
Temporarily disregarding Zn due to its remarkably lower melting point
(Supplementary Table 1), Cr is also the only element that do not fit the
increasing invariant eutectoid transformation temperature (i.e.,
Mn—Cu) with the increase of the 4-period d-metal group number as its
transformation temperature (i.e., 667 °C) its higher than that of Mn (i.e.,
550 °C). Generally, the combination of high eutectoid composition and
low eutectoid temperature (i.e., strong p stabilisation) results in a less
active eutectoid transformation.

Starting from the pioneering work of Franti et al. [8], who analysed
the eutectoid decomposition of ten binary Ti alloys systems, a significant
amount of experimental research has been done on the pearlitic/bainitic
transformation in Ti alloys to understand its nature [6], mechanisms [9],
interphase boundary structures [10], and morphology/crystallography
[11]. As summarised in Fig. 2, the key findings are that in both hypo-
eutectoid and near-eutectoid binary Ti alloys systems, the TTT curve
shifts towards lower temperatures and longer times (from seconds to
weeks) with the decrease of the group number (i.e., Cu—Mn). This is
corroborated by the XRD patterns of the sintered hypoeutectoid
Ti-2.5Cu alloy and aged hypoeutectoid Ti-5Mn alloys. The TixCu inter-
mediate phase readily precipitates at the allotropic a/f interphase
boundaries upon crossing the eutectoid temperature during slow cooling
from sintering. Conversely, the TiMn intermediate phase was not
detected after an ageing heat treatment. Specifically, the binary alloys
were made via the blended elemental powder metallurgy approach,
using commercially available powders including a hydride-dehydride Ti
powder (particle size lower than 75 um, irregular morphology, oxygen
0.28 wt. %, Goodfellow UK), an electrolytic Cu powder (particle size
lower than 45 pm, dendritic morphology, purity of 99.7 %, Merck KGaA
Germany), and a comminuted Mn powder (particle size lower than 63
um, irregular morphology, purity of 99.0 %, Sigma-Aldrich USA). The
correct amount of elemental powders were mixed in a V-blender 30 min
using a speed of 30 rpm prior to their cold uniaxial pressing at 600 MPa,
and vacuum sintering at 1250 °C for 2 h with a heating and cooling rate
of 10 °C/min (i.e., near-equilibrium). The heat treatment procedure
included a solution treatment in the p region at 900 °C for 5 h before
water quenching, followed by ageing at 400 °C for 24 h with natural
cooling to room temperature as designed on the basis of supporting
studies [12,13]. As a longer eutectoid decomposition time is needed (i.
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e., much lower rate of intermediate phase nucleation), the phase
transformation transitions from pearlitic (i.e., P — lamellar eutectoid
decomposition entailing the ledge-controlled, cooperative growth of
two phases) to bainitic (i.e., B — non-lamellar, ledge-controlled,
competitive eutectoid decomposition where the two phases nucleate and
grow non cooperatively) with the pearlitic transformation only active in
Cu due to its high diffusivity and relatively low melting point (Supple-
mentary Table 1). In hypoeutectoid alloys, eutectoid a is sympatheti-
cally nucleated, with a slight misorientation (i.e., partially coherent), at
the interphase boundaries of proeutectoid a and so is the precipitation of
the intermediate phase. This leads to the typical plate morphology
developed epitaxially from the morphology of proeutectoid o plates [9].
Pronouncedly elongated (Fig. 2d) or roughly equiaxed intermediate
phase crystals will precipitate depending on whether the growth ledge
height (h) to average spacing between ledge (1) ratio of eutectoid « and
of the intermediate phase are, respectively, comparable (i.e., pearlitic)
or significantly different (i.e., bainitic). As this difference increases, one
phase overgrows the other, forcing the latter to repeatedly re-nucleate,
forming essentially independent nucleated intermediate phase crystals
[10].

