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Abstract

TiZr-based multicomponent metallic films composed of 3–5 constituents with almost equal atomic concentrations were prepared by co-
sputtering of pure metallic targets in an Ar atmosphere. X-ray diffraction was employed to determine phase composition, crystalline structure,
lattice parameters, texture and crystallite size of the deposited films.
The deposited films exhibited only solid solution (fcc, bcc or hcp) or amorphous phases, no intermetallic components being detected. It was

found that the hcp structure was stabilized by the presence of Hf or Y, bcc by Nb or Al and fcc by Cu. For the investigated films, the atomic size
difference, mixing enthalpy, mixing entropy, Gibbs free energy of mixing and the electronegativity difference for solid solution and amorphous
phases were calculated based on Miedema's approach of the regular solution model. It was shown that the atomic size difference and the ratio
between the Gibbs free energies of mixing of the solid solution and amorphous phases were the most significant parameters controlling the film
crystallinity.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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1. Introduction

Multicomponent alloy systems comprising more than three
elements with various atomic concentrations were found to
possess complex microstructures including solid solution, amor-
phous phases, and/or intermetallic compounds [1–5]. Since the
stability and the mechanical, tribological, anticorrosive and
other characteristics of these materials are directly affected by
their phase compositions and structures, it is important to predict
and control the phases and the corresponding structures, by
properly selecting the constituents. For example, the systems
containing intermetallic compounds, in spite of their high
strength and thermal resistance, are brittle, rendering their
10.1016/j.pnsc.2014.06.001
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application rather limited. Among multicomponent alloys, those
commonly named high-entropy alloys (HEAs) are of special
interest [6–23]. By definition [6], high-entropy alloys belong to
a class of alloys composed of at least five principal metallic
elements (5–13) in near-equiatomic ratios. The HEA alloys
investigated so far were found to exhibit remarkable properties
such as very fine structures with nanoscale precipitates and also
amorphous phases, high thermal stability, superior resistance to
wear, corrosion and oxidation etc., resulting from the combined
effects of high Gibbs free energy of mixing (mixing entropy),
lattice distortion, low long-range diffusion and “cocktail effect”
[7]. The high value of the mixing entropy enhances the mutual
solubility among elements leading to preferentially formation of
solid solutions instead of intermetallics, the lattice distortion
causes solid solution hardening, the reduced diffusion promotes
the formation of nanocrystalline or amorphous phases, and the
“cocktail effect” exploits the merits of one or another constitu-
ent. A number of empirical rules based on the thermodynamical
criteria have been developed to predict the phase formation
Elsevier B.V. All rights reserved.
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(solid solutions, intermetallic compounds and amorphous metal-
lic glasses) for multicomponent alloys, including HEAs
[14,15,18–20,24]. For instance, Zhang et al. [18], Yang and
Zhang [20], and Guo et al. [14,15] extended the solid-solution-
formation rules for binary systems (Hume-Rothery rules [25]) to
the case of high-entropy alloys.

Beside the analysis of phase formation in bulk multi-
component alloys, a similar study in the case of multicompo-
nent metallic thin films, including those composed of metals
with equal atomic percentage (multi-principal-element or MPE
films) [26–30], would be also of great interest. For example,
properties improvement has been found for films containing
multiple phases [31]. In the case of MPE films with 3–8
components, the various microstructures, which mainly depend
on the types of constituents, significantly influence film
characteristics, as thermal stability, morphology, hardness,
corrosion resistance, etc. [26].

The purpose of the present study was to find out the factors
controlling phase formation in TiZr-based MPE metallic films
comprising 3–5 constituents, produced by co-deposition from
multiple single-element targets. The TiZr-system was selected
as a binary base system because the two transition metals are
completely miscible in the solid state, so it forms a solid
solution with structure and characteristics well known at
present (e.g [32]).

