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Abstract

A scanning method based on diffusion couples has been set up to experimen-
tally explore phase diagrams and to observe the stable phases in quinary
alloys. This method enables to realize a fast, experimental and reliable
scanning of composition and then determine promising alloy compositions
for potential structural application. Aiming at developing promising refrac-
tory complex concentrated alloys (RCCAs), the method was applied on the
Ti-Nb-Al-Si system with an initial two phase, body-centered cubic (bcc) +
orthorhombic (O), microstructure and focuses on the effect of Mo, Ta, V
and Zr additions on this microstructure. The evolution of the orthorhombic
phase fraction according to the content of additional elements was quantified,
as well as the maximum concentration of those elements in order to stabilize
the duplex microstructure, and maintain it above 800 ◦C. In such frame-
work, it appears that Mo, Ta and V show the most promising effects on the
Ti–Nb–Al–Si system. The comparisons between experimental results and
calculated phase diagrams using current thermodynamic database showed
that these calculations applied to RCCAs are good qualitative tools but are
not accurate enough to be used as predictive means.
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1. Introduction

The use of intermetallic alloys remains promising for high temperature
applications in aircraft engines. The aerospace industry still requires low
density alloys able to work in the range of 800 ◦C to 1000 ◦C while keep-
ing high elevated temperature mechanical and environmental properties. To
meet such requirements, several trails were explored. The most recent con-5

cept has led to the development of high entropy alloys (HEAs) [1–3] and
their derivative, so called complex concentrated alloys (CCAs) [4]. Espe-
cially, refractory complex concentrated alloys (RCCAs) are of interest since
they display attractive mechanical properties at high temperature, but often
show poor room temperature (RT) ductility and high density [5]. Most of10

these alloys have a single phase (bcc) microstructure [6] but could also con-
tain other phases (bcc, hcp, B2, Laves phases...) [7, 8]. So far, one of the
most promising microstructure has been obtained in Al0.5NbTa0.8Ti1.5V0.2Zr
with coherent ordered B2 precipitates in a disordered bcc matrix. However
its use is unfortunately limited under 600 ◦C [9]. This follows numerous at-15

tempts to obtain a γ-γ’ like microstructure that until now led to a reverse
B2+bcc microstructure [10].

Another approach is based on the formation of a bcc+orthorhombic mi-
crostructure in the Ti-Nb-Al system [11, 12]. These alloys display the pre-
cipitation of a strengthening orthorhombic (O) phase [13] providing high20

resistance at elevated temperature [14] while keeping reasonable room tem-
perature (RT) ductility [15, 16]. However, few data on the effect of other al-
loying elements to this ternary system were reported in literature and mostly
limited to small amount of alloying element, around 2-3 at.%. Among the
different additional elements some are classified as β stabilizers (Mo, Si, V,25

Ta, W): Mo [17, 18] enhances tensile strength and creep resistance, Si [17] im-
proves creep and oxidation properties, V [18] decreases density and improves
RT ductility, elevated temperature strength and creep resistance, Ta [19] in-
creases yield strength and the B2/β transus, at the cost of higher density
and W [18] enhances high temperature resistance and creep resistance at the30

cost of higher density as well. Other elements such as Zr are considered as
neutral [17, 20] and improve creep resistance.

The development of concentrated multicomponent Ti–Nb–Al-based alloys
faces the ongoing challenge of the phase prediction in such systems. Some
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methods of alloying design were already tested especially in the current HEA35

development. The most common approach is the CALPHAD (CALculation
of PHAse Diagram) modeling, and previous attempts on HEAs [21–23] clearly
demonstrated that the results depend on the quality of the thermodynamic
database, and that complete binary and ternary thermodynamic data are
needed for an accurate description of an alloy system. It also highlighted40

that CALPHAD modeling can give reliable predictions of the number and
nature of stable phases but fails to accurately determine both phase transition
temperature [24, 25], phase compositions and phase fractions [26]. Some
other approaches have also been reported. Among those, one is based on the
Bo-Md diagram originally used for β-titanium alloys [27]. Recently applied to45

RHEAs [28], it was successfully carried out to trigger transformation induced
plasticity (TRIP) effect in Ti-rich HEA. However, this approach is limited to
potential RT applications.

In the Ti–Al–Nb system, none of the previous methods allow to deter-
mine precisely the content of alloying element able to retain the bcc+O mi-50

crostructure with a high volume fraction of the O phase. Therefore, another
approach was chosen in this study, inspired by previous studies that used dif-
fusion couples/multiples to map phase diagrams [29, 30]. In this approach,
graded samples underwent long term aging in order to observe thermody-
namically stable phases and to experimentally and reliably investigate phase55

diagrams [31]. The study of graded samples showing an evolution from a
two-phase to a single phase domain can then be considered and enables to
determine solubility limits and phase equilibria [32].