The molecular orbital model [14] and the molybdenum equivalent
parameter are two theoretical/empirical frameworks commonly used to
develop Ti alloys. The former is based on two alloying parameters: the
bond order (B,), which measures the strength of the covalent bond be-
tween atoms, and d orbital energy level (M), which accounts for the
hybridisation of the d orbitals, as defined in Fig. 3. The values of both B,
and M for 4-period d-metal eutectoid stabilisers decrease as the group
number increases (i.e., Cr—Cu) leading to the associated change of the
stoichiometric ratio of the precipitable intermediate phase (i.e.,
TiM>— TioM). As the increase of the group number carries a change of the
intrinsic lattice of the alloying element (Fig. 1a) so changes the crys-
talline structure of the intermediate phase. Precisely, Cr leads to an in-
termediate phase with hexagonal crystal structure, Mn and Fe to BCC, Co
and Ni to FCC, and Cu and Zn to tetragonal. This means that, in the case
of the 4-period d-metal eutectoid stabilisers, when elements with a BCC
lattice (Fig. 1) are added to Ti, the stoichiometry of the intermediate
phase determines its crystal structure; conversely, the addition of ele-
ments with a room temperature FCC/HCP lattice results in the precipi-
tation of an intermediate phase with Ti;M stoichiometry, whose crystal
structure transitions from FCC to tetragonal as the 4-period d-metal
group number increases. The molybdenum equivalent parameter takes
into account the relative stabilisation strength of alloying elements used
in Ti as compared to molybdenum where, at least, five different defi-
nitions (Fig. 3d) are available in literature [15-19]. These definitions
were developed based on aspects such as the minimum concentration of

- - " o
a Ti [[1]| (Cr 1| Mgzl |CoLIINIER | ¢ o] d ol
TiCr, | | TiMn | | Ti,Co | Ti,Ni o0
Fe | |(CuRs|Zn 11004 1410° oo
[ er [ [ (ficr)
TiFe | |Ti,Cu |TiZn | © SRS
] 0| "
@ BCC — & 1200 = & 1200 \ L
4 6 7 8 9 10 11 12 ‘5 % oo
= R i~ S
FcC [1i] Jor [Mn]Fe [co[Nilcuzn £ o] é‘ N D A S
o} o) 3
| 800 2004 |\
\ v
- ‘\Ms 667°C 200 ‘\ M s a
o0 e tell ; . ‘ | P sl ; R ;
10 20 30 40 50 10 20 30 40 50
o+ TiXMy / o+ TiXI\/[y Atomic percentage Chromium Atomic percentage Copper

Fig. 1. Details of the 4-period d-metal eutectoid stabilisers considered: a) sketch of the relevant portion of the periodic table showing the elements position, their
room temperature stable crystalline structure, and the ‘first’ intermediate phase found in the respective binary phase diagram when alloyed to Ti, b) sketch of the
outcome of the addition of 4-period d-metal in Ti resulting in a binary diagram with an invariant monotectoid/eutectoid transformation, and c-d) Ti-rich portion of
the Ti-Cr and Ti-Cu binary phase diagrams, respectively, showing the corresponding monotectoid/eutectoid phase transformation (the shaded area highlights the
effect of the element on the stabilisation of the allotropic f phase, the martensite start temperature M; is sketched as dashed line).
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Fig. 2. Precipitation behaviour of binary Ti alloys bearing 4-period d-metal eutectoid stabilisers (P and B, respectively, strands for pearlitic and bainitic): a) TTT
diagram for hypoeutectoid compositions (adapted from [8]), b) TTT diagram for near-eutectoid compositions (adapted from [8], note: for the sake of simplicity, the
Mn curve was estimated based on its relative position to the Fe curve in hypoeutectoid alloys), ¢) XRD patterns of the sintered hypoeutectoid Ti-2.5Cu alloy and
heat-treated (i.e., solution plus ageing) hypoeutectoid Ti-5Mn alloy, and d) high magnification scanning electron micrograph showing the elongated morphology (i.
e., hy.1i/Aa-1i = hrizcu/Ati2cy) of the readily precipitated Ti,Cu intermediate phase formed upon slow cooling after sintering.

