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Based on Miedema’s model, a Gibbs free energy diagram was first constructed for the Ag-Zr system and
showed that the free energy of the Ag-Zr multilayered films could be higher than that of the correspond-
ing supersaturated solid solutions and amorphous phase. lon beam mixing with AggoZrio, Ag4gZrs; and
Ag1,Zrgg multilayered films was then conducted by 200 keV xenon ions. It was found that an fcc supersat-
urated solid solution, a mixture of fcc and hcp metastable crystalline structures and an hcp supersaturated
solid solution were formed and that amorphous phases were also observed to coexist with the metastable
crystalline structures. The experimental observations concerning the non-equilibrium alloy formation
matched well with the calculated Gibbs free energy diagram.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

During the past decades, some non-equilibrium materials pro-
cessing techniques, such as mechanical alloying, ion beam mixing,
vapor deposition, pulse laser deposition, vapor quenching and
high-pressure alloying have been developed and proved to be
very effective in producing non-equilibrium alloys [1-5]. Moreover,
many alloys obtained from these processes have shown unique
properties in a number of respects and have become potential
for practical applications [6-10]. In particular, ion beam mixing
(IBM) of multilayered films has been well recognized as a powerful
means for producing non-equilibrium materials in the binary metal
systems [7,8,11,12]. There are three essential features involved in
the IBM scheme. Firstly, the individual layer thicknesses of the
metal-metal multilayered films could be designed to be a cou-
ple of nanometers, so that the interfacial free energy of the initial
multilayered films could be elevated to a highly energetic state,
surpassing that of a specific non-equilibrium alloy of interest. Sec-
ondly, ion irradiation could be conducted to trigger the interfacial
mixing at low temperatures. Thirdly, the irradiation dose could be
finely varied by adjusting the ion current density, thus enabling
one to trace the detailed process in the non-equilibrium alloy
formation. Till now, some 100 binary metal systems have been
studied and a great number of non-equilibrium alloys have been
obtained by IBM [11-14]. Meanwhile, in recent years, theoretical
studies have also been performed to establish relevant model for
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explaining the formation of the non-equilibrium alloys. A number
of excellent research works have been published in the litera-
ture. For instance, Miedema’s model and Alonso’s method have
been proposed as a thermodynamic approach to explain or predict
the formation of the non-equilibrium alloys. Concerning the alloy
phase formation and transformation, a Gibbs free energy diagram
of a system calculated based on Miedema’s model and Alonso’s
method could give a relevant criterion of the relative stabilities
of the possible alloy phases in the system under consideration
[11,15,16].

In the present study, we focused on the Ag-Zr system char-
acterized by a negative heat of formation AH;=-31k]J/mol [15],
since the Ag-based alloys are widely used in industry as elec-
trical contact materials, welding materials, catalyzed materials,
antibacterial and medical materials, etc. [17-20], while the addi-
tion of Zr and some other elements has been proved to be an
effective measure for further improving the performance of Ag-
based alloys [21]. Up to now, the Ag-Zr system has been studied
by some researchers [22-26] and the Ag-Zr equilibrium phase
diagram [27] has well been constructed, which helps the design
of alloy composition. However, only a few experimental investi-
gations directly show the interaction between Ag and Zr under
non-equilibrium conditions and the detail of non-equilibrium alloy
formation is still an open issue. It is therefore of interest to study
the non-equilibrium alloy formation in Ag-Zr system by IBM, which
is far-from-equilibrium. In the present study, thermodynamic cal-
culation was first conducted based on the Miedema’s model and
Alonso’s method and IBM experiment was then conducted to study
the formation of possible non-equilibrium alloys in the Ag-Zr sys-
tem.
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2. Thermodynamic calculation and experimental procedures
2.1. Thermodynamic calculation

Generally, the Gibbs free energy of an alloy phase can be calculated by:
AG=AH-T-AS (1M

where AH and AS are the enthalpy and entropy terms, respectively. As a first
approximation, the entropy term for a concentrated solid solution (CSS) or an amor-
phous phase is simply taken as that of an ideal solution, i.e.:

AS = —R[calnca + cIncg] (2)

where R is the gas constant and c, and cg are the atomic concentrations of metals A
and B, respectively.