In this work, five diffusion couples were made to investigate the effect of
Mo, Ta, V and Zr on a reference quaternary alloy Ti42Nb42Al15Si1 [33] with60

an initial well-known bcc+O microstructure. The stability of the O phase
was assessed by quantifying the evolution of the orthorhombic phase fraction
according to the content of the alloying elements. The design method devel-
oped in this study will be detailed in thereafter. Simulated phase diagrams
were also calculated and compared to the experimental data in order to as-65

sess the predictive ability of available thermodynamic database and to give
vector of potential improvement.

2. Experimental procedures

Alloys were designed so that only two elements diffuse in the different dif-
fusion couples. Six alloys, Ti42Nb42Al15Si1, whose microstructure and phase70
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transition was studied in detail in a previous work [33], (Ti17,Zr25)Nb42Al15Si1
and Ti42(Nb17,X25)Al15Si1, with X=Mo, Ta, V and Zr, were elaborated by
vacuum arc-melting using raw elements with high purity (≥99.99 wt.%) and
under an argon pressure of 250 mbar to obtain ingots of 48×10×17 mm3.
These ingots were further cut in samples of 10×10×5 mm3 and then me-75

chanically polished. The polished samples were put in contact with each
other in a graphite container (Fig.1). Alumina disks, tungsten foils covered
with sprayed BN and niobium foils were placed in the container to prevent
contamination. Finally, a tantalum mass of 150 g was placed to keep the
assembly under compression. This set-up was then placed in a furnace at80

1300 ◦C for 40 h under 1 atm of static argon atmosphere. This assembling
step allows to obtain the diffusion gradient which results in the mechanical
link between the two alloys. The diffusion couples were then cut in three
slices of 10×10×3 mm3 to check the quality of the assembly and for further
precipitation treatment. They were wrapped in tantalum foils and placed in85

sealed quartz tubes under a vacuum of 10−4 Pa for heat treatment at 800 ◦C
and 900 ◦C for different time periods between 8 and 24 hours, followed by
furnace cooling. In the initial Ti42Nb42Al15Si1 alloy, thermodynamic equilib-
rium was reached after 4h for annealing at 800 ◦C and 2h for annealing at
900 ◦C as can be seen in Table.1.90

T (◦C)
t (h)
0.5 1 2 4 15 48 168

800 19 32 40 44 44 44 44
900 23 32 38 38 38 - -

Table 1: Orthorhombic phase fraction (%) according to annealing temperature and time
for the initial Ti42Nb42Al15Si1 alloy [33]

The annealing times in this study were designed so that, they are at
least four times the minimum duration to get the maximum O phase vol-
ume fraction in the parent Ti42Nb42Al15Si1 alloy [33], which should ensure
thermodynamic equilibrium. The different diffusion couples made and the
corresponding heat treatments are summed-up in Table.3. Chemical analysis95

for O, N and C were done on a (Ti,Zr)NbAlSi and a (Ti,Zr)NbAlSi/TiNbAlSi
couple to ascertain the contamination induced by the high temperature treat-
ment. O and N were analysed by fusion under inert gas atmosphere and the
carbon was analysed by combustion in pure oxygen atmosphere. The results
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are showed in Table.2. Since the assembling procedure is identical for each100

couple, similar amount of O, N, C can be found in the other couples.

Sample
Concentration (ppm)
O C N

(Ti,Zr)NbAlSi (before assembling) 410 43 140
(Ti,Zr)NbAlSi/TiNbAlSi (after assembling) 850 44 326

Table 2: O, N and C content before and after assembling

1300°C/40h
TiNbAlSi

TiNb(1-y)XyAlSi

�X

10 mm

5 mm

HT1 800°C/16h

1.Atm of Ar

Assembling treatment
Precipitation treatment

HT2 900°C/8h

3 mm

Ti(Nb1-yXy)AlSi

TiNbAlSi

Al2O3

Al2O3

Ta

W-BN

W-BN

Nb foils

Figure 1: Schematic diagram showing the assembly of the diffusion couples

All couples, except the Ta/Nb couple, were analysed by scanning elec-
tron microscopy (SEM ZEISS GEMINI) equipped with a back-scattered elec-
tron (BSE) and an EDS-SAMXPLUS energy dispersive spectroscopy (EDS)
detectors. The concentration profiles after assembling were quantitatively105

measured in comparison to pure Nb, Si, Mo, V, Ta, Zr standards and stoe-
chiometric Ti3Al standard, using IDFIX software. The Ta/Nb couple was
analysed using a SEM ZEISS MERLIN equiped with EDS-SAMXPLUS EDS
and WDS-SAMXPLUS wavelength dispersive spectroscopy (WDS) detectors.
The concentration profiles were quantitatively measured by coupling EDS-110

WDS in comparison to the same standards. Nb, Ti and Al were measured
by EDS using IDFIX software and Ta, Si were measured by WDS using
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XMASPLUS software. After a precipitation treatment, spectral maps were
recorded and each pixel was quantified by EDS in comparison to the same
standards using MAXVIEW software. Every quantification was performed115

using the Kα ray for Al, Si, Ti and V, the Lα ray for Nb, Mo and Zr, and the
Mα ray for Ta. The phase volume fraction was measured by image analysis
using ImageJ software on ten different images for each couple. Thermody-
namic simulations were achieved using ThermoCalc software with TCTI1
thermodynamic database. Vickers microhardness measurements (averaged120

on 100 indents) were performed using a pyramidal diamond tip under 200g
load applied for 15s.

