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Abstract. Amorphization was achieved by room-temperature 200 keV xenon ion mixing in
Zr-Mo multilayered films, In addition, twoe new Mo-based metastable crystalline phases were
obtained, which were of Foc and HCP structures, respectively. A Gibbs free-energy diagram that
concerns the free-energy curves of the amorphous phase and the terminal solid solutions was
constructed to give related thermodynamic explanations to the observations.

Accompanied by the exploration of various new materials, amorphous alloys have Jong been
attractive, because they are expected to have many novel properties. Since the amorphous
state is not an equilibrium state, new techniques are needed to produce new amorphous
materials and they naturally stimulate the progress of the theory of alloys under the non-
equilibrium process. Ion beam mixing of multilayered films has flourished since the 1980s
and proved to be a powerful means of producing metastable alloys of amorphous as well
as metastable crystalline (MX) structures [1,2]. Meanwhile, as ion mixing is a process far
from equilibrium and it is possible to trace the phase evolution experimentally by increasing
the irradiation dose stepwise, it has been employed to reveal the intrinsic mechanism of the
metastable phase formation.

To date, a great number of new metastable alloys have been obtained by ion mixing
in some 70 metal systems and, among them, some new alloys have not been obtained by
other equilibrium and non-equilibrium techniques [3-5]. Although it is not understood on
an atomic scale owing to the complexity of the nop-equilibrium process, some empirical
models have been proposed on the basis of the static properties of the components and the
features of the equilibrium phase diagram, which generally focused on the glass-forming
ability of the binary metal systems [6-8].

Recently, the MX phase formation has been paid more attention because of some new
revelations. At the same time, respective explanations in terms of thermodynamics and
growth kinetics have been suggested [9, 10].

In the present paper, we report the phase changes upon ion mixing in Zr-Mo multilayers, '
and the formation of amorphous and two new MX phases. To interpret the observations in
this binary metal system, a free-energy diagram was constructed on the basis of the model
of Miedema et al [11] and the method proposed by Alonso et af [12].

Zr-Mo multilayered samples were prepared by depositing alternately pure zirconium
(99.9%) and pure molybdenum {99.9%) conto NaCl single-crystal substrates in an electron
gun evaporation system with a vacuum level of the order of 103 Pa. The total thickness of
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the films was about 50 nm, which approximately corresponded to the projected range plus
projected range straggling of the irradiation ions, i.e. 200 keV xenon ions. The number of
layers for each sample was nine to ten and the thickness of each layer varied according
to the designed composition. As-deposited films were then irradiated at room temperature
with 200 keV xenon ions to doses of 3 x 10"-1 x 10" Xet cm™2. The vacuum level
during irradiation was better than 5 x 10™* Pa and the ion current density was Jess than
1 uA cm™? to avoid overheating, All samples were investigated by transmission electron
microscopy (TEM) observations and selected-area diffraction (SAD) to identify the structure
of the resultant phases. Energy-dispersive spectroscopy analysis was employed to determine
the average composition of the as-deposited films, as well as the real compositions of the
resultant phases in the irradiated samples with an experimental error of 5%.

Table 1 lists the phase changes in the Zr-Mo multilayered films under room-temperature
200 keV xenon ion irradiation. One sees that, in both the ZryzMosy and the ZrysMogs
samples, amorphous phases were formed at a dose of 7 x 10'* Xe* cm™. Also,
amorphization was achieved in the ZrgpoMog sample at a dose of 1 x 10 Xe* cm™2,
From these it is suggested that the amorphization range in the Zr-Mo system can at
least extend from ZrysMoss to ZrggMoyg. The recrystallization temperature of the ion-
mixed amorphous phases was around 700°C determined by TEM in-situ annealing. By
careful TEM examination, some difference between the microstructures of the amorphous
phases formed in different samples was observed. Figure 1 shows two SAD patterns of the
amorphous phases. One sees that the amorphous halo in the ZrysMoas sample is located as
usual somewhere in between the Zr(100) and the Mo(110), as shown in figure 1(a), while
figure 1(b} shows tht the inner halo of the ZrysMoss amorphous phase is divided into two
separate haloes, corresponding to the Zr(100) and the Mo(110) diffraction lines, respectively.
This suggests that there exist two different disordered atom clusters in the ZrisMosy sample,
i.e. one is Zr rich and the other is Mo rich. Interestingly, as shown in figure 2, when the
irradiation dose is increased to 7 x 10’5 Xe* ¢m~2, a MX phase of FCC structure was formed
and its (111) line is situated at the halo related to Mo while the other halo still remains.
As for the ZrsMogs sample, the amorphous phase evolved into two coexistent phases at a
dose of 5 x 103 Xe* cm™?, i.e. a hexagonal phase and an amorphous phase differing in the
halo position from the previous one as evidenced by the SAD pattern in figure 3, The lattice
parameters of the formed hexagonal phase were @ = 2.97 A, ¢ = 4.75 A and ¢/a = 1.60,
which were close to those of the pure zirconium. These experimental observations suggested
that the previously formed amorphous phase transformed into a Zr-based solid solution and
an amorphous phase certainly of Mo enriched at the higher dose. When the irradiation dose
was increased further to 7 % 10" Xet cm~2, amorphization was achieved again.

