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a b s t r a c t

Phase transformations in ametastable beta Zre12Nb alloy were investigated by high-energy

X-ray diffraction (HEXRD) measured simultaneously with thermal expansion in situ during

linear heating from room temperature to 800 �C. Complementary in-situ methods of elec-

trical resistance and differential scanning calorimetry, which were performed using the

same heating conditions as in the HEXRD experiment, provided additional information on

the transformation sequence occurring in the Zre12Nb alloy. Two bcc phases with a

different lattice parameter, bZr and bNb,were observed in the investigated temperature range

and identified using the phase diagram of the ZreNb system. In the initial solution-treated

condition, metastable bZr phase and athermal u particles are present in the material. At

about 300 �C, Nb-rich bNb phase starts to form in the material and the original bZr phase

gradually disappears. Ex-situ observations of the microstructure using transmission elec-

tron microscopy revealed a cuboidal shape of the u particles, which is related to a relatively

large misfit between the u and b phases. At 560 �C, u solvus was observed, identified by an

abrupt dissolution of u particles which was followed by growth of the a phase.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Zirconium has several physical properties which make it an

attractive material for a wide range of applications. Due to its
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low thermal neutron capture cross-section, it is an essential

construction material in the nuclear industry [1,2]. Zirconium

also possesses a good corrosion resistance both in highly acidic

andalkalineenvironmentsand therefore, it is frequentlyusedin

chemical industry [3]. Recently, Zr has been identified as a
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promising material for biomedicine, as it is a biocompatible

element, and its alloysgenerally exhibit goodstrengthanda low

elastic modulus [4]. As every pure metal, zirconium has a very

low strength, and must be alloyed with other elements to

improve itsmechanical and corrosion properties. Traditionally,

only low-alloyed zirconium alloys have been designed, studied

and utilised extensively since themain applicationwas nuclear

industry and all alloying additions increase the total neutron

capture cross-section. Therefore, designing zirconiumalloys for

nuclear industry is a trade-off betweenmechanical andneutron

properties [1,5,6]. Zirconium ismost commonly alloyedwith Sn,

Fe, Nb, or Mo. The first commercial zirconium alloys, Zircaloy-2

andZircaloy-4, contain 1.5wt%of Snand lowamounts of Feand

Cr [5,7,8]. Zr alloys E110 and M5 contain 1 wt% of Nb, which

places themon thea/aþbboundary in theZreNbphasediagram

[9]. Depending on the thermal treatment, the aforementioned

alloys can contain small b phase particles enriched in the b-

stabilising Nb [10e12]. The combined effect of Sn and Nb was

used inmore advanced alloys ZIRLO [13], E635 [14] and X5A [15].

Zr-Excel alloy with a more complex composition (Zr-3.5Sn-

0.8Mo-0.8Nb-0.15Fe-0.13O) has been thoroughly studied [16,17]

but never used in practice. In the chemical industry, the most

frequently used Zr alloys are Zircadyne 702 and 705. Zircadyne

702 iscommerciallypureZrandZircadyne705 isalloyedwithNb

to increase its formability and strength [18].

However, low-alloyed Zr alloys do not fully utilize the well-

known strengthening mechanisms of a multi-phase micro-

structure. The development of Zr alloys with a higher content

of alloying elements opens new application possibilities due

to their enhanced strength at room temperature and partic-

ularly at elevated temperatures. In nuclear industry applica-

tions, the adverse effect of increased neutron capture cross-

section can be compensated by the increased strength due

to precipitation strengthening. In otherwords, higher strength

enables developing a subtler design of internal components of

the nuclear reactor. This, in turn, results in a lower weight,

reduced production costs and to a reduced total neutron

capture cross-section of the components.

Zirconium belongs to the same group of periodic table of

elements as titanium; the phases and phase transformations

observed in alloys based on these elements are similar.

In literature, there are numerous studies ofmetastable b-Ti

alloys [19e24]; several Ti alloys with unique mechanical

properties were developed and are extensively used in the

aerospace industry [25]. In comparison, studies of zirconium

alloys with a higher amount of alloying additions have been

rather scarce. Apart from investigations of metastable b-Zr

alloys in the 70's and 80's [26,27], there is only limited recent

research on phase transformations, microstructure changes

and mechanical properties, Ref. [28], and corrosion perfor-

mance, Ref. [29]. Near b-type Zr alloys were found to possess a

high strength and a low elastic modulus which is an ideal

combination for biomedical applications [30,31]. Zr has also

significantly lower magnetic susceptibility than other metals

used for hard-tissue replacements (Fe and Ti), which leads to

less problematicmagnetic resonance imaging of patients with

Zr implants. With this attribute in mind, alloys from the

ZreMo and ZreNb system (including Zr-12Nb alloy studied in

this paper) were developed and investigated [32e34].
To our knowledge, no detailed study of phase trans-

formations and their sequence during heating of metastable

b-Zr alloys has beed reported in the literature. However, a full

understanding of phase transformations is essential for the

development and utilisation of metastable b-Zr alloys as high-

strength materials. In this study, we investigated phase

transformations in a simple binary Zre12Nb (in wt %) alloy

whose composition was selected based on the analogy with

the thoroughly investigated Tie15Mo (wt %) alloy

[19,20,35e37]. When the binary phase diagrams of the ZreNb

and TieMo systems are compared (see Refs. [38,39], respec-

tively), it is clear that the effect of Nb on the phase trans-

formations in Zr is qualitatively similar to the effect of Mo in

Ti. The content of 12 wt% Nb in the studied Zr alloy was

selected to achieve the same degree of b phase stabilization as

in the Tie15Mo alloy.