According to Miedema’s model and Alonso’s method [15,16], the enthalpy
change AH is the sum of three terms:

AH = AH® + AH® + AH® (3)

where AH¢, AH® and AH® corresponding to the chemical, elastic, and structural
contributions, respectively. The chemical term AH¢ is closely related to the elec-
tron redistribution generated at the boundary for the Wigner-Seitz unit cell when
alloying, and can be calculated by:

AHC = cacg[cg AHIME 4 co AHIR! | (4)
where AFIR‘;‘; and AFI;‘;;’; are the solution enthalpies of A solved in B and that of
B solved in A, respectively. The elastic term AH® for a CSS is caused by the atomic
size mismatch of the two constituent metals and can be expressed by taking the
weighted average of the mismatch energies:

AHE = crcalca AP + ca AR 5)

where AH3tc and AHIMe! are the partial elastic mismatch energies for A solved
in B and B solved in A, respectively. The structure term AH® is deduced from the
lattice stability E(Z) of the bcc, fcc, and hep structures as a function of the number
of valence electrons Z of the metal:

AH® = E(Z) - [caE(Zp) + cBE(Z4)] (6)

where E(Z), E(Zx ), and E(Zg) are the lattice stability of the CSS and pure metals A and
B, and Z, Zs, and Zg are the mean numbers of valence electrons of the CSS and the
numbers of valence electrons of pure metals A and B, respectively.

For an amorphous phase, both elastic and structural terms are absent in the
enthalpy of formation. According to Miedema’s model [15], the enthalpy of the
amorphous phase is therefore given by:

AH3morPhous — AHC 1 v - (cATm A + 8 Tm,B) (7)

Here « is an empirical constant, being 3.5]J/(molK). Tyy; is the melting point of the
component.

For an A-B multilayered film, the Gibbs free energy of the initial state should
be calculated by adding the interfacial free energy to the ground state (i.e., the zero
line) representing a mechanical mixture of A and B in the bulk form [28]. The excess
interfacial free energy of the multilayered film can be calculated by:

AGmuii = @S Vs + BSm Yoy (8)

where Sg and Sg are the surface areas occupied by one mole of atoms A and B,
respectively. aa and op are the fraction of the interfacial atoms A and B versus the
total number of atoms in the A-B multilayered film. y33 (or y53) is the interfacial
free energy of one mole of atoms A (or B) solved in B (or A). These terms can easily
be calculated following the well-documented literature [15,16,28].

By comparing the Gibbs free energy of multilayered film with those possible
forming phases, such as solid solutions, amorphous phase, a reasonable explanation
can be given to the phase formation.

2.2. Experimental procedures of ion beam mixing

In the present study, 200 keV xenon ions were used as irradiating ions in the IBM.
According to the TRIM program [29], the total thickness of the Ag-Zr multilayered
films was designed to be 40 nm to match the range of the irradiating ions. Three
sets of Ag-Zr multilayered films with overall compositions of AggoZri0, Ags0Zrs0
and Ag0Zrgo were designed and the Ag-Zr multilayered films consisted of totally 6,
11 and 5 layers, respectively. The desired overall compositions of the samples were
obtained by adjusting the relative thicknesses of the individual Ag and Zr layers
and the individual layer thicknesses of both Ag and Zr were accordingly calculated.
The Ag-Zr multilayered films were prepared by alternatively depositing pure Ag
(99.99%) and Zr (99.99%) onto newly cleaved NaCl single crystals as substrates in an
ultra-high vacuum electron-beam evaporation system, and the background vacuum
level was better than 10~ Pa. An in situ quartz oscillator was employed to monitor
the thickness of the metal layers and the deposition rate was controlled to be about
0.5A/s.
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Fig. 1. Calculated Gibbs free energy diagram of the Ag-Zr system.

The as-deposited Ag-Zr multilayered films were then irradiated in an implanter
by 200keV xenon ions with a vacuum level better than 5 x 10~ Pa and the irra-
diation dose was in a range from 6 x 10" Xe*/cm? to 5 x 10'> Xe*/cm?. During
irradiation, the sample holder was always cooled by liquid nitrogen (77 K) and the
ion current density was confined to be 0.5 wA/cm? to avoid an overheating effect.
For structural characterization, all the Ag-Zr multilayered films were removed from
the substrates by de-ionized water and put onto the Cu grids and then examined by
room temperature transmission electron microscopy (TEM) to observe and identify
the morphology and structural changes in the films. X-ray fluorescence examination
was employed to determine the real compositions of the Ag-Zr multilayered films.