Cu, Al, Cr, Nb, Hf, Y and Si in various combinations, were
specifically chosen to be added to Ti–Zr to form ternary to
quinternary films, because they possess different crystalline
structures (fcc, bcc or hcp), mixing enthalpies and atomic radii,
and this allows to examine the role of these factors in the phase
formation process. Ternary TiZrHf, TiZrNb, TiZrCu and
TiZrSi, quaternary TiZrHfNb, TiZrHfY, TiZrHfCu and TiZrCu
Si, and quinternary TiZrHfNbAl, TiZrHfNbCr, TiZrHfNbY,
TiZrHfNbCu and TiZrCuYSi films were prepared and inves-
tigated. For comparison, binary TiZr films were also examined.

Film characterization was performed in terms of elemental
and phase composition, texture, crystalline structure and
crystallite size. Since the film crystallinity was appreciated
by X-ray diffraction, the investigated films could be termed as
XRD crystalline or XRD amorphous films. A possible forma-
tion of minor ordered phases in the amorphous films,
observable by HRTEM examination, was not considered in
this work. In the following the films will be named either
crystalline or amorphous, the denotation “solid solution”
implying a crystalline structure.

2. Material and methods

The films were deposited on D3 tool steel substrates by co-
sputtering of two to five metallic targets made of Ti, Zr, Hf,
Cu, Cr, Al, Nb, Y or Si, in Ar atmosphere, using an ATC
ORION magnetron sputtering unit (AJA Int.). Prior to deposi-
tion, the samples were sputter cleaned with Arþ (1000 eV,
10 min). The deposition chamber was pumped down to
�2� 10�5 Pa. By preliminary experiments, the power
applied to each target was adjusted for obtaining films with
near-equiatomic concentrations of the composing elements.
The main deposition parameters were: Ar flow rate¼10 sccm;
power fed to targets �250 W (Ti), �140 W (Zr), �210 W
(Hf), �200 W (Cu), �125 W (Cr),�150 W (Al), �100 W
(Nb), �120 W (Y), and �300 W (Si); substrate bias
voltage¼�100 V; deposition temperature¼300 1C; deposi-
tion duration¼110–130 min, in order to obtain films with
constant thickness (�2.8 μm). For TiZr film preparation, two
cathodes of each type (Ti and Zr) were used in order to have
similar deposition rates and ion bombardment conditions as for
the MPE films.
The elemental compositions of the films were determined by

energy dispersive X-ray spectroscopy (EDS) using an electron
probe micro-analyzer (XL-30-ESEM TMO) equipped with
energy dispersive X-ray spectrometer. X-ray diffraction ana-
lysis (Rigaku MiniFlex II, with Cu Kα radiation) was carried
out to investigate the phase composition, crystalline structure,
lattice parameters and crystallite size of the deposited films.
3. Results

The determination of the atomic concentrations of the
elements, as derived from quantitative EDS analysis, showed
that for a certain coating type the atomic concentrations of the
components were similar, within 77% accuracy. Therefore,
for calculating the thermodynamic functions controlling the
phase formation, in the following, the atomic concentrations of
different elements in a certain film type will be considered as
being equal.
The XRD patterns of the deposited films are presented in

Fig. 1. Lattice parameters and crystallite sizes (estimated from
the Scherrer formula), as derived from XRD spectra, are listed
in Table 1. The experimental results showed that the deposited
films did not exhibit the formation of intermetallic compounds.
On the other side, as seen in Fig. 1 and Table 1, the crystalline
structure, film crystallinity and crystallite size were strongly
sensitive to the type and number of film constituents. For the
crystalline films, crystallite sizes in the range 2–25 nm were
calculated.
The binary Ti–Zr system exhibited, in line with the existing

data (reference JLPDS card 03-065-9625), a hexagonal (hcp-
type) crystalline structure, with lattice parameters a¼0.3111
nm and c¼0.4887 nm (crystallite size od4¼14.2 nm).
For the ternary compounds (TiZrHf, TiZrNb, TiZrY, TiZrCu

and TiZrSi), the addition of different elements to TiZr affected the
crystalline structure in different ways. The addition of Hf (hcp
structure) maintained the hcp structure of the compound (TiZrHf),
whereas Nb (bcc) led to bcc structure of TiZrNb. As for the
crystallinity, the TiZrHf and TiZrNb films were crystalline,
TiZrCu and TiZrSi and TiZrY were amorphous, despite the
different crystalline structures of the added elements.
For the quaternary films containing three elements with hcp