Couples
Heat treatment time (h)
800◦C 900◦C

Ti42(Nb17,Mo25)Al15Si1 / Ti42Nb42Al15Si1 16h 8h
Ti42(Nb17,Ta25)Al15Si1 / Ti42Nb42Al15Si1 24h 16h
Ti42(Nb17,V25)Al15Si1 / Ti42Nb42Al15Si1 16h 16h
Ti42(Nb17,Zr25)Al15Si1 / Ti42Nb42Al15Si1 16h 8h
(Ti17,Zr25)Nb42Al15Si1 / Ti42Nb42Al15Si1 16h 8h

Table 3: Summary of the heat treatment temperatures and time periods for each diffusion
couple

The approach used to analyse the diffusion couples is described in Fig.2.
An area at the interface between the bcc+O and the bcc domains was cho-
sen in order to observe the precipitation gradient of the O phase. This area125

was then cut in slices of equal width of 2µm to 5µm, depending on the
length of the analysed area. Each slice was then analysed, on one hand, for
microstructural characterization using image analysis, by quantifying the O
phase surface fraction of the slice, which was done on ten different areas along
the interface. And on the other hand, for chemical analysis using spectral130

mapping. The pixels in each slice were summed-up and the corresponding
total spectrum was quantified to obtain a mean chemical composition of the
slice. Then EDS profiles were made along the height of the slice to quantify
the chemical scattering. In the end, each slice had a set of data composed of
the orthorhombic phase fraction and the chemical composition, and the cor-135

responding scattering. This analysis is made under the assumption that local
equilibrium is achieved at the interface between the matrix and precipitates
[34].
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Initial interface

Mo Nb

Figure 2: Principle of the method to study diffusion couples after precipitation treatment.
Example of the Mo/Nb couple after heat treatment at 900◦C. An area at the interface
between the bcc+O and the bcc domains is chosen and the analysed area is cut in slices
of equal width. For each slice the O phase fraction is measured by image analysis. A
corresponding 64x64px quantitative spectral image is acquired and the pixels in each slice
are summed-up and quantified in order to obtain a mean chemical composition of the
slice. EDS profiles along the height of each slice are done in order to measure the chemical
scattering.

3. Results

3.1. After assembling treatment140

Fig.3a shows a SEM-BSE image of the initial interface after assembling
of the Mo/Nb couple. A good adhesion is observed between the two initial
alloys without any particular contamination at the interface. Some silicides
(dark grey precipitates) of (Ti,Nb,X)5(Si,Al)3 composition (X=Mo, Ta, V or
Zr) are observed. However, their low fraction (< 1.5%) will not affect the145

global chemistry of the specimen.
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Initial interface 
(d=0µm)

(a) (b)

Figure 3: Mo/Nb Couple after assembling at 1300◦C for 40h, (a) SEM-BSE showing the
EDS dots and (b) the corresponding concentration profiles (at.%)

EDS profiles were made across the initial interface (Fig.3b) to check the
quality of the assembly and to measure the chemical gradient. It extends
from 25 at.%(Mo) to 0 at.%(Mo) and from 17 at.%(Nb) to 42 at.%(Nb) over
approximatively 300 µm. A low Al gradient can also be observed, and is due150

to a difference in the nominal composition of the Ti(Nb,Mo)AlSi end member.
However, the deviation remains low if compared to the Mo gradient and will
have a slight effect on the following analysis. These measurements confirm
that only two elements have diffused during the treatment (here Nb and Mo)
while the others remain almost constant. It allows to analyse the effect of155

one element at a time on the microstructure after precipitation. Gradients
for other couples also extend over 300µm to 800µm with, in each case, only
two diffusing elements.

3.2. After precipitation treatment

SEM-BSE images of the Mo/Nb couple after precipitation treatment at160

800◦C (Fig.4a) and 900◦C (Fig.4b) are shown. The evolution of the mi-
crostructure can be observed on each image from a single bcc phase area
on the left (higher Mo content) to a two-phase bcc+O (black needles) area
on the right (lower Mo content). Some silicides were still observed after
the precipitation treatments but they will not affect the analysis since their165

fraction remains low and there is no evolution in their nature nor in their
fraction. Fig.4c represents the profiles obtained by applying the method of
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Figure 4: Mo/Nb Couple after assembling at 1300◦C for 40h and precipitation treat-
ments, (a) SEM-BSE after precipitation treatment at 800◦C for 16h, (b) SEM-BSE after
precipitation treatment at 900◦C for 8h and (c) Experimental and simulated (using TCTI1
database) orthorhombic phase fraction (%) evolution according to Mo content (at.%) after
precipitation at 800◦C and 900◦C. The orthorhombic phase fractions denoted fv0 in the
initial Ti-Nb-Al-Si are also reported at the corresponding temperature. The different grey
levels are an image of the chemical contrast.
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Figure 5: Experimental and simulated orthorhombic phase fraction (%) evolution accord-
ing to element content (at.%) for, (a) Zr/Nb, (b) Zr/Ti, (c) V/Nb and (d) Ta/Nb, couples
after precipitation at 800◦C and 900◦C
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analysis explained in section.2 on the Mo/Nb couple after precipitation treat-
ment at 800◦C and 900◦C. The phase volume fraction denoted fv0, measured
on the Ti42Nb42Al15Si1 at the corresponding temperatures are also reported170