The transformation sequence in the Tie15Mo alloy during

linear heating is thoroughly described in Refs. [19,37]. We will

introduce it very briefly here for the sake of clarity. After

quenching from a temperature above the b-transus tempera-

ture, Tie15Mo (as a metastable b alloy) does not contain any a

phase nor any martensitic a0 or a’’ phases. However, meta-

stable uath (athermal) phase is formed during quenching by a

diffusionless transformation. The mechanism of uath forma-

tion corresponds to a shift of two neighbouring (111)b planes

along the body diagonal of the cubic cell to their intermediate

position,while one (111)b plane between two pairs of collapsed

planes is left unchanged [40,41]. It has been shown that the

collapse can be only partial, which results in a trigonal sym-

metry of the u phase [42]. Since there are four crystallo-

graphically equivalent sets of {111}b planes, there are also four

possible crystallographic orientations (families) of the u lat-

tice. Due to the mechanism of u formation there is a specific

crystallographic orientation between the u and b lattices:

ð0001Þu k ð111Þb; ½1120�u k ½011�b. The lattice misfits are defined

as the relative differences of the lattice parameters of the u

phase from their “ideal” values:

aðidÞ
u ¼ ab

ffiffiffi
2

p
; cðidÞu ¼ab

ffiffiffi
3

p .
2;

fa ¼
�
au � aðidÞ

u

��
aðidÞ
u ; fc ¼

�
cu � cðidÞu

��
cðidÞu ; (1)

where ab is the lattice parameter of the body-centered

cubic b phase and au, cu are lattice parameters of the hexag-

onal u phase. The superscript (id) denotes the "ideal" values

following from the crystallographic orientation between u

and b lattices stated above.

During ageing at intermediate temperatures (250 �Ce450 �C),
u particles stabilize chemically by rejecting b-stabilising ele-

ments into the surroundingbmatrix. Thisphase is referred to as

the uiso (isothermal) phase. At approximately 560 �C, the u

phase dissolves abruptly and the a phase starts to precipitate.

Themaximumvolumefractionof theaphase is reachedaround

600 �C and then decreases as the temperature approaches the b

transus temperature. Above the b transus, a phase is no longer

present and the material consists of a pure b phase [19].

In this work, phase transformations in the Zre12Nb alloy

were studied by high-energy X-ray diffraction (HEXRD) in situ

during linear heating. The method has already been used for
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investigation of phase transformations in titanium alloys

[22e24,35]. However, to our knowledge, metastable b-Zr

alloys have never been studied using HEXRD. The HEXRD

measurement was complemented by dilatometry (measured

simultaneously with X-ray diffraction), differential scanning

calorimetry (DSC) and electrical resistance. Based on the ob-

tained results, several conditions were chosen for post-

mortem microstructure observations by transmission elec-

tron microscopy (TEM). The results are compared with results

achieved for the analogous Ti15Mo alloy [36].
Fig. 1 e Evolution of the Zre12Nb diffraction pattern during

linear heating from RT to 800 �C with the heating rate of

5 �C/min. The interplanar distance dhkl is shown on the

horizontal axis, the vertical axis represents the

temperature. The colour represents the diffracted intensity

in a logarithmic scale. The lower part of the plot shows the

positions of the b, u, and a phase peaks.
2. Methods

The alloy used in this studywas arcmelted at UJP Praha a. s. in

pure He atmosphere. The material was homogenised in vac-

uum at 1400 �C for 2 h, processed by rotary swaging and so-

lution treated at 1000 �C for 2 h with subsequent quenching to

water (hereafter referred to as the initial material).

The phase transformations and the evolution of individual

phases was investigated by high-energy X-ray diffraction

(HEXRD) at P07-HEMS beamline of PETRA III (Deutsches

Elektronen-Synchrotron) [43]. A modified dilatometer B€ahr

805A/D was used to heat the samples in an inert He atmo-

sphere and record the thermal expansion simultaneously [44].

A sample of a cylindrical shape with the diameter of 4.5 mm

and the length of approximately 10 mm was used for the

measurement, which was carried out in transmission mode

with the primary beam perpendicular to the length of the

specimen. The wavelength of the X-ray beam was 0.14235 �A.