3. Results and discussion

We firstly present the results of the thermodynamic calcula-
tion. Based on Miedema’s model and Alonso’s method, a Gibbs free
energy diagram of the Ag-Zr system was constructed, including
the energy curves of the amorphous phase, fcc metastable solid
solution and hcp metastable solid solution, respectively, and is
shown in Fig. 1. One can see from Fig. 1, the free energy curve
of the Ag-Zr multilayered films was higher than that of the cor-
responding metastable solid solutions and amorphous phase over
the whole composition range, suggesting that supersaturated solid
solutions or amorphous phase may appear under some appropriate
non-equilibrium conditions.

We now present the results from IBM experiments. The real
compositions of the Ag-Zr multilayered films were confirmed
to be AggoZrig, AgsgZrs, and Agq,Zrgg, respectively. The results
of non-equilibrium alloy formation in the Ag-Zr multilayered
films subjected to irradiation to ion doses of 6 x 1014 Xe*/cm?,
1 x 101> Xe*/cm?2, 3 x 101> Xe*/cm? and 5 x 101> Xe*/cm?2, were
listed in Table 1. The results showed that in general, metastable
solid solution(s) were formed in the Ag-Zr multilayered films and
amorphous phase was observed to coexist with the metastable
crystalline phases.

Table 1
Structural phase transitions in the Ag-Zr multilayered samples upon 200 keV Xe ion
beam mixing to various doses.

Dosage (Xe*/cm?) AgooZrio AgasZrs, Agi12Z1ss
6x 10 F F+A A+F

1x 10" F F+A A+F

3x 101 F F+H A+F+H
5x 1013 F F+H H

F: fcc metastable crystalline; H: hcp metastable crystalline; A: amorphous; +: indi-
cates both phases are obtained.
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Fig. 2. The SAD patterns for the AggoZrio multilayered film after an irradiation dose
of 6 x 104 Xe*/cm?.

For the AggpZrip multilayered sample, Fig. 2 shows a selected
area diffraction (SAD) pattern when the sample was irradiated to an
ion dose of 6 x 10% Xe*/cm?2. One can see from Fig. 2 that an unique
crystalline structure was obtained and it was indexed to be an fcc
structure with a lattice parameter 4.10 A, which is quite close to the
lattice parameter of Ag (4.08 A). Referring to the Ag-Zr equilibrium
phase diagram [27], the solubility of Zr in Ag as well as the solubility
of AginZr is almost zero in the equilibrium state. The fcc crystalline
structure obtained in the AgggZrig sample should be an Ag-based
supersaturated solid solution, meaning that a supersaturated solid
solubility of Zr in Ag could at least be 10 at.%. Further increasing the
irradiation dose, the SAD pattern of the AgggZri¢ sample remained
unchanged.

For the AgygZrs; sample, Fig. 3(a) and (b) shows the SAD pat-
terns when the sample was irradiated to the ion doses of 6 x 104
Xe*/cm? and 3 x 101> Xe*/cm?2, respectively. One can see that one
halo and some sharp diffraction rings coexisted in the pattern in
Fig. 3(a), indicating an incomplete amorphous phase was formed
in the sample. The diffraction rings were indexed to be an fcc
crystalline structure, with a lattice parameter a=4.09 A. When the

Fig. 3. The SAD patterns for AgssZrs, multilayered films after irradiation doses of
(a) 1 x 10" Xe*/cm? and (b) 3 x 10'> Xe*/cm?.

Fig. 4. The SAD patterns for Ag2Zrgg multilayered films after irradiation doses of
(a) 6x 10™ Xe*/cm?, (b) 1 x 10" Xe*/cm?, (c) 3 x 10" Xe*/cm? and (d) 5 x 10>
Xe*/cm?.

irradiation dose was raised to 3 x 101> Xe*/cm?, the diffraction
rings of the fcc structure retained, while the halo disappeared and
another set of diffraction rings emerged, as shown in Fig. 3(b). The
newly emerged diffraction rings were indexed to be an hcp crys-
talline structure, with lattice constants of a=3.20A and c=5.12A.
The coexistence of the fcc and hcp metastable crystalline structure
remained unchanged in the Ag4gZrs, sample up to an irradiation
dose of 5 x 1015 Xe*/cm?2.