(open, red circle and purple square) on the graph [33]. On both curves,
the orthorhombic phase fraction remains steady and starts decreasing after
a threshold value with increasing Mo content. For Mo/Nb couple, at 800◦C
and 900◦C, these values are respectively 5.5 at.%(Mo) and 3.5 at.%(Mo).
Moreover, by linearly extrapolating the end of the curves, it is also possible175

to approximate the end of the bcc+O domain which is around 9 at.%(Mo)
and 6.5 at.%(Mo) at 800◦C and 900◦C, respectively.

The method is then applied to the other couples and the corresponding
profiles showing the evolution of the orthorhombic phase fraction for, Zr/Nb,
Zr/Ti, V/Nb and Ta/Nb couples, are displayed in Fig.5. Several trends can180

be highlighted depending on the considered element. Zr, both in Zr/Nb
(Fig.5a) and Zr/Ti (Fig.5b) couples, shows a limited two-phase domain with
a fast decrease of the O phase fraction with increasing Zr content. At 800◦C
the two-phase domain is limited below 5 at.%(Zr) and 4 at.%(Zr) for Zr/Nb
and Zr/Ti, respectively. A sharp drop of the O phase fraction with increasing185

Zr content is evidenced in the Zr/Ti couple. While, at 900◦C the considered
domain is limited below 1 at.%(Zr) and 3 at.%(Zr) for Zr/Nb and Zr/Ti
couples respectively. In the V/Nb couple (Fig.5c), V exhibits a vast two-
phase domain at 800◦C up to 24 at.%(V), still with a decrease from 44% of
O phase in the vanadium free alloy to less than 12% above 20 at.%(V). It190

also greatly lessen at 900◦C with the dissolution of the O phase above 6.5
at.%(V) and a phase volume fraction mostly below 35%. Ta (Fig.5d) displays
the most important two-phase domain up to 25 at.%(Ta), both at 800◦C and
900◦C. Moreover the O phase fraction remains high and above 30% at 800◦C,
on all of the concentration range. At 900◦C it gradually decreases from 38%195

of O phase to 12% between 0 at.%(Ta) and 18 at.%(Ta) and then it steadily
increases until it reaches 26% of O phase at 25 at.%(Ta). This surprising
trend will be discussed in the next section.

Applied on each diffusion couple, the method allows to determine the
maximum additive element values (section.4.3). Moreover, under the as-200

sumption that a local equilibrium is achieved [31], it is possible to extrapo-
late an approximation of the boundary between the single phase bcc domain
and the two-phase bcc+O domain. As stated by Kobayashi et al., the as-
sumption is valid if composition gradients are not greater than 10 at.% per
µm [34]. In the current study, the formed composition gradient is ∼0.3at.%205
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per µm, the effect of the gradient on the local equilibrium between the bcc
and the O phase can therefore be neglected. The corresponding values are
listed in Table.4. Zr has a very low maximum additive element content and
a limited dual phase domain, both at 800◦C and 900◦C. Mo has a higher
domain compared to Zr. V has a vast two-phase domain up to 24 at.% at210

800◦C but it significantly decreases at 900◦C. Only the Ta/Nb couple shows
a vast two-phase domain up to 25 at.%(Ta), both at 800◦C and 900◦C.

3.3. Thermodynamics simulations

Simulated equilibrium phase diagram for Ti42Nb42Al15Si1 alloy using com-
mercial TCTI1 database was calculated upstream of this work. The or-215

thorhombic phase is described in the TCTI1 database and it is able to cal-
culate phase equilibria between the bcc and O phases in the Ti-Nb-Al-Si-X
system. Nevertheless, and as exposed in Fig.6, some differences are notice-
able between experimental data and calculations especially on the dissolution
temperature, with an underestimation of about a 60◦C compared to kinetic220

experiments, 890◦C calculated against 946◦C measured by differential ther-
mal analysis. But also on the orthorhombic phase fraction, with a simulated
volume fraction of 35.5% compared to the 44% measured at 800◦C [33]. The
presence of M5Si3-type silicides is also predicted with a constant volume frac-
tion around 2.5%, in good agreement with the observations.225