structure, the incorporation of Nb (bcc structure) promoted a
bcc phase, while the Y (hcp) addition led to the formation of a
mixture of two distinct hcp phases. As expected from the
observed structure of the ternary films containing Cu and Si,
the TiZrHfCu and TiZrSiCu films were amorphous.
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Fig. 1. XRD spectra of the deposited films: (a) binary and ternary and (b) quaternary and (c) quinternary metallic films.
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In the case of quinternary films, the bcc TiZrNbHf system
keeps its bcc structure at Al or Y incorporation, while the Cr
and Cu addition determined the formation of a mixture of
phases (bccþ fcc). The other quinternary films (TiZrYCuNb
and TiZrYCuSi) were found to be amorphous, most probably
due to Cu and Si presence.

The above results can be summarized as follows:
–
 Whatever the type and number of components, no inter-
metallic compounds formed.
–
 The type of crystalline structure of TiZr-based MPE films
depended on the specific elements incorporated in the
binary to quaternary films. As in the case of ternary
compounds, it was found that Hf was acting as hcp
stabilizer for the quaternary films. Yttrium addition deter-
mined the amorphisation of the ternary films, while in
quaternary films was acting as hcp stabilizer. Nb and Al
served as bcc stabilizers, and Cu as fcc stabilizer. Similar
results were reported in the case of other HEAs, for which
Al was considered to stabilize a bcc structure, while fcc
phase was stabilized by Cu, Co or Ni [14,29].
–
 Concerning the crystallinity, Nb and Hf addition facilitated
the formation of solid solution phases, while Cu and Si,
were acting as amorphous phase forming elements.



Table 1
Crystalline structure, lattice parameters and crystallite size od4 of the
deposited films.

No. Film Crystalline
structure

Lattice parameters
(nm)

od4
(nm)

1 TiZr hcp oa4¼0.3111
oc4¼0.4887 14.2

2 TiZrHf hcp oa4¼0.3175
oc4¼0.5069 17.0

3 TiZrNb hcp oa4¼0.3473 17.2
4 TiZrY Amorphous – –

5 TiZrCu Amorphous – –

6 TiZrSi Amorphous – –

7 TiZrHfNb bcc oa4¼0.3528 12.0
8 TiZrHfY hcp1 oa4¼0.3214

oc4¼0.5148 19.2
hcp2 oa4¼0.3182

oc4¼0.5033 9.9
9 TiZrHfCu Amorphous – –

10 TiZrCuSi Amorphous – –

11 TiZrHfNbAl bcc oa4¼0.3531 10.6
12 TiZrHfNbCr bcc oa4¼0.3463 2.3

fcc oa4¼0.4424 25.5
13 TiZrHfNbY bcc oa4¼0.3536 12.6

hcp oa4¼0.2231
oc4¼0.3207 3.1

14 TiZrHfNbCu bcc oa4¼0.3467 17.0
fcc oa4¼0.4360 18.5

15 TiZrHfYCu Amorphous – –

16 TiZrCuYSi Amorphous – –
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Since, as already shown, the films exhibited large differ-
ences in their structures (from amorphous to crystalline), in the
following we will analyze the factors responsible for this
behavior.

4. Discussion

To understand the factors that mainly control the film
crystallinity, we considered the existing models concerning
the processes and phenomena which can affect the stability of
phases in multicomponent alloys. The models comprise the
formation rules for solid solution phases in multicomponent
alloys [15,18,20], and also for amorphous phases in bulk
metallic glasses [24,33]. To accommodate with the experi-
mental findings, there were derived some empirical rules,
which were generally described in terms of atomic-size effects
of the constituent atoms, and also of thermodynamical func-
tions, being numerically interpreted to give the variation
ranges of significant parameters for formation of a certain
phase type. For calculating the thermodynamical functions, the
regular solution model was commonly considered by different
authors (e.g. [33] and the references therein), and will be also
used in the present study.