alloying elements needed to obtain a fully stable § microstructure upon
quenching or the slope of the p transus temperature (i.e., border line
between the single phase p field and the two-phase a+f region). This
resulted in equations having different weighted coefficients for the same
element with, generally, [19] having the lowest values and [18] the
highest. However, broadly, the lower the weighted coefficient of an
element (which roughly decreases with the increase of the group num-
ber, with once again Cr being the exception) the higher the likelihood of
directly precipitating the intermediate phase upon primary processing
(i.e., more active eutectoid transformation). This, concurrently, means
higher changes of the eutectoid reaction being pearlitic rather than
bainitic. For the 4-period d-metal eutectoid stabilisers this, approxi-
mately, occurs when the weighted coefficient is lower than 1, and more
so the leaner the composition, provided it is higher than the a solubility.
It is worth noting that, although both theoretical frameworks are
commonly used to design new Ti alloys, the molybdenum equivalent
parameter is more widely used due to its simplicity [20].

The precipitability of the 4-period d-metal eutectoid stabilisers was
calculated as the average time in seconds for the precipitation of the
intermediate phase in hypoeutectoid and near-eutectoid alloys as per
their TTT curves of Fig. 2. Those values were correlated with the theo-
retical/empirical models previously described (Fig. 3), parameters of the
binary phase diagram related to the eutectoid phase transformation, and
pertinent aspects of the electronic structure of the 4-period d-metal
eutectoid stabilisers analysed. The full list of parameters and their values
are available in the Supplementary Table 2. It is worth mentioning both
the data of the molecular orbital model and the different molybdenum
equivalent parameter equations all refer to how the addition of the 4-
period d-metal eutectoid stabilisers determine the stabilisation of the
allotropic p phase. Coherently, during the analysis of the binary phase
diagrams [7], the effect of the elements on stabilising the p phase was
accounted for by quantifying the corresponding hypoeutectoid area in
the diagrams, as exemplified by the shaded areas highlighted in the
representative binary diagrams with an invariant

monotectoid/eutectoid transformation (Fig. 1c-d). The results of the
logarithmic Spearman’s rank correlation are shown in Fig. 4 comparing
the correlations in the case when Zn is, respectively, excluded or
included as some of the data for Zn had to be estimated or calculated due
to the fact that the addition of Zn to Ti has been far less studied with
respect to the others 4-period d-metal eutectoid stabilisers. In particular,
due to its high diffusivity and low melting point that results in a active
eutectoid reaction able to form pearlite [21] (i.e., lamellar eutectoid
decomposition with the cooperative growth of elongated intermediate
phase crystals, hy.1i/Aq-Ti = hri2zn/ATi2zn), the precipitability of Zn was set
to be equal to that of Cu to have a more comprehensive understanding of
the effect of all 4-period d-metals. Furthermore, B, for Zn is not available
in literature and could not be estimated (as B, was found to be more
relevant than My) and, therefore, was not considered during the anal-
ysis. The molybdenum equivalent parameter for Zn, which is not
empirically available as it requires a dedicated systematic quenching
study, was calculated using the slope of the p transus temperature as per
[18] (see supplementary info), using the binary Ti-Zn phase diagram
[22].