Data acquisition was performed in situ during linear heating

from room temperature (RT) to 800 �C using the heating rate of

5 �C/min. The patterns of entire Debye-Scherrer rings were

recorded by a PerkinElmer XRD 1621 image plate detector. One

pattern consisted of 15 frames, each with the acquisition time

of 1 s. The distance between the detector and the sample was

about 1580 mm and the beam size was 0.7 mm � 0.7 mm. The

obtainedDebye-Scherrer ringswere processed by the program

fit2D to get the integrated 2q profiles [45]. Subsequently, the

profiles were refined using the Rietveld method in the FullProf

program [46].

Electrical resistance of the material was measured using

the same heating conditions as those employed during the

HEXRD experiment, i.e. linear heating with the heating rate of

5 �C/min up to 800 �C. Electrical resistance was measured by a

four-point method under an inert Ar atmosphere using a

home-made apparatus which is able to achieve a relative error

of the order of 10�5; the details can be found in Ref. [36]. The

electrical resistance was normalized to the value at RT, i.e. R/

RRT; therefore, it can be regarded as the relative resistance

with respect to room temperature.

The in-situ experiments were complemented by differen-

tial scanning calorimetry (DSC) using Netzsch DSC 404C

Pegasus calorimeter. The sample was heated with the same

heating rate of 5 �C/min up to 800 �C.
Microstructure observation for selected conditions was

done ex situ in a JEOL 2200FS transmission electron micro-

scope (TEM) operated at 200 keV. For this purpose, samples of

the initial material were encapsulated in a quartz tube filled

with Ar, linearly heated using the same heating rate of 5 �C/
min up to the desired temperature and quenched into water.

The selected temperatures for microstructure observation

were 400 �C, 500 �C, and 600 �C. Subsequently, the samples for

TEM analysis were thinned by mechanical grinding to the

thickness of approx. 120 mm. The first polishing step was

electropolishing in Tenupol-5 (Struers) in a solution of HClO4,

butanol andmethanol. The electropolishing was performed at

�20 �C using the voltage of 20 V. The final polishing step was

ion milling using PIPS (Gatan) operating at 5 kV; for the last

30 min, the accelerating voltage was reduced to 3 kV to ach-

ieve a smooth surface of the TEM lamella.
3. Results and discussion

3.1. In-situ high-energy X-ray diffraction (HEXRD)

Fig. 1 shows the evolution of diffracted intensity measured by

HEXRD during linear heating with the heating rate of 5 �C/min

from RT to 800 �C. The horizontal axis represents the inter-

planar distance, while the temperature is shown on the ver-

tical axis. The colour represents the diffracted intensity in a

logarithmic scale. The lower part of the plot shows the

calculated positions of the b, u and a diffraction peaks at RT,

350 �C and 650 �C, respectively. In Fig. 1, peaks arising from the

three phases can be clearly distinguished. The strongest peaks

which extend through the whole temperature range corre-

spond to the b phase. Peaks arising from the presence of the u

phase can be identified as much weaker, broader maxima. Up

to approximately 300 �C, the character of the diffraction

pattern does not change significantly. When the temperature

is further increased, the u phase peaks sharpen and increase

in intensity, while the b peaks widen. Concurrently, a slight

shift of both b and u peaks (associated with lattice parameters

changes) is visible in Fig. 1. At 560 �C, an abrupt change of the

diffraction pattern is observed; the u peaks disappear, which

corresponds to the dissolution of u particles at the u-solvus

https://doi.org/10.1016/j.jmrt.2023.02.076
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temperature. The dissolution of the u phase at the u solvus is

not governed by diffusion and therefore, the temperature of

the u solvus is independent of the heating rate [20]. As the u

peaks disappear, they are replaced by the a phase peaks. Upon

closer inspection, there is a narrow temperature range around

560 �C inwhich theu and a phases coexist. As the temperature

approaches the upper limit for theHEXRD experiment (800 �C),
amaxima gradually weaken; however, a complete dissolution

of the a phase was not observed.

Representative HEXRD patterns taken at RT, 400 �C, 540 �C
and 580 �C are shown in Fig. 2. Note that all body-centred cubic

(bcc) peaks are referred to as the b phase in Fig. 2, disregarding

the distinction between bZr and bNb phases discussed further

in the text. The initial condition of the Zre12Nb alloy consists

of the b phase and uath particles (see the blue line in Fig. 2a).

The b peaks are narrow and strong (e.g. at dhkl z 1.42 �A, 1.74 �A

or 2.46 �A), while the presence of the u phase is evidenced by

typical broad peaks of a lower intensity (dhkl z 1.29 �A, 1.51 �A,

1.90 �A). This result is consistent with analysis of ZreNb alloys

reported in Refs. [33,34]. Since all b peaks coincide with one or

more u peaks, the tails of the b maxima are unusually broad.