The main factors which can control the phase formation and
stability in multicomponent alloys are the difference in atomic
radii, the enthalpy of mixing, the mixing entropy and the Gibbs
free energy of mixing of the solid-solutions and amorphous
phases, and the electronegativity difference, as described
below:
–
 Difference in atomic radii, described by the parameter δ
[14,18,34]:

δ ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
n

i¼1
ci 1� ri

r

� �2
s

ð1Þ

where n is the number of constituents, ci is the atomic
percentage of the I component, ri is the atomic radius and
r ¼ ∑n

i¼1ciri is the average atomic radius.

–
 Enthalpy of mixing (formation) of the solid solution phase
ΔHss, which is considered to characterize the chemical
compatibility between the constituents and, according to the
regular solution model and Miedema's approach, can be
written as [35,33] follows:

ΔHss ¼ ΔHchþΔHel ð2Þ
where ΔHch and ΔHel are the chemical and elastic
contributions to enthalpy, respectively.

For a multicomponent system, if only binary interactions
are considered, ΔHch and ΔHel are given by the following
equation:

ΔHch ¼ ∑
n

i; j
cicj Ωij ð3Þ

where Ωijð¼ 4ΔHmix
AB Þ is the regular solution interaction

parameter and ΔHmix
AB is the mixing enthalpy for binary

solid solutions (ΔHmix
AB values can be found in Ref. [36])

ΔHel ¼ ∑
n

i ¼ 1;ia j
cicjðciheli in jþcjh

el
j in iÞ ð4Þ

where Δheli in j can be calculated using [37,33]:

Δheli in j ¼
2μjðVi�VjÞ2
Vjð3þ4μjkiÞ

ð5Þ

Here, μj is the shear modulus of the solvent, Vi and Vj are
the molar volumes of the solute and the solvent, respec-
tively and Ki is the compressibility of the solute, and can be
found, e.g., in [38].
–
 Enthalpy of mixing of the solid solution amorphous phase
ΔHam, calculated by the following equation [33,39]:

ΔHam ¼ ΔHchþ ∑
n

i¼1
ciH

a
i ð6Þ

where Ha
i is the enthalpy of amorphous pure metals, which

can be expressed as follows [33,35]:

Ha
i ¼ αTm;i ð7Þ

with Tm,i – the melting point of the ith component and
α=3.5 J mol�1 K�1
–
 Mixing entropy of the solid solution phase ΔSss is defined
as follows [24]:

ΔSss ¼ΔSconf þΔSδ ð8Þ
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where ΔSconf ¼ �R∑n
i ¼ 1ðcilnciÞ; with R is Boltzmann's

constant, is the ideal configurational entropy, and ΔSδ is
the mismatch term resulting from different atomic size
values, and can be calculated as function of the atomic radii,
composition and packing fraction [24,40,41].
–
 Mixing entropy of the amorphous phase ΔSam is defined as
follows [35,42]:

ΔSam ¼ ΔSconf þΔSdis ð9Þ

The entropy change ΔSdis is determined by the specifical
disordering character of the amorphous phase, being
estimated as ΔSdis=3.5 J mol�1 K�1.
–
 Gibbs free energy of mixing of the solid solution ΔGss

(expressing the change of Gibbs free energy for the system
transition from the elemental to the crystalline mixed
states):

ΔGss ¼ ΔHss–TdΔSss ð10Þ
where Td – the deposition temperature of the film, was
chosen as a significant temperature – dependent parameter
of the thin film formation process.
–
 Gibbs free energy of mixing of the amorphous phase ΔGam.