Fig.7a shows the simulated phase diagrams of the Ti42Nb42−xAl15Si1-Xx

and Ti42−xNb42Al15Si1-Xx systems, with X=Mo, V and Zr, and Fig.7b with
X=Ta, and the corresponding experimental data points measured on the
different diffusion couples (Table.4). Overall, the simulated diagrams quite
differ with the experiments on the limits of the two-phase bcc+O domain230

both in terms of temperature and compositions. A systematic underestima-
tion at 900◦C and overestimation at 800◦C (Fig.7a) is highlighted, except for
the simulated Ta/Nb couple. At 800◦C, the simulated Mo/Nb couple shows
a large single phase bcc domain above 12.5 at.%(Mo) while an extended
two-phase domain up to 30 at.%(V) is observed for the simulated V/Nb cou-235

ple. Calculations also suggest that Zr has an identical effect whatever the
considered couple, with a limited two-phase domain under 7 at.%(Zr). The
simulated Ta/Nb couple (Fig.7b) also shows an extended two-phase domain
up to 30 at.%(Ta). Moreover two chemically different orthorhombic phases
O#1 and O#2 are predicted with a coexistence domain between 16 at.%(Ta)240

and 17 at.%(Ta).
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Figure 7: Simulated phase diagrams, using TCTI1 database, for (a) Mo/Nb, V/Nb, Zr/Nb
and Zr/Ti and (b) Ta/Nb couples. The solid lines illustrate the simulated O phase solvus
for each couple and the dots show the experimental data points extrapolated at 800◦C
and 900◦C
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Fig.4c and Fig.5 shows the evolution of the simulated phase volume frac-
tion according to the concentration of the alloying element (at.%) for each
of the considered elements in the TiNb42−xXxAlSi and Ti42−xXxNbAlSi sys-
tems. Mo (Fig.4c) and Zr (Fig.5a and Fig.5b) both lead to a continuous245

decrease in the O phase volume fraction on their respective intervals. At
800◦C, increasing Mo content from 0 at.%(Mo) to 12.5 at.%(Mo) decreases
the O phase volume fraction from 35.5% until it disappears at 12.5 at.%(Mo)
while increasing Zr content from 0 at.%(Zr) to 5 at.%(Zr), decreases in each
case the O phase volume fraction from 35.5% to 9.5%. Only V (Fig.5c) and250

Ta (Fig.5d) show a two-phase bcc+O domain until 30 at.% but increasing V
content produce a steady decrease in the O phase volume fraction from 35.5%
to 7% whereas Ta addition first causes a decrease from 35.5% to 18% in the
O phase volume fraction at 16 at.%(Ta) after which it remains constant.

Couple Temperature (◦C) Maximum additive
element content

(at.%)

End of domain (at.%)

Mo/Nb
800 5.5 9
900 3.5 6.5

Ta/Nb
800 14 ≥ 25
900 5.5 ≥ 25

V/Nb
800 8 24
900 2 6.5

Zr/Nb
800 1.5 5
900 ≤ 0.5 1

Zr/Ti
800 2.5 4
900 ≤ 0.5 3

Table 4: Summary of, the maximum additional element content (at.%), that enables to
keep 40% and 30% of the O phase fraction at 800◦C and 900◦C respectively, and the
extrapolated end of dual phase domain (at.%) for each couple after precipitation at 800◦C
and 900◦C

4. Discussion255

4.1. Effect of temperature on the experimental and simulated phase evolution
and phase stability

Overall, whatever the additional element, a heat treatment at 900◦C is
closer to the dissolution temperature of the O phase than a heat treatment
at 800◦C, so it has more limited two-phase field and O phase volume fraction260
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(Fig.5). This can be understood by looking at the ternary Ti-Nb-Al phase
diagrams [35]. The O phase is stable on a very narrow domain of composition
up to 1000◦C. The TCTI1 database well reproduces this trend but system-
atically underestimates the O phase domain at 900◦C and overestimates it
at 800◦C.265

These differences are related to the incorrect description of the O phase
domain in the database. In particular, it results from a lack of accuracy on
the O phase dissolution temperature in the initial Ti42Nb42Al15Si1 system.
The stabilizing effect of Si on the O phase [33] is not taken into account,
which is then impacted on the whole diagram. Furthermore, except for Ta,270

the different alloying elements have zero solubility in the simulated O phase.
Since there are no solute elements in the O phase, no defaults are introduced
hence a lesser disorder in this phase. As a consequence, the entropy of the O
phase may be underestimated. For a given temperature, an underestimation
of the entropy of the O phase leads to a higher free energy. At higher tem-275

perature such as 900◦C the underestimation of the O phase entropic term
is more important, therefore the systematic underestimation of its domain.
The entropic term is also underestimated at 800◦C, but the enthalpy also de-
creases with the temperature, thus two opposite effects are involved. However
the enthalpy variation according to temperature is greater than the entropy280

variation, which may lead to the overestimated O phase domain at 800◦C.