For the Agy,Zrgg sample, Fig. 4(a)-(d) shows the SAD patterns
when the sample was irradiated to ion doses of 6 x 1014 Xe*/cm?,
1 x 101> Xe*/cm?, 3 x 101° Xe*/cm? and 5 x 101> Xe*/cm?, respec-
tively. In Fig. 4(a), a large diffused halo together with one very weak
diffraction ring were displayed, indicating a dominant amorphous
phase and a trace of crystalline structure were obtained in the
Agq,Zrgg sampleirradiated atadose of 6 x 1014 Xe*/cm2. Increasing
the irradiation does to 1 x 101> Xe*/cm?, the intensity of the dif-
fused halo was decreased and a set of diffraction rings were clearly
to be seen, as shown in Fig. 4(b). The diffraction rings were indexed
to be from an fcc crystalline structure with a lattice parameter
of 4.12 A, suggesting a Ag-based metastable crystalline phase was
formed. Further increasing the irradiation does to 3 x 101> Xe*/cm?,
another set of diffraction rings appeared while both the diffused
halo and the fcc crystalline diffraction rings became weak, as evi-
denced by the SAD pattern shown in Fig. 4(c), implying that another
crystalline structure began to form. Fig. 4(d) is the SAD pattern of
the Agq,Zrgg sample when it was irradiated at a dose of 5 x 101°
Xe*/cm2. It can clearly be seen from Fig. 4(d) that the fcc crys-
talline structure and the amorphous phase disappeared, leaving
only the newly formed crystalline structure, which was identified
to be an hcp Zr-based structural phase, with the lattice constants
ofa=3.20A and c=5.11 A. Referring again to the Ag-Zr equilibrium
phase diagram [27], the hcp crystalline structure obtained should
be an hcp Zr-based supersaturated solid solution, meaning that a
supersaturated solid solubility of Ag in Zr could at least be 12 at.%.

Itis known that IBM of multilayered films is very effective in pro-
ducing the non-equilibrium metallic alloys [7,8,11,12]. According
to the atomic collision theory [30], the IBM process can generally
be divided into two steps, i.e., the first step of atomic collision cas-



226 Y.Y. Cui et al. / Journal of Alloys and Compounds 488 (2009) 223-226

cade triggered by impinging ions and followed by a second step
of relaxation. In the first step, as the energy of the irradiating Xe*
was 200 keV, while the binding energy of the solids was 5-10eV,
which was several magnitudes of order smaller than that of the
irradiating ions, consequently, a sequence of ballistic collision was
triggered in the Ag-Zr multilayered films. The atomic collision cas-
cade was responsible for the inter-mixing of Ag and Zr by inducing
the interfacial diffusion of Ag atoms into its partner Zr lattices
and vise versa, resulting in a highly energetic Ag-Zr mixture. In
the second step of relaxation, the highly energetic Ag-Zr mixture
should relax towards equilibrium. According to the atomic collision
theory, the relaxation period was extremely short, approximately
1019 to 1095 [11,30], only very minor atomic rearrangement
could take place. Consequently, either simple structured crystalline
phase, such as fcc, bcc and hep, could be grown or the disordered
structure preferred to preserve, thus forming an amorphous phase.
For the relaxation step, the equilibrium thermodynamics came into
play to govern the direction of relaxation as well as to indicate
what kind of possible states for the atomic mixture to reside in.
Accordingly, in the IBM experiments, fcc supersaturated solid solu-
tion, a mixture of fcc and hcp metastable crystalline structures and
hcp supersaturated solid solution were observed in three sets of
Ag-Zr multilayered films, whereas amorphous phase was observed
to coexist with some metastable crystalline structures under some
irradiation conditions. The experimental observations concerning
the non-equilibrium alloy formation in the Ag-Zr system matched
well with the calculated Gibbs free energy diagram shown in Fig. 1.

4. Conclusions

For the Ag-Zr system characterized by a negative heat of forma-
tion AHg=-31kJ/mol, thermodynamic calculation suggested that
the free energy of the Ag-Zr multilayered films could be higher than
that of the corresponding supersaturated solid solutions and amor-
phous phase. lon beam mixing experiments showed that Ag-based
fcc supersaturated solid solution and Zr-based hcp supersaturated
solid solution could both be obtained with supersaturated solid
solubilities to be 10-12 at.%, which was significantly greater than
almost zero observed in the Ag-Zr equilibrium phase diagram.
Interestingly, amorphous phase was also observed to coexist with
some metastable crystalline structures.
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