ΔGam ¼ ΔHam–TdΔSam ð11Þ
–
 The electronegativity difference Δχ is determined by the
following equation [18]:

Δχ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
n

i ¼ 1
ciðχi�χÞ2

s
ð12Þ

with χ ¼∑n
i ¼ 1ciχi where χi is the Pauling electronegativity

for the ith component.
le 2
mic size difference δ, chemical contribution of the enthalpy of mixing ΔHch, enth
se ΔHam, configurational entropy ΔSconf, Gibbs free energy of mixing of the so
electronegativity difference Δχ. Gray rows are indicating the amorphous films

δ ΔHch

(� 103 J mol�1)
ΔHSS

(� 103 J mol�1)
ΔHam

(� 103 J mol�1)
ΔSc

(J K

r 4.6 0.0 4.2 7.1 5.7
rHf 4.0 0.0 2.4 7.6 9.1
rNb 5.0 2.7 4.7 10.6 9.1
rY 8.6 10.7 19.4 17.5 9.1
rCu 9.2 �14.2 �3.7 �7.9 9.1
rSi 13.4 �66.7 �64.8 �60.0 9.1
rHfNb 4.9 2.5 4.4 10.6 12.6
rHfY 7.6 8.8 14 16.0 12.6
rHfCu 8.7 �12.3 �4.3 �5.3 12.6
rCuSi 12.5 �50.3 �43.8 �44.0 12.6
rHfNbAl 5.0 �19.4 �17.9 �12.2 13.3
rHfNbCr 8.6 �4.0 2.3 4.0 13.3
rHfNbY 8.3 12.0 16.3 19.7 13.3
rHfNbCu 7.9 �5.8 �0.8 1.7 13.3
rHfYCu 11.2 �5.8 3.4 1.0 13.3
rCuYSi 15.8 �43.5 �34.5 �37.3 13.3
It should be noticed that in this work we preferred to follow
the simplified schemes used in the Refs. [15,18,24,33], based
on the enthalpies of formation of binary compounds estimated
with Miedema's model, in which the multiple interaction
parameters are neglected. This model was used for estimating
the formation enthalpy of the ternary, quaternary and quin-
ternary alloy systems mainly because the input data needed in
calculation do not require additional experimental data, which
may be unavailable. There are known some extrapolation
methods, proposed in order to extend Miedema's model to
compounds with more components. For example, the ternary
atomic interactions between the constituents were also con-
sidered [43] or, in the model elaborated by Goncalves et al.,
the crystallographic positions of the atoms were taken into
account [44], while the scheme of Ouyang et al. included the
asymmetry of thermodynamic properties of the constitutive
binary systems [45]. However, these theories are not only
difficult to be used in calculations for quaternary and quin-
ternary alloys, but also need additional information which in
some cases is not reliable, and the final results are still
depending on empirical parameters.
The above described parameters, calculated for the films

investigated in this work, are listed in Table 2. A careful
examination of data in the table indicates the main parameters
dictating the formation of an either crystalline or amorphous
phase.
When focusing on differences in atomic radii (δ parameter),

it can be seen that solid solution phases form for δo8.6, while
amorphous phases for δ48.6. We would mention that δ¼8.6
appears to be a threshold value, for which it is formed either a
solid solution (TiZrHfNbY) or an amorphous phase
(TiZrHfCu). This is an expected result, as it is in line with
one of the requirements from classical Hume-Rothery rules for
alpy of mixing of the solid solution ΔHss, enthalpy of mixing of the amorphous
lid solution ΔGss. Gibbs free energy of mixing of the amorphous phase ΔGam,
.

onf

�1 mol�1)
ΔSSS

(J K�1 mol�1)
ΔGSS

(� 103 J mol�1)
ΔGam

(� 103 J mol�1)
Δχ

6 6.15 0.7 1.8 0.105
3 9.42 �3.0 0.4 0.107
3 9.61 �0.8 3.4 0.116
3 10.49 13.4 10.3 0.133
3 10.65 �9.8 �15.1 0.235
3 12.16 �71.8 �67.2 0.235
4 13.08 �3.1 1.4 0.130
4 13.72 6.1 6.8 0.118
4 13.96 �12.3 �14.6 0.239
4 15.42 �52.6 �53.3 0.244
8 13.84 �25.8 �21.9 0.134
8 14.69 �6.1 �5.7 0.145
8 14.69 7.9 10.1 0.146
8 14.50 �9.1 �8.0 0.217
8 15.66 �5.6 �8.7 0.245
8 17.69 �44.6 �47.0 0.282
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binary alloys: to form a solid solution, the constituent elements
must possess similar atomic size. Otherwise, a significant
lattice distortion occurs, accompanied by the corresponding
strain energy increase, leading to separation or segregation of
different elements, or to amorphisation. It should be noted that
for bulk high-entropy alloys, the solid solution were also found
to form, starting from relative low values of δ: δr6 [18],
δr6.6 [19] or δr8.5 [15].