4.2. Effect of composition on the experimental and simulated phase evolution
and phase stability

To discuss the effect of chemical composition, it may be interesting to first
regroup all the studied elements as in the Ti alloys with Mo, Ta and V labelled285

as β-stabilizers and Zr as a neutral element [36]. Then, based on the curves
in Fig.5, it also seems relevant to discuss the effect of Ta apart from the other
β-stabilizers. Overall at 800◦C, except for the Ta/Nb couple, the simulated
domains are overestimated in terms of additive element concentration and
the O phase volume fraction is underestimated. Here again, the simulations290

show good trendlines and qualitative evolution but lack in accuracy. All these
differences are probably due to a lack of thermodynamic data on binary and
ternary systems to accuratly predict quaternary or higher equilibrium for
this system, as already mentionned in the literature [5].
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4.2.1. Effect of β-stabilizers Mo and V295

Therefore, concerning the limits of the bcc+O two-phase domain for Mo
and V (Fig.4c and Fig.5c respectively), EDS measurements were possible on
V/Nb couples after a heat treatment at 800◦C and the phase compositions
are summed-up in Table.5. These measurements were not possible on the
Mo/Nb couple since the O precipitates size is too small to allow SEM-EDS300

analysis.

Couple Phase Ti Nb Al Si V

V/Nb
β-phase 39.5 ± 0.5 20.9 ± 0.4 13.8 ± 0.3 0.8 ± 0.2 25.0 ± 0.5

Orthorhombic 55.6 ± 2.6 13.0 ± 1.4 20.4 ± 0.9 1.5 ± 0.2 9.5 ± 2.3

Table 5: Phase composition (at.%) of V/Nb couple after heat treatment at 800◦C at
xGlobal
V = 23 at.%. The measurements were performed at an acceleration voltage of 7kV.

The partition coefficient of the element, X : PX = xOX/x
β
X has been deter-

mined from these measurements, which for V is quite large PV = 0.38±0.09.
Both high partition coefficient and large two-phase domain could lead, at
equivalent element content, to a greater stability of the O phase and thus305

to an extended two-phase domain. Accordingly, based on the measurements
on the V/Nb couple, it can be assumed that there is also a partial solubility
of Mo in the orthorhombic phase and that PMo should be smaller than PV .
Thus, it can be assumed that, in the case of the β-stabilizer element, i.e
Mo and V, the higher the partition coefficient is, the greater the two-phase310

domain is. Overall, these two elements displayed their β-stabilizing role by
favoring the bcc phase over the O phase with increasing concentration. With
Mo and V being isomorphous with the β-phase, thus extending its domain
of stability at lower temperature and leading to a stable bcc solid solution.
Moreover, from the analysis of simulations results, it was noticed that the315

selected alloying elements had no solubility in the O phase in the database.
As a consequence, the additional elements will enrich the bcc phase which
will induce necessary adjustments relative to, the composition and volume
fraction of O phase to keep the quantity of matter balanced, and to minimize
the Gibbs free energy of the system. Hence the inaccuracy noticed in the320

phase diagrams and in the evolution of the O phase volume fraction.
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4.2.2. Effect of Zr

As observed, Zr appears as the less favorable additive element for the sta-
bility of the O phase, both in the simulations and experiments, and contrary
to the common belief in Ti alloys, it acts as a strong β-stabilizer. Past stud-325

ies suggest that Zr can modify the solubility of an element in a phase and so
change its stability. It is the case in Ti-Zr-Si alloys [37], for which Zr addi-
tion reduces the solubility of Si in the β-Ti phase, thus leading to the early
precipitation of silicides. Similarly in the Zr/Nb and Zr/Ti couples, Zr ad-
dition might change the solubility of an element (Al for example), increasing330

its solubility in the β phase. Consequently the β phase would remain highly
stable, hence the fast disappearance of the O phase and the existence of a
single bcc phase domain with increasing Zr concentration. Until it reaches
higher Zr concentration where it leads to the precipitation of a zirconium
aluminide phase. CALPHAD calculations show a competition between the335

precipitation of an Al3Zr5 phase and the O phase, which could be responsible
of the limited existence of the latter. Again, there is no simulated solubility
of Zr in the O phase, so a Zr enriched bcc phase with enough Al quickly
leads to the precipitation of a zirconium aluminide since Al-Zr intermetallics
are highly stable phases [38]. However, even if a zirconium aluminide phase340

was indeed observed experimentally, it was at higher Zr content. And no
coexistence betweenn an Al3Zr5 and an O phases was observed.

4.2.3. Effect of Ta

The intermetallic orthorhombic phase has two different structures accord-
ing to the temperature: the O1 phase is the high temperature structure and345

the O2 phase is the low temperature one [39, 40], as illustrated in Fig.8. Both
have the same space group and only differ in the site occupancy [39, 40].
Moreover, an orthorhombic Ti2AlTa (Ti2.17Al1.06Ta0.77) was reported [41],
which should also display the two different structures O1 and O2, depend-
ing on the temperature. Accordingly, it can be assumed that the Ti-Al-Ta350

system presents a similar phase diagram as the Ti-Al-Nb system, but where
the stability domains would be shifted in temperature.

