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a b s t r a c t

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. Ion beam mixing with Ag90Zr10, Ag48Zr52 and
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Ag12Zr88 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.
. Introduction

During the past decades, some non-equilibrium materials pro-
essing techniques, such as mechanical alloying, ion beam mixing,
apor deposition, pulse laser deposition, vapor quenching and
igh-pressure alloying have been developed and proved to be
ery effective in producing non-equilibrium alloys [1–5]. Moreover,
any alloys obtained from these processes have shown unique

roperties in a number of respects and have become potential
or practical applications [6–10]. In particular, ion beam mixing
IBM) of multilayered films has been well recognized as a powerful

eans for producing non-equilibrium materials in the binary metal
ystems [7,8,11,12]. There are three essential features involved in
he IBM scheme. Firstly, the individual layer thicknesses of the

etal–metal multilayered films could be designed to be a cou-
le of nanometers, so that the interfacial free energy of the initial
ultilayered films could be elevated to a highly energetic state,

urpassing that of a specific non-equilibrium alloy of interest. Sec-
ndly, ion irradiation could be conducted to trigger the interfacial
ixing at low temperatures. Thirdly, the irradiation dose could be

nely varied by adjusting the ion current density, thus enabling
ne to trace the detailed process in the non-equilibrium alloy

ormation. Till now, some 100 binary metal systems have been
tudied and a great number of non-equilibrium alloys have been
btained by IBM [11–14]. Meanwhile, in recent years, theoretical
tudies have also been performed to establish relevant model for

∗ Corresponding author. Tel.: +86 10 6277 2557; fax: +86 10 6277 1160.
E-mail address: dmslbx@tsinghua.edu.cn (B.X. Liu).
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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 �Hf = −31 kJ/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.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:dmslbx@tsinghua.edu.cn
dx.doi.org/10.1016/j.jallcom.2009.07.188
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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+/cm2) Ag90Zr10 Ag48Zr52 Ag12Zr88

6 × 1014 F F + A A + F
24 Y.Y. Cui et al. / Journal of Alloys

. Thermodynamic calculation and experimental procedures

.1. Thermodynamic calculation

Generally, the Gibbs free energy of an alloy phase can be calculated by:

G = �H − T · �S (1)

here �H and �S are the enthalpy and entropy terms, respectively. As a first
pproximation, the entropy term for a concentrated solid solution (CSS) or an amor-
hous phase is simply taken as that of an ideal solution, i.e.:

S = −R[cA ln cA + cB ln cB] (2)

here R is the gas constant and cA and cB are the atomic concentrations of metals A
nd B, respectively.

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

H = �Hc + �He + �Hs (3)

here �Hc, �He and �Hs corresponding to the chemical, elastic, and structural
ontributions, respectively. The chemical term �Hc is closely related to the elec-
ron redistribution generated at the boundary for the Wigner–Seitz unit cell when
lloying, and can be calculated by:

Hc = cAcB[cB�H̄inter
A in B + cA�H̄inter

B in A] (4)

here �H̄inter
A in B

and �H̄inter
B in A

are the solution enthalpies of A solved in B and that of
solved in A, respectively. The elastic term �He for a CSS is caused by the atomic

ize mismatch of the two constituent metals and can be expressed by taking the
eighted average of the mismatch energies:

He = cAcB[cB�H̄elastic
A in B + cA�H̄elastic

B in A ] (5)

here �H̄elastic
A in B

and �H̄inter
B in A

are the partial elastic mismatch energies for A solved
n B and B solved in A, respectively. The structure term �Hs is deduced from the
attice stability E(Z) of the bcc, fcc, and hcp structures as a function of the number
f valence electrons Z of the metal:

Hs = E(Z) − [cAE(ZB) + cBE(ZA)] (6)

here E(Z), E(ZA), and E(ZB) are the lattice stability of the CSS and pure metals A and
, and Z, ZA, and ZB are the mean numbers of valence electrons of the CSS and the
umbers of valence electrons of pure metals A and B, respectively.

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

Hamorphous = �Hc + ˛ · (cATm,A + cBTm,B) (7)

ere ˛ is an empirical constant, being 3.5 J/(mol K). Tm,i is the melting point of the
omponent.