If we look to the thermodynamic functions specific for the
phase formation in multicomponent alloy systems, it is to
mention that the chemical enthalpy ΔHch was considered by
many authors as one of the main factors that control the phase
formation (e.g. [14,15,18,20]). This enthalpy, that is a measure
of the chemical compatibility between the components, was
also taken into account by one of the Hume-Rothery rules,
according to which a solid solution tends to form when the
constituent elements have small chemical enthalpy differences.
As pointed out by Yang and Zhang in a recent work [20], in
the case of HEAs, a large value of ΔHch (either negative or
positive) hinders the formation of a solid solution. For this type
of alloys, it was reported that for forming solid solution phases,
the variation domain of ΔHch should be �15� 103–5� 103

J mol�1 [18], or �22� 103–7� 103 J mol�1 [15], or
�5� 103–5� 103 J mol�1 [14]. In the case of our films, if
we consider only the value of ΔHch, it would be difficult to
discriminate between the formation of either a solid solution or
an amorphous phase. Though, in general, the solid solutions
formed for low ΔHch values (e.g. TiZrHf, TiZrHfNb,
TiZrHfNbCr), in line with the results for HEAs, there exist
some exceptions: crystalline TiZrHfY or TiZrHfYNb films
with relative high ΔHch values (8.8� 103 J mol�1 and
12.0� 103 J mol�1, respectively) and amorphous TiZrHfYCu
with low ΔHch (�5.8� 103 J mol�1 ).

The results concerning the effects of chemical enthalpy
ΔHch on phase formation in multicomponent metallic films can
be examined in Fig. 2. As discussed before, it is apparent that,
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phase formation in the investigated films.
in general, amorphous phases tend to form at more negative
values of (ΔHch).
On the other side, it is worth to compare the mixing

enthalpy values of the solid solution phase ΔHss with those
of mixing enthalpy of amorphous phase ΔHam. According to
Miedema's approach, an amorphous phase forms when its
formation enthalpy is smaller than that of the solid solution
[46]. Following this model, Basu et al. determined the
composition range for forming an amorphous phase in (Zr,
Ti, Hf)–(Cu, Ni) binary and ternary alloys [33], with a good
agreement between the calculated and experimental results. It
can be seen that the above mentioned criterion works well for
all the investigated films, as the condition ΔHamoΔHss is
fulfilled for the amorphous films (TiZrY, TiZrCu, TiZrSi,
TiZrHfCu, TiZrCuSi, TiZrHfYCu and TiZrCuYSi), while for
the crystalline films (TiZr, TiZrHf, TiZrNb, TiZrHfNb,
TiZrHfY, TiZrHfNbAl, TiZrHfNbCr, TiZrHfNbY and
TiZrHfNbCu), ΔHam4ΔHss. Following only this criterion,
the TiZrSi film is an exception since ΔHss (TiZrSi)¼
�64.8� 103 J mol�1 is lower than ΔHam (TiZrSi)¼
�60.0� 103 J mol�1. However one may observe that for
TiZrSi the atomic size difference is very large (δ¼14.4) and
also the chemical enthalpy is highly negative ΔHch

(TiZrSi)¼�66.7� 103 J mol�1, so that the amorphous phase
formation is explained by the fulfilment of other criteria for
amorphous phase formation.
To predict the equilibrium state of an alloy, the effect of

entropy change between the elemental and mixed state was
widely discussed, especially concerning solid solution phase
formation in high entropy alloys [1,7,18,20]. It was judged that
the high mixing entropy specific to HEAs is responsible for the
preferential formation of solid solutions instead of intermetallic
compounds. A high mixing entropy reduces the tendency of
ordering and segregation of the constituents and thus restrains
the formation of intermetallics or other ordered phases
[7,18,20].
As for the formation of amorphous phases, Guo and Liu