Knowing this, three scenario can be considered, that may explain the
evolution of the O phase fraction observed at 900◦C and 800◦C. At 900◦C,
two extrema at 0 at.% (Ta) and 25 at.% (Ta) and a minimum in between355

at 16 at.% (Ta) were observed (Fig.5d), which can be explained firstly by a
competition between two chemically different phases, O-Ti2Al(Nb,Ta) and O-
Ti2Al(Ta,Nb). Two dual phase domains, BCC+O-Ti2Al(Nb,Ta) and BCC+O-
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Figure 8: Schematic phase diagram of the Ti-Al-Nb system showing the O1 and O2 phases
[39]

Ti2Al(Ta,Nb) would exist at 0 at.%(Ta) and 25 at.%(Ta) respectively, hence
the extrema. While at 16 at.%(Ta), there is the coexistence of the two360

phases O-Ti2Al(Nb,Ta) and O-Ti2Al(Ta,Nb), and actually a three-phase do-
main BCC+O-Ti2Al(Nb,Ta)+O-Ti2Al(Ta,Nb), resulting in a competition of
precipitation between these phases and thus leading to a slower precipitation
kinetic. However this scenario seems unlikely since, if a competition were oc-
curing between O-Ti2Al(Nb,Ta) and O-Ti2Al(Ta,Nb) for their precipitation,365

it should take place at every temperature. Which is not the case at 800◦C
(Fig.5d). This implies that only the difference in chemistry can not explain
the behaviour displayed at 900◦C. If the structure of the O phase, i.e O1 and
O2, is taken into account, then depending on the temperature, there are two
possible cases. Either O-Ti2Al(Nb,Ta) and O-Ti2Al(Ta,Nb) have different370

structures or they both share the same. In the first case, the coexistence of
an O1 phase and an O2 phase means there are actually two distinct phases
with different cristallography. Whereas in the second case, independently of
the chemical composition, there is only one orthorhombic phase with either
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the O1 or O2 structure. The coexistence of the two structures could then375

lead to a competition of their precipitation, resulting in a slower precipitation
kinetic. While on the contrary, the existence of only one O phase with either
O1 or O2 structure could allow a continuous substitution of an element by
an other on the Nb/Ta site. Following this, at 900◦C, there would be two
phases O-Ti2Al(Nb,Ta) and O-Ti2Al(Ta,Nb) but with different structure,380

one being O1 and the other O2. Then at 0 at.%(Ta) and 25 at.%(Ta), there
would be two dual phase domains, one BCC+O1 and the other BCC+O2,
hence the two extrema. While at 16 at.%(Ta), there is the coexistence of the
two phases O1 and O2, and actually a three-phase domain BCC+O1+O2,
hence the minimum of O phase fraction, due to a competition between O1385

and O2, resulting in a slower precipitation kinetic. Subsequently, at 800◦C
both phases would have the same structure and then there is actually only
one orthorhombic phase, O-Ti2Al(Nb,Ta) with either the O1 or O2 struc-
ture, along the chemical gradient with a continuous substitution of Nb by
Ta. Hence the slight and continuous decrease of the O phase fraction along390

the gradient. This two cases are illustrated in the schematic phase diagram
(Fig.9). The fact that the O phase fraction decreases with increasing Ta
content may be an evidence that the O-Ti2Al(Nb,Ta) phase is more stable
than the O-Ti2Al(Ta,Nb) phase [42]. If this hypothesis is verified, it would
also means that one of the O phase, O-Ti2Al(Nb,Ta) or O-Ti2Al(Ta,Nb),395

has a transition from the O1 structure to the O2 structure at a temperature
between 800◦C and 900◦C. This hypothesis deserves further analysis.

BCC + O1

BCC + O2

BCC + O1 + O2

T

800 °C

900 °C

Ti42(Ta,Nb)42Al15Si1 Ti42(Nb,Ta)42Al15Si1

Figure 9: Schematic Ti2AlTa/Ti2AlNb phase diagram showing the O1 and O2 phases and
their respective domains

19



The simulated phase diagram (Fig.7b) well-predicts the extended O phase
domain and suggests the possible coexistence of two chemically different or-
thorhombic phases, but on a very narrow domain of composition. However400

the simulations do not take ordering effect into account, so do not discrim-
inate the O1 and the O2 structures but rather predict two O phases with
distinct chemical compositions but identical structure. As explained, this
seems rather unlikely at 800◦C since the coexistence of two O phases should
lead to a competition for the precipitation of these phases. In any case, the405

fact that an orthorhombic phase in the Ti-Al-Ta system was reported is most
likely the reason why the Ta/Nb couple was the most well described by the
CALPHAD simulations. However, the simulated O phase fraction is highly
underestimated in comparison to the experimental data at 800◦C.