For an A–B multilayered film, the Gibbs free energy of the initial state should
e calculated by adding the interfacial free energy to the ground state (i.e., the zero

ine) representing a mechanical mixture of A and B in the bulk form [28]. The excess
nterfacial free energy of the multilayered film can be calculated by:

Gmulti = ˛ASfA�SS
BA + ˛BSfB�SS

AB (8)

here SfA and SfB are the surface areas occupied by one mole of atoms A and B,
espectively. ˛A and ˛B are the fraction of the interfacial atoms A and B versus the
otal number of atoms in the A–B multilayered film. �SS

AB (or �SS
BA) is the interfacial

ree energy of one mole of atoms A (or B) solved in B (or A). These terms can easily
e calculated following the well-documented literature [15,16,28].

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

.2. Experimental procedures of ion beam mixing

In the present study, 200 keV xenon ions were used as irradiating ions in the IBM.
ccording to the TRIM program [29], the total thickness of the Ag–Zr multilayered
lms was designed to be 40 nm to match the range of the irradiating ions. Three
ets of Ag–Zr multilayered films with overall compositions of Ag90Zr10, Ag50Zr50

nd Ag10Zr90 were designed and the Ag–Zr multilayered films consisted of totally 6,
1 and 5 layers, respectively. The desired overall compositions of the samples were
btained by adjusting the relative thicknesses of the individual Ag and Zr layers
nd the individual layer thicknesses of both Ag and Zr were accordingly calculated.

he 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
ltra-high vacuum electron-beam evaporation system, and the background vacuum

evel was better than 10−6 Pa. An in situ quartz oscillator was employed to monitor
he thickness of the metal layers and the deposition rate was controlled to be about
.5 Å/s.
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 200 keV xenon ions with a vacuum level better than 5 × 10−4 Pa and the irra-
diation dose was in a range from 6 × 1014 Xe+/cm2 to 5 × 1015 Xe+/cm2. During
irradiation, the sample holder was always cooled by liquid nitrogen (77 K) and the
ion current density was confined to be 0.5 �A/cm2 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 Ag90Zr10, Ag48Zr52 and Ag12Zr88, respectively. The results
of non-equilibrium alloy formation in the Ag–Zr multilayered
films subjected to irradiation to ion doses of 6 × 1014 Xe+/cm2,
1 × 1015 Xe+/cm2, 3 × 1015 Xe+/cm2 and 5 × 1015 Xe+/cm2, were
listed in Table 1. The results showed that in general, metastable
1 × 1015 F F + A A + F
3 × 1015 F F + H A + F + H
5 × 1015 F F + H H

F: fcc metastable crystalline; H: hcp metastable crystalline; A: amorphous; +: indi-
cates both phases are obtained.
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ig. 2. The SAD patterns for the Ag90Zr10 multilayered film after an irradiation dose
f 6 × 1014 Xe+/cm2.

For the Ag90Zr10 multilayered sample, Fig. 2 shows a selected
rea diffraction (SAD) pattern when the sample was irradiated to an
on dose of 6 × 1014 Xe+/cm2. One can see from Fig. 2 that an unique
rystalline structure was obtained and it was indexed to be an fcc
tructure with a lattice parameter 4.10 Å, which is quite close to the
attice parameter of Ag (4.08 Å). Referring to the Ag–Zr equilibrium
hase diagram [27], the solubility of Zr in Ag as well as the solubility
f Ag in Zr is almost zero in the equilibrium state. The fcc crystalline
tructure obtained in the Ag90Zr10 sample should be an Ag-based
upersaturated solid solution, meaning that a supersaturated solid
olubility of Zr in Ag could at least be 10 at.%. Further increasing the
rradiation dose, the SAD pattern of the Ag90Zr10 sample remained
nchanged.