In the diffraction pattern obtained for the temperature of

400 �C (the red line in Fig. 2a), an increase of the intensity of

the u peaks can be observed. The higher intensity of u peaks

with positions close to the b peaks results in the formation of

pronounced shoulders of these b peaks, see e.g. the (101)b
maximum at 2.46 �A. The comparison of diffraction patterns

taken slightly below and above the u-solvus (560 �C) is dis-

played in Fig. 2b. Below theu-solvus (see the blue line in Fig. 2b
Fig. 2 e HERXD patterns acquired at RT, 400 �C, 540 �C and

580 �C. Selected peaks are indexed.
which represents a pattern obtained at 540 �C), intense u

peaks can be observed. Interestingly, there is a very small

amount of the a phase in the material, as evidenced by a very

shallow (10.2)a peak at dhklz 1.86�A, for example. Above 560 �C,
all u peaks disappear and peaks of the a phase rapidly in-

crease in their intensity (e.g. dhkl z 1.59 �A, 1.86 �A, 2.74 �A, see

the red line in Fig. 2b, representing a pattern at 580 �C).
The HEXRD data were refined using the Rietveld method

which yielded the lattice parameters of individual phases,

their weight fractions and molar volumes. As opposed to the

typical transformation sequence in metastable b titanium al-

loys, in which a single bcc b phase can be detected in the

whole temperature range between RT and the b-transus

[19,22e24], the fitting of the Zre12Nb diffraction patterns

revealed the successive presence of two types of bcc phase

with different lattice parameters and a short temperature

interval of coexistence. This is best visible in the evolution of

the peak at dhkl z 1.74 �A and its deconvolution into individual

phases as shown in Fig. 3. The identification of the two bcc

phases follows from the phase diagram of the ZreNb system
Fig. 3 e Evolution of the peak at dhkl ≈ 1.74 �A (indexed as

(002)b in Fig. 2). Red circles represent measured data,

coloured lines are fitted peaks of individual phases. At

room temperature (the plot at the bottom), the peak is fitted

by bZr and u phases. At 400 �C, the intensity of the u peak

increased, while the bZr peak is weaker and a new bNb can

be observed. At 540 �C, the bZr phase is no longer present in

the sample and there is only a mixture of bNb and u

phases. Above the u-solvus, here at 580 �C (the top plot),

the material consists of a and bNb.

https://doi.org/10.1016/j.jmrt.2023.02.076
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displayed in Fig. 4, which was calculated in the Thermo-Calc

software (TTZR1: Zr-based alloys database v1.1). The compo-

sition of the studied alloy Zre12Nb is indicated in the phase

diagram by the blue vertical line. When the Zre12Nb alloy is

rapidly cooled to room temperature, it contains the quenched-

in bZr phase in whichmetastable uath particles form to release

some of the strain energy related to the high-temperature bZr

phase being “frozen” in a thermodynamically metastable

state. The lower plot in Fig. 3 demonstrates that the phase

composition of the alloy at RT is bZr þ u. As the temperature is

subsequently increased into the range in which diffusion

operates effectively, u phase particles start to grow by a

diffusion-assisted process accompanied by the rejection of Nb

into the surroundingmatrix. Driven both by the excess Nb and

the fact that it is far from the thermodynamic equilibrium, the

bZr phase starts to decompose and regions of Nb-rich bNb

phase form according to the phase diagram (Fig. 4). The plot

for 400 �C in Fig. 3 shows a strong u maximum, much weaker

bZr peak, and a shallow and broad bNb peak. The peak arising

from bNb is found at a lower dhkl, which is consistent with the

fact that Nb decreases the lattice parameter of the bcc phase

[22,47]. The conspicuous broadening and a slight asymmetry

of the bNb peak (due to which the fitting of this phase was

problematic in the early stages of its evolution) is probably

caused by a concentration gradient of Nb and/or elastic strains

in the bNb phase. On the other hand, the peaks corresponding

to the original bZr phase are sharp despite their decreasing

intensity (see the green lines in Fig. 3). Therefore, there are no

strong chemical gradients in the bZr phase as opposed to bNb.

Eventually, bZr disappears completely and the material is

composed of a mixture of bNb and u phases, see the part of

diffraction pattern at 540 �C in Fig. 3. Note that the bNb peak

shifts into the position of the original bZr peak, which is due to

changing Nb content in the b phase discussed below. As the
Fig. 4 e ZreNb phase diagram calculated in the Thermo-

Calc software. The blue vertical line denotes the chemical

composition of the Zr-12Nb alloy. The dashed line shows

schematically the variation of the u solvus temperature;

the value 560 �C for 12 wt %Nb was determined in this

paper. The theoretical eutectoid and b-transus

temperatures (620 �C and 680 �C, respectively) are also

indicated.
temperature increases above the u solvus, u particles dissolve

and the alloy system approaches the thermodynamically

stable aZrþbNb phase composition, see the phase diagram in

Fig. 4 and the upper plot in Fig. 3.