[14], analyzing literature data concerning phase stability in
HEAs, found that a high value of mixing entropy (between
13.38 and 14.89 J K�1 mol�1, corresponding to quinternary
and senary compounds, respectively) favors amorphous phase
formation. We should underline that in this analysis, as well as
in other similar studies [18,20], only the configurational
entropy ΔSconf was calculated. For our ternary to quinternary
films, it can be seen that the increase in configurational entropy
from 9.13 to 13.38 J K�1 mol�1 did not affect film crystal-
linity: both solid solutions and amorphous phases were formed
for ΔSconf=9.13 J K�1 mol�1 and for ΔSconf=13.38 J K�1

mol�1. In other words, the solely increase in the number of
components did not favor the films' crystallinity. An adequate
thermodynamic analysis of phase formation in multicompo-
nent systems has to take into account the Gibbs free energy of
mixing ΔGmix, which is the thermodynamic potential com-
monly used for predicting the equilibrium state in a system.
The standard procedure is as follows (e.g. [12,16,36,47]). The
phases possibly to be formed are evaluated and compared: the
phase with lower ΔGmix value will form preferentially. For the
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films investigated in this work, free energies were calculated
for both solid solution and amorphous phase, using the
formulae (10) and (11), respectively, in which, beside the
chemical enthalpy ΔHch and the configurational entropy
ΔSconf, additional significant terms were taken into account
for a more precise determination of the free energies.

Data in Table 2 show that amorphous phase forms when
ΔGamoΔGss, similarly to mixing enthalpies relations. It can
also be seen that the most films with amorphous structures fall
in the region with more negative ΔG values. It should be
noticed that the increase of the number of constituent elements
did not favor the formation of certain structure type. Therefore,
it can be concluded that the formation of solid solution or
amorphous phase in MPE metallic films is mainly determined
by the characteristics of the components and not by their
number (reflected in the value of the configurational entropy).
This finding is in line with the results reported by Guo et al.
[15] and Zhang et al. [18], who also considered that the
configurational entropy is not a decisive factor in determining
the crystalline structure of a high entropy alloy.

As for the electronegativity difference Δχ, this parameter,
similarly to ΔHch, characterizes the chemical affinity between
the constituent elements in a multicomponent system. Data in
Table 2 show that for the amorphous films (except for TiZrY),
the Δχ value is relatively high, exceeding �0.230, while the
crystalline films possess a much lower Δχ value, in the range
0.105–0.146. Therefore, as a first degree approximation, the
electronegativity difference could be also taken as a reliable
parameter for predicting the crystallinity of a multicomponent
metallic film.

It is important to note that the deposition conditions of the
investigated films are also determining the energetic conditions
under which the film structures were developed. A change of
these parameters is expected to affect the phase formation.
Therefore, further studies are under development in order to
analyze the influence of the relevant deposition conditions
(substrate temperature, ion bombardment of the substrate)
upon the phase composition and crystalline structure, and also
to correlate the film structure and morphology to its mechan-
ical, anti-corrosive and tribological characteristics.
5. Conclusions

TiZr-based multi-principal-element metallic thin films with
3–5 components were deposited by co-sputtering of metallic
targets. Other elements (Hf, Nb, Al, Cu, Cr, Y and Si) were
combined in the deposited films, so that for the deposition
temperature of 300 1C, no intermetallic compounds were
detected by X-ray diffraction. The analysis of the thermo-
dynamics and atomic size factors which can control the phase
formation has been conducted, and the following main results,
validated by the experimental approach, are reported as
follows:
1.
 The relationship between the Gibbs free energy of mixing of
solid solution (ΔGSS) and amorphous (ΔGam) phases, and
atomic size difference (δ) are proposed as criteria for predic-
ting phase formation in multi-principal-element metallic
films.
2.
 Amorphous phases were formed when the following con-
ditions were simultaneously satisfied: ΔGamoΔGSS and
δ48.6.
3.
 Certain elements can be used to tune the microstructure of
the films: the hcp structure is stabilized by either Hf or Y,
bcc by Nb or Al, fcc by Cu, while Si facilities amorphous
phase formation.
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