4.3. Alloy design410

The control the microstructure is crucial to plan potential structural ap-
plication. The nature, the morphology and the distribution of the strength-
ening phase, are key parameters to consider. Based on previous research
on the Ti-Nb-Al system made by Boehlert [15], selection criteria on the or-
thorhombic phase fraction can be chosen. In order to achieve high resistance415

at elevated temperatures with an acceptable room temperature ductility, a
required 40% of O phase is needed at 800◦C and 30% at 900◦C. With these
criteria, in the case of the Mo/Nb couple, it is possible to evaluate the maxi-
mum additive element content of 5.5 at.%(Mo) and 3.5 at.%(Mo) respectively,
to the quaternary system. Based on these criteria it is also possible to note420

(see Table.4) that Zr is quite unfavorable to the stability of the O phase
and any addition of this element will likely be disadvantageous to this alloy
system. Whereas Mo, V and Ta are more interesting additive elements, with
higher solubility in the quaternary system. Addition of one of these elements
will likely have a greater impact on the properties of this alloy system and425

will give room to potential benefits compared to the quaternary alloy. To
clarify the reliability of this method, an alloy with the Ti42(Nb37,Mo5)Al15Si1
composition was prepared and heat-treated at 1300◦C/40h followed by an-
nealing at 800◦C/16h (Fig.10). The measured volume fraction of the O phase
is fv = 42% ± 4% which is in agreement with the measurements made on430

the Mo/Nb couple. Moreover, Vickers hardness measurements show an im-
proved RT microhardness of 462Hv±21Hv compared to 392Hv±9Hv for the
Ti42Nb42Al15Si1 alloy [33].
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Figure 10: SEM-BSE image of a Ti42Nb37Mo5Al15Si1 after heat treatment at 1300◦C
followed by annealing at 800◦C showing a bcc+O microstructure

In an approach aimed at developing alloys for structural application, it
is now possible, with this diffusion couples based method, to target alloy435

compositions that can ensure an already optimized microstructure for the
targeted application. However, and in spite of the speed-up of the screening
process, alloys designed with this procedure should still be characterized
afterwards, since more in-depth analysis is quite difficult to implement on
the graded samples.440

5. Summary and conclusions

Five diffusion couples were prepared, allowing to experimentally assess
the effect of Mo, Ta, V and Zr on the microstructure evolution of an initial
bcc+O Ti42Nb42Al15Si1 alloy at 800◦C and 900◦C. A SEM analysis strategy
was implemented and enabled to quantify the evolution of the orthorhombic445

phase fraction according to the concentration of the alloying element. This
method allowed to determine a maximum additive element content and to
extrapolate the limits of the bcc+O domain. It showed that Mo, V and Zr all
destabilized the O phase whereas Ta showed a continuous two-phase bcc+O
domain along the chemical gradient. Thermodynamic simulations, using450

the commercial TCTI1 database, were made and a systematic comparison
to experimental data were performed. Although, on refractory alloys, it
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gives qualitative trends with a good agreement between predicted phases
and observed ones, it fails to accuratly predict the phase transition and the
phase volume fraction. As a consequence, the TCTI1 database is not reliable455

enough to be used as a predictive tool for alloy design. According to these
results, a fast, reliable and experimental alloy design method was presented.
By using selective criteria on the O phase fraction it was possible to determine
a maximum additive concentration for each alloying element. This method
allows to target alloy compositions that can ensure an already optimized460

microstructure. It highlighted that addition of Mo, Ta and V are more
interesting additive element for a potential improved duplex bcc+O alloys
whereas Zr is more incline to be unfavourable.
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Rimpot, Sébastien Mercier, Valérie Lalanne and Loic Perrière for their help
in the experiment and their involvement on each stage of the study. The
authors also would like to thanks Jean-Marc Joubert for is kind suggestions
and help on the revision process. This work was performed in the ANR
framework programme TURBO-AHEAD.470

7. References

References

[1] B. Cantor, I.T.H. Chang, P. Knight, and A.J.B. Vincent. Microstruc-
tural development in equiatomic multicomponent alloys. Materials Sci-
ence and Engineering: A, 375:213–218, 2004.475

[2] J.W. Yeh, S.J. Lin, T.S. Chin, J.Y. Gan, S.K. Chen, T.T. Shun, C.H.
Tsau, and S.Y. Chou. Formation of simple crystal structures in Cu-Co-
Ni-Cr-Al-Fe-Ti-V alloys with multiprincipal metallic elements. Metal-
lurgical and Materials Transactions A, 35(8):2533–2536, 2004.

[3] O.N. Senkov, G.B. Wilks, D.B. Miracle, C.P. Chuang, and P.K. Liaw.480

Refractory high-entropy alloys. Intermetallics, 18(9):1758–1765, 2010.

[4] D.B. Miracle and O.N. Senkov. A critical review of high entropy alloys
and related concepts. Acta Materialia, 122:448–511, 2017.

22



[5] O.N. Senkov, D.B. Miracle, K.J. Chaput, and J.P. Couzinie. Develop-
ment and exploration of refractory high entropy alloys—a review. Jour-485

nal of Materials Research, pages 1–37, 2018.

[6] O.N. Senkov, S.V. Senkova, and C. Woodward. Effect of aluminum on
the microstructure and properties of two refractory high-entropy alloys.
Acta Materialia, 68:214–228, 2014.

[7] B. Schuh, B. Völker, J. Todt, N. Schell, L. Perrière, J. Li, J.P. Couzinié,490
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