The evolution of weight fractions of phases during linear

heating is shown in Fig. 5 by coloured symbols. The weight

fraction is analogous to the volume fraction; the two param-

eters would be identical if all phases in the material had the

same density. However, the difference between densities of

individual phases is of the order of several percent, so the

weight and volume fractions can be regarded as inter-

changeable terms. The diffraction data suffer from poor sta-

tistics due to relatively low number of irradiated grains.

Therefore, the absolute error of the weight fraction values is

difficult to estimate and can be quite large. All small steps in

the weight fraction evolution, especially at temperatures

where a new phase was included into the fitting parameters

(e.g. at 350 �C and 560 �C where the first indications of bNb and

a phases, respectively, became apparent in the diffraction

patterns), are fitting artifacts. However, the general trends of

the curves are correct.

Fig. 5 also displays the evolution of relative electrical resis-

tance, denoted by the black line. Electrical resistance is sensi-

tive tomicrostructure changes and phase transformations.We

emphasize that the black curve in Fig. 5 shows the raw elec-

trical resistance data, only normalized to the resistance value

at RT; no smoothing or any mathematical operation was per-

formed. According to Matthiessen's rule, the total resistance of

a sample can be approximated by the sum of two terms:

rtotðTÞ ¼ r0 þ rhðTÞ. The temperature-independent component

r0 is the contribution of impurities and irregularities in the

periodicity of the crystal lattice (e.g. foreign atoms, phases and

their interfaces, or strain fields). The temperature-dependent

component rhðTÞ denotes the resistance of the pure host

metal which is governed mainly by the scattering of conduc-

tion electrons on thermal vibrations (phonon scattering) [48]. In
Fig. 5 e Evolution of weight fractions of individual phases

in the Zre12Nb alloy during linear heating (represented by

coloured symbols). The black line shows the evolution of

relative electrical resistance (R/RRT). The dashed vertical

line denotes the u solvus temperature at approximately

560 �C.

https://doi.org/10.1016/j.jmrt.2023.02.076
https://doi.org/10.1016/j.jmrt.2023.02.076


Fig. 7 e Evolution of the molar volume of phases in

Zre12Nb during linear heating, denoted by coloured

curves. The relative thermal expansion of the sample

(black curve) is plotted in the same graph.
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an alloy heated from RT to 850 �C, the phonon scattering is

responsible for an increase in resistance by approximately 20%

[49]. When the resistance decreases during linear heating, it

means that some process in the material (microstructure

change or phase transformation) which decreases the resis-

tance is stronger than the phononcontributionarising from the

temperature increase. On the other hand, when the resistance

curve increases, it may mean that it is only due to the phonon

scattering, or that some process has either a weaker opposing

influence or contributes to it. The phonon contribution can be

roughly estimated from the slope of the resistance curve at the

highest temperatures (ideally above the b transus, which could

not be reliably identified by our experiments), where there are

no significant changes in the microstructure.

The evolution of lattice parameters evaluated from fitting

of the diffraction patterns is shown in Fig. 6. The small steps at

temperatures where a phase was either added or removed

from the fitting parameters (e.g. around 350 �C and 560 �C
where the bNb and a phase could be first identified in the

diffraction pattern, respectively) are only fitting artifacts.

Fig. 7 shows the dependence ofmolar volumes ofu, bZr, bNb

and a phases on temperature. The molar volume is the vol-

ume of the unit cell divided by the number of atoms per unit

cell and multiplied by Avogadro constant. In other words, it is

the volume which would be occupied by 1 mol of atoms or-

dered in a given crystallographic lattice with given lattice

parameters. Similar to the curves representing weight frac-

tions and lattice parameters (Figs. 5 and 6, respectively), small

jumps in themolar volume curves (coloured lines in Fig. 7) are

only artifacts of data reduction; however, the trends are cor-

rect and the values are reliable. The graph also shows relative

thermal expansion, which provides complementary infor-

mation on the sample length changes.

3.2. Ex-situ observation of the microstructure

The weight fractions, lattice parameters or molar volumes of

individual phases evaluated from HEXRD provide no
Fig. 6 e Evolution of lattice parameters of individual phases

during linear heating. The lattice parameter ab is plotted to

show the lattice misfit between u and b phases as defined

by Eq. (1), i.e. multiplied by
ffiffiffi
2

p
and

ffiffiffi
3

p
=2.
information on the sizes of u and a particles, nor on the real

microstructure of the sample. Therefore, the microstructure

of the Zre12Nb alloy in the initial solution-treated condition

and after linear heating to selected temperatures (400 �C, 500
�C and 600 �C) was studied by TEM, see Fig. 8. It should be

noted that the TEM images are taken ex situ, i.e. the material

was quenched to room temperature after linear heating to the

selected temperature. Consequently, the observed micro-

structure may differ from the one at high temperatures, as

some phase transformations may occur during quenching.

However, the ex-situ approach is actually more appropriate

than an in-situ TEM experiment, because the diffusional

phase transitions can significantly differ in a thin foil and in

bulkmaterial. As a result, the temperature ranges and kinetics

of some transformations will be shifted, while other trans-

formation will not be observed at all in the thin foil [50].