It is found that when Zn is excluded from the analysis (Fig. 4a), the
precipitability strongly correlates with all the phase diagram parameters
analysed as well as with the electron affinity of the 4-period d-metal
eutectoid stabilisers. Apart from other more expected relationships (e.g.,
eutectoid temperature and composition), because of their relations with
the precipitability, the parameters of the phase diagrams are, therefore,
also related to the electron affinity. Overall, this results in 20 % of the
logarithmic Spearman’s rank correlations being considered significant
(i.e., > 0.91). Of the five molybdenum equivalent parameter equations
analysed, for which the results of the best two are presented in Fig. 4 for
the sake of simplicity, it is found that the equation put forward by
Dobromyslov and Elkin [19] is the best to predict the precipitability. The
exclusion of Mn, whose TTT curve for near-eutectoid alloys was esti-
mated (Fig. 2b), does not radically change the nature of the correlations,
though it makes the Dobromyslov and Elkin’s molybdenum equivalent
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Fig. 3. Theoretical/empirical models commonly used to develop Ti alloys: a) definition of the alloying parameters of the molecular orbital model [14] — bond order
(B,) and d orbital energy level (My), b) B, — My map showing the effect of 4-period d-metal eutectoid stabilisers on the phase stability of Ti, ¢) B, and My values and
their effect on the stoichiometry and crystalline structure of the intermediate phase, and d) molybdenum equivalent parameter equations.
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Fig. 4. Logarithmic Spearman’s rank correlation showing the strength of the relationship between precipitability (Fig. 2) and relevant parameters: a) Spearman’s
heat map excluding Zn, and b) Spearman’s heat map including Zn. Legend: TTT - time for precipitating the intermediate phase as estimated from the TTT curves of
Fig. 2, B. O. — bond order (B,) parameter of the molecular orbital model, M. Z. — molybdenum equivalent parameter as proposed by Zhou [17], M. D. — molybdenum
equivalent parameter as proposed by Dobromyslov and Elkin [19], H. A. — hypoeutectoid area of binary phase diagrams [7] (examples are shown in Fig. 1c-d as
shaded areas), E. T. — eutectoid temperature, E. C. — eutectoid composition, A. R. — atomic radius, E. A. — electron affinity, and EN - electronegativity.
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parameter [19] significant (Supplementary Fig. 1). Generally, the in-
clusion of Zn in the analysis (Fig. 4b) significantly worsen the correla-
tions between the precipitability and the parameters analysed as well as
the relationships amongst the distinct aspects considered, with only 4 %
of the logarithmic Spearman’s rank correlations being significant.
Notwithstanding of the limitations for the need to estimate some data
(especially for Zn), it holds true that the eutectoid temperature is related
to the electron affinity, but more importantly, that the overall precip-
itability trend of the 4-period d-metal eutectoid stabilisers is best pre-
dicted through the simple quantification of the hypoeutectoid area of
the respective binary phase diagram [7]. Reiterating, this is because the
hypoeutectoid area accounts for the global effect that each individual
4-period d-metal eutectoid stabiliser has on the equilibrium phase dia-
gram as well as possible metastable phase transformations (e.g.,
martensite and omega, though the latter has been far less studied using
eutectoid stabilisers in comparison to isomorphous beta stabilisers like
Mo and V). For instance, the martensite start temperature (Fig. 1c-d)
initially shifts towards lower (Cr—Fe) and subsequently towards higher
(Co—Cu) temperatures with the addition of 4-period d-metal eutectoid
stabilisers [6]. If, for the sake of simplicity, the molybdenum equivalent
parameter wants to be utilised, than Dobromyslov and Elkin’s equation
[19] should be used. Elements with a lower weighted coefficient,
especially if lower than 1, will be more prone to precipitate an inter-
mediate phase and, preferentially, lead to a pearlitic eutectoid phase
transformation (i.e., active) entailing the formation of lamellar grains
with cooperatively nucleated and grown o and Ti2M crystals upon pri-
mary processing. It is worth noting that the effect of the B-eutectoid
stabilisers on the precipitability is absolute, not subtractive/cumulative.
For instance, the eutectoid phase transformation will be active (i.e.,
pearlitic) if both a high group number (i.e., weak p-eutectoid stabiliser
like Cu) and a low group number (i.e., strong p-eutectoid stabiliser like
Mn) 4-period d-metal eutectoid stabilisers are concurrently added; even
when the latter has a higher proportion than the former (e.g.,
Ti-5Mn-2.5Cu) [23]. This does not necessarily mean that the simulta-
neous addition of different 4-period d-metal eutectoid stabilisers will not
affect the morphology of the precipitated intermediate phase crystals.
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