For the Ag48Zr52 sample, Fig. 3(a) and (b) shows the SAD pat-
erns when the sample was irradiated to the ion doses of 6 × 1014

e+/cm2 and 3 × 1015 Xe+/cm2, respectively. One can see that one

alo and some sharp diffraction rings coexisted in the pattern in
ig. 3(a), indicating an incomplete amorphous phase was formed
n the sample. The diffraction rings were indexed to be an fcc
rystalline structure, with a lattice parameter a = 4.09 Å. When the

ig. 3. The SAD patterns for Ag48Zr52 multilayered films after irradiation doses of
a) 1 × 1015 Xe+/cm2 and (b) 3 × 1015 Xe+/cm2.
Fig. 4. The SAD patterns for Ag12Zr88 multilayered films after irradiation doses of
(a) 6 × 1014 Xe+/cm2, (b) 1 × 1015 Xe+/cm2, (c) 3 × 1015 Xe+/cm2 and (d) 5 × 1015

Xe+/cm2.

irradiation dose was raised to 3 × 1015 Xe+/cm2, 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 = 3.20 Å and c = 5.12 Å.
The coexistence of the fcc and hcp metastable crystalline structure
remained unchanged in the Ag48Zr52 sample up to an irradiation
dose of 5 × 1015 Xe+/cm2.

For the Ag12Zr88 sample, Fig. 4(a)–(d) shows the SAD patterns
when the sample was irradiated to ion doses of 6 × 1014 Xe+/cm2,
1 × 1015 Xe+/cm2, 3 × 1015 Xe+/cm2 and 5 × 1015 Xe+/cm2, 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
Ag12Zr88 sample irradiated at a dose of 6 × 1014 Xe+/cm2. Increasing
the irradiation does to 1 × 1015 Xe+/cm2, 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 Å, suggesting a Ag-based metastable crystalline phase was
formed. Further increasing the irradiation does to 3 × 1015 Xe+/cm2,
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 Ag12Zr88 sample when it was irradiated at a dose of 5 × 1015

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
of a = 3.20 Å and c = 5.11 Å. 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.%.

It is 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-
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ade triggered by impinging ions and followed by a second step
f relaxation. In the first step, as the energy of the irradiating Xe+

as 200 keV, while the binding energy of the solids was 5–10 eV,
hich was several magnitudes of order smaller than that of the

rradiating ions, consequently, a sequence of ballistic collision was
riggered in the Ag–Zr multilayered films. The atomic collision cas-
ade was responsible for the inter-mixing of Ag and Zr by inducing
he interfacial diffusion of Ag atoms into its partner Zr lattices
nd vise versa, resulting in a highly energetic Ag–Zr mixture. In
he second step of relaxation, the highly energetic Ag–Zr mixture
hould relax towards equilibrium. According to the atomic collision
heory, the relaxation period was extremely short, approximately
0−10 to 10−9 s [11,30], only very minor atomic rearrangement
ould take place. Consequently, either simple structured crystalline
hase, such as fcc, bcc and hcp, could be grown or the disordered
tructure preferred to preserve, thus forming an amorphous phase.
or the relaxation step, the equilibrium thermodynamics came into
lay to govern the direction of relaxation as well as to indicate
hat kind of possible states for the atomic mixture to reside in.
ccordingly, in the IBM experiments, fcc supersaturated solid solu-

ion, a mixture of fcc and hcp metastable crystalline structures and
cp supersaturated solid solution were observed in three sets of
g–Zr multilayered films, whereas amorphous phase was observed

o coexist with some metastable crystalline structures under some
rradiation conditions. The experimental observations concerning
he non-equilibrium alloy formation in the Ag–Zr system matched
ell with the calculated Gibbs free energy diagram shown in Fig. 1.

. Conclusions

For the Ag–Zr system characterized by a negative heat of forma-
ion �Hf = −31 kJ/mol, thermodynamic calculation suggested that
he free energy of the Ag–Zr multilayered films could be higher than
hat of the corresponding supersaturated solid solutions and amor-
hous phase. Ion beam mixing experiments showed that Ag-based
cc supersaturated solid solution and Zr-based hcp supersaturated
olid solution could both be obtained with supersaturated solid
olubilities to be 10–12 at.%, which was significantly greater than
lmost zero observed in the Ag–Zr equilibrium phase diagram.
nterestingly, amorphous phase was also observed to coexist with
ome metastable crystalline structures.
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