The dark-field (DF) image of the initial material is shown in

Fig. 8a. The bright spots correspond to very smalluath particles

with sizes in the range of nanometres. After heating to 400 �C
(i.e. the temperature at which the weight fraction of the u

phase is the highest and a coexistence of bZr and bNb phases

was determined, see Fig. 5, a slight increase of the size of u

particles can be observed, see Fig. 8b. However, a TEM obser-

vation cannot be used to assess the volume fraction, as the

observed density of particles depends on the thickness of the

TEM foil and on the fraction of particles fulfilling the diffrac-

tion condition. For example, DF images in Fig. 8 aec display

only one fourth of the total number of u particles, as there are

four crystallographic “families” of u particles and only one of

them is selected for imaging. Heating to 500 �C results in sig-

nificant coarsening of u particles, see Fig. 8c. The size of u

particles is approximately 50 nm and their shape is cuboidal

(cf. ellipsoidal u particles in Tie15Mo [20]). Fig. 8d and e show

the BF and DF images, respectively, of a sample heated to 600
�C. Small, elongated particles of the a phase are visible in the

BF image, Fig. 8d. At the temperature of 600 �C, u phase is

completely dissolved, as evidenced by HEXRD results (see e.g.

Fig. 5). The u particles observed in the images Fig. 8d and e are

https://doi.org/10.1016/j.jmrt.2023.02.076
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Fig. 8 e TEMmicrographs of a) initial (solution treated) condition of the Zre12Nb alloy, and the conditions obtained by linear

heating (5 �C/min) to a selected temperature and quenching: b) 400 �C, c) 500 �C, d) and e) 600 �C. Panels a), b), c) and e) show

DF images with the corresponding selected area electron diffraction (SAED) patterns, while d) is a BF image. d) and e) show

the same region of the specimen. Blue arrows indicate uath particles formed in the sample during quenching, magenta

arrows show selected a particles. The inset in d) indicates the indexation of the SAED pattern, the orientation of the sample

was (110)b perpendicular to the electron beam. The scale of all images is identical and is indicated in panel e).
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athermal u (uath) which were formed in the bNb phase during

quenching from 600 �C. Similar effect of uath formation during

quenching from a temperature at which the b and a phases

coexisted, while the u phase was not present, was observed in

Ref. [20].

3.3. Comparison of dilatometry, electrical resistance and
differential scanning calorimetry (DSC)

Fig. 9 shows a comparison of in-situ measurements of elec-

trical resistance, dilatometry and DSC. The derivatives of

resistance and thermal expansion are shown, as these can be

directly correlated to the DSC curve.

The DSC curve (red line in Fig. 9) is qualitatively similar to

those measured for Tie15Mo and Ti-LCB (Ti-6.8Mo-4.5Fe-

1.5Al) [51]. Several processes can be distinguished on the

DSC curve. In the temperature range of approximately

150 �Ce450 �C, two broad exothermic bumps can be observed.

The first one (150 �Ce270 �C) was, in the case of Ti alloys,

attributed to the start of irreversible (i.e. with diffusion already

playing a role) dissolution of uath [36,51]. In weight fraction

data from the HEXRD experiment (Fig. 5), a small bump is

observed in this temperature range. However, due to the low
reliability of the weight fraction data, we consider this effect

inconclusive. Another explanation for the first exothermic

bump in the DSC curve can be the release of elastic strains in

the metastable bZr phase which is in a metastable state after

quenching. The second exothermic bump on the DSC curve

(approx. 270 �Ce450 �C) coincides with the formation of the

bNb phase and concurrent increase in the u weight fraction,

see Fig. 5. Note that the bNb starts to form at a lower temper-

ature than that corresponding to the beginning of the orange

line in Fig. 5. However, its amount is below the detection limit

of the HEXRD method. In the temperature range from

approximately 450 �C to 560 �C, the DSC signal deviates in the

endothermic sense, which can be attributed to the dissolution

of the u phase, see Fig. 5. At 560 �C, the onset of a sharp

exothermic peak is observed which is connected to a phase

precipitation above the u solvus.

3.4. The transformation sequence in Zre12Nb during
linear heating

From Fig. 5 it follows that at RT, the fractions of the bZr and

uath phases (in green and blue, respectively) are both close to

50% and remain almost constant to approximately 200 �C. The

https://doi.org/10.1016/j.jmrt.2023.02.076
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Fig. 9 e The comparison of in-situ measurements of electrical resistance, thermal expansion and DSC. The derivatives of

resistance and thermal expansion (black and green curve, respectively) are shown in the graph. The black and green

horizontal lines denote the zero value of the derivatives.
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electrical resistance in this interval shows first a slight in-

crease followed by a decrease. In metastable b-Ti alloys, the

electric resistance decreases substantially above RT which

was explained by partial dissolution of uath particles into the b

matrix and proven by in situ neutron diffraction [19]. On the

other hand, the dissolution of uath is rather limited in the Zr-

12Nb alloy, as evidenced by the almost constant weight frac-

tion of u phase in Fig. 5 (blue dots). The slight decrease of

electric resistance can be probably explained by partial release

of elastic strains in the bZr matrix due to either increasing

temperature or the dissolution of a very small amount of u

phase, which cannot be clearly identified by X-ray diffraction.

The increase in electrical resistance between 150 �C and

250 �C is most likely caused only by phonon scattering, as no

significant changes in the phase composition were detected

by HEXRD. Starting from 250 �C, the weight fraction of the u

phase increases at the expense of the bZr phase and the rising

trend of resistance slows down (i.e. the effect of microstruc-

ture changes opposes the effect of phonon scattering).

Therefore, the growth of u particles causes a decrease in the

resistance of the sample since a higher fraction of the u phase

is more effective in relieving the strains in the b phase related

to the bcc structure being “frozen” far from the region of its

thermodynamical stability. Another factor which may

contribute to the decrease of electrical resistance can be the

change of the character of the b/u interfaces from coherent to

semicoherent. The change of the interface character is most

likely the reason for an increasing misfit between the u and b

phases which starts around 300 �C, see the deviation of blue

dashed line from the green line in Fig. 6, i.e. at the temperature

at which the electrical resistance begins to decrease, see Fig. 5.

Around 350 �C, the second bcc b phase (bNb) was detected in

the diffraction patterns. However, it started to form in the

material earlier, but its volume fraction was below the

detection limit of the method (less than approx. 10%). We
estimate the real onset of bNb to approximately 300 �C, where a

deviation of the au lattice parameter from its “ideal” value

occurs, cf. Eq. (1) and Fig. 6, where the blue dotted line (au)

deviates from the green one (ab
ffiffiffi
2

p
). Furthermore, the DSC

curve also shows an exothermic bump starting slightly below

300 �C, which can be attributed to bNb formation in the ma-

terial, see the red curve Fig. 9.

After theoriginal bcc phase, bZr, disappears at around450 �C,
a significant increase of the u particle size is observed by TEM,

see Fig. 8c. Note that the growth of u particles coincides with a

decrease in its weight fraction, see Fig. 5. Concurrently with the

disappearance of the bZr phase, a slight increase followed by

another decrease can be observed in the electrical resistance

curve. This is an interesting phenomenon which clearly indi-

cated that there are two separate microstructural processes in

the temperature range between 300 �C and 560 �C. Corre-

sponding electrical resistance curve obtained for the Tie15Mo

alloy did not exhibit such clear distinction of the two processes,

although a slight change in the downward slope of the resis-

tance curve was detected [20,36]. The slight increase of elec-

trical resistance around 450 �C is observed because the effect of

microstructure changes which decrease the resistance (i.e. the

dissolution of the u phase) is weaker than the rising trend of

phonon scattering. Gradually, the rate of the u phase dissolu-

tion increases, until the influenceofdisappearingu/b interfaces

outweighs the phonon scattering and a decrease in electrical

resistance is observed in the range from500 �C to 560 �C; see the
steeply declining curve of u phase weight fraction in Fig. 5. In

the range of 450 �Ce560 �C, the lattice parameter of the bNb

increases more rapidly than what would result only from

thermal dilatation, see Fig. 6. The consequent increase of the

volume of bNb unit cell is manifested in the dilatometric

curve as a slightly steeper slope, see Fig. 7. Note that in this

temperature range, the u phase, which has a large molar vol-

ume,dissolves into bNbwith a smallermolar volume. This effect
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opposes the increase in the sample length. Therefore, the effect

of increasing bNb lattice parameter needs to be truly strong as it

is indeed manifested in the dilatometric curve. The bNb lattice

parameter growth can be explained by a lower average Nb

content; as the u phase (which is lean in Nb) dissolves, Nb

contained in the bNb matrix diffuses to the regions of former u.

The cuboidal shape of u particles (see Fig. 8c) is related to a

large lattice misfit between the u and bNb phases [52], cf. the

blue and orange lines in Fig. 6. Themisfit as defined by Eq. (1) is

about 2%.

At 560 �C, the u solvus temperature is observed, i.e. all u

particles still present in thematerial abruptly dissolve and the

a phase starts to precipitate. This phenomenon is manifested

by a sharp minimum of the electric resistance. According to

the phase diagram in Fig. 4, a relatively large fraction of the a

phase would be observed in thermodynamic equilibrium at

this temperature. The diffusion in this temperature range (i.e.

between the u solvus at 560 �C and the eutectoid temperature

620 �C, which coincideswith a localmaximum in the electrical

resistance curve) is quite fast, and consequently, the precipi-

tation and growth of a phase particles is very rapid. Combined

effects of the phonon contribution and the rapid growth of a

result in a steep increase of the electric resistance (see Fig. 5).

The rapid growth of a phase is also clearly visible in all other

in-situ methods. The thermal expansion of the sample

significantly increases, since a large amount of a phase with a

largermolar volume than the bNb matrix forms in thematerial

(see Fig. 7). Similarly, DSC detects a sharp exothermic peak

with an onset at 560 �C due to a precipitation, see the red curve

in Fig. 9. Concurrently, the lattice parameter of the bNb phase

decreases, see Fig. 6, due to increasing Nb content which is

rejected from the newly formed a phase (Nb decreases the

lattice parameter of bcc b phase [33,47]).

Above the eutectoid temperature, the a phase begins to

dissolve. This is caused by the fact that below the eutectoid

temperature, the equilibrium volume fraction of the a phase is

larger than that of the bNb phase (almost 9:1 according to the

calculated phase diagram in Fig. 4). As the temperature rises

above the eutectoid one, the situation is reversed; the equi-

librium b fraction is larger than that of a. As the temperature

approaches the b transus, the fraction of the a phase further

decreases. Note that above the eutectoid temperature, it

would be formally correct to call the bNb phase (which started

to form around 300 �C and its weight fraction gradually

increased until it fully replaced the initial quenched-in bZr

phase) bZr again, according to the phase diagram in Fig. 4.

However, the evolution of lattice parameters or any other

experiments do not indicate any structural change. Because

renaming the bcc phase above the eutectoid temperature

would bring more confusion than clarity, we will continue to

call it bNb (or just b). The theoretical value of the eutectoid

temperature is 620 �C, see Fig. 4. In reality, it is shifted to a

lower temperature; the fast dissolution of the a phase begins

slightly below 600 �C, as evidenced by the weight fraction

evaluated from HEXRD data, see the magenta curve in Fig. 5.

This shift can be caused by content of impurities, namely

oxygen, in the material which is not accounted for in the Zr-

Nb phase diagram. Near the eutectoid temperature, a change

of the slope in the electrical resistance is observed, see the

black curve in Fig. 5. The increasing trend of the resistance
slows down and eventually, a decrease is observed due to

disappearing a/b interfaces. Dilatometry shows that the

sample length ceases to grow at about 600 �C (see the black

line in Fig. 7), and it even decreases in a short temperate range,

see the negative derivative of the thermal expansion in Fig. 9.

This means that the dissolution of the a phase, which has a

large molar volume (Fig. 7), leads to shortening of the sample

which has a stronger influence than the length increase due to

thermal dilatation. The a dissolution is reflected also in the

evolution of the lattice parameter of the b phase. Due to

decreasing Nb content (Nb migrates back to regions where a

disappeared), the lattice parameter of the b phase decreases,

see Fig. 6. At the same time, the molar volume of the b phase

remains much smaller than that of the a phase. This is

another reason for the decrease of thermal expansion (Fig. 7).

As the temperature increases, the thermal expansion rises

again, but much slower than what would correspond only to

thermal dilatation of a pure material without any phase

transformations.

The b transus temperature could not be reliably determined

in the temperature range of the employed experiments. In

HEXRD, peaks belonging to the a phase can be discerned even

for the highest reached temperature, 800 �C (see Fig. 1), even

though the theoretical phase diagram predicts the b transus at

680 �C (Fig. 4). Thismaybecausedbyoxygen content in the alloy

or the possibility that the surface of the sample was oxidized,

locally increasing the b transus temperature. The other in-situ

methods are not sufficiently sensitive to the b transus; the

electrical resistance curve can show a change of the slope [36]

but other experiments would need to be performed to deter-

mine the b-transus temperature unambiguously.
4. Conclusions

A unique combination of analytical methods was used to

clarify the phase transformation sequence occurring in a

metastable b Zre12Nb alloy. HEXRD was measured in situ

during linear heating simultaneously with dilatometry.

Additionally, electrical resistance and DSC were measured

with the same heating rate. The microstructure of several

conditions heated up to selected temperatures and quenched

was observed by TEM.

The most important findings of this research can be sum-

marised as follows.

� During linear heating, two distinct bcc phases were

observed in accordance with the ZreNb phase diagram.

The initial solution treated condition consists of a meta-

stable bZr phase and nanometre-sized uath particles. At

about 300 �C the Nb-rich bNb phase with a lower lattice

parameter starts to precipitate and the original bZr phase

gradually disappears.

� Starting at approximately 250 �C, theweight fraction of theu

phase increases. At about 450 �C, the u particles start to

coarsenwhile their totalweight fractiondecreases. At 560 �C,
theu solvuswas found.At this temperature, the remainingu

particles dissolve rapidly and a particles start to grow.

� The isothermal u particles have a cuboidal shape which is

caused by a large misfit of the b and u lattices.
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� Above the eutectoid temperature, the a phase gradually

transforms back to the b phase.

� Phase transformation sequence inmetastable b-Zr alloys is

similar to their Ti-based counterparts; however, significant

differences arise. Detailed understanding of phase trans-

formations in these novel materials will facilitate their

utilization in future applications.
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