In the ZryMog; sample, when the irradiation dose 5 x 10'5 Xe* cm~2, the BCC Mo-
based solid solution transformed into a2 new MX phase of FCC structure, as shown in figure 4.
Upon further irradiation to a dose of 1 x 10!6 Xet ¢cm™2, a HCP phase emerged with a few
diffraction lines of the FCC phase still remaining. Figure 5 shows the SAD patterns of these
phases and tables 2 and 3 list the indexing results of the two MX phases. It is unusual to
have observed these MX phases of FCC and HCP structures at a composition very close to
pure molybdenum of BCC structure, To find the possible crystallographic correlation, the
lattice constant of the FCC structure evolved from pure molybdenum was deduced to be
3.97 A, if applying the model of constant atomic volume. The calculated constant is a little
smaller than that of the observed constant for the ZrsMoys sample, which probably resulted
from dissolving some Zr atoms into the molybdenum. A similar FCC phase with a lattice
parameter of 4.19 A was also observed for the ZrysMoss sample at a dose of 7 x 101 Xe*

cm™—2,
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Table 1. Phase evolution of the Zr—Mo multilayered films upon roomi-temperature 200 keV
xenon ion mixing. ——, no data obtained.

Phase at the following dose

7x 101 Xet cm™2 5 x 10 Xet em™2  7x 10" Xet cm™2 | x 10'6 Xet em™?

Zt7Mogs BCC, g = 2.96 A Fce, a =431 A — HCP, @ = 2.91 A,
c/a=159
Feo, a = 4.31 A
ZrggMoss Amorphous Amorphous Foca =419 A —
Amorphous
Zr;sMoys  Amorphous HCP a = 2.97 A,
c/a =160
Amorphous

(a) (b)

Figure 1. saD patterns of the amorphous phases formed in the (a) ZrssMoas and (b) ZrygMosy

multilayered samples by room-temperature 200 keV xenon ion mixing at a dose of 7 x 104 Xe*
-2

cm 2.

Usually the Gibbs free energy can serve as a criterion for comparing the relative thermal
stability of the possible states in the systems and can be expressed as AG = AH -~ TAS,
where AH and AS are the enthalpy of formation and the cntropy of formation, respectively.
The entropy of formation can be taken, as a first approximation, as that of an ideal solid
solution, i.e. AS = —R(Xa In Xs+ Xp In Xp), where R is the gas constant, and X and Xp
are the atomic concentration of metals A and B in the alloy, respectively. The enthalpy of
formation, which plays an important role in the theory of Miedema et al, of a substitutional
solid solution of transition metals is the sum of three terms [13-15]:

AH =AH®+ AH® + AH® (1)

where AH®, AH® and AH?® are regarded as the chemical contribution, the elastic or size-
mismatch contribution and the structural contribution, respectively.

Specifically, for an amorphous phase both the elastic and the structural terms are absent.
Following the suggestion by Niessen et al [16], the enthalpy of the amorphous phase is
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Figure 2. saD pattern of the coexistent Fcc and  Figure 3. sap pattern of the coexistent HCP-Zr-based
amorphous phases formed in the ZryMoss multilayered  solid solution and amorphous phases formed in the
sample by room-temperatuse 200 keV xenon ion mixing ~ ZrysMoys multilayered sample by room-temperature
at a dose of 7 x 10'% Xet em—2. 200 keV xenon jon mixing at a dose of § x 101 Xe*t

Cm—2.

Figure 4. sap pattern of the rcc phase formed in Figure 5. sap pattern of the coexistent HCP and FCC
the Zr;Mog3 multilayered sample by room-temperature  phases formed in the Zr;Mogs multilayered sample by
200 keV xenon ion mixing at a dose of 5 x 10> Xe*  room-temperature 200 keV xenon ion mixing at a dose
em™2. of 1 x 10’6 Xet cm=2.

given by
AHamurphous = AH* + a(XATm,A + XBTm,B) (2)

where o is an empirical constant equal to 3.5 J mol~! K~! and Tp,; is the melting point of
the component i, i.e. 2125 K for Zr and 2883 K for Mo.

The Gibbs free-energy curves of the amorphous phase and two terminal solid solutions
were calculated by the method discussed above and are shown in figure 6. One can see
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Table 2. The indexing results of the Mx phase of roe structure formed in the ZryMogz sample by
200 keV xenon jon mixing at a dose of 5 x 101 Xe+ cm~2. The lattice parameter a = 4.31 A.

dosp () Tntensity Rkl dentc (A)
2.49 Strong 11t 2.49
2.15 Strong 200 2.16
1.53 Medium 220 1.52
1.31 Mediem 311 1.30
125 Weak 222 1.24
1.08 Weak 400 1.08
0.99 Weak 331 0.99
0.97 Weak 420 0.96
0.88 Weak 422 0.88
0.83 Weak 333, 511 0.83
0.76 Weak 440 0.76
0.72 Weak 442 0.72

Table 3. The indexing results of the sx phase of Hee structure formed in the ZryMogy sample by
200 keV xenon ion mixing at a dose of 1 x 106 Xe+ cm~2, The lattice parameter ¢ = 2.91 A:

cfa =1.59.

dop (A)  Intensity Akl deale (A)
252 Strong 100 252
232 Strong 002 232
221 Strong 101 222
1.71 Medium 102 1.71
1.53 Medium  220° 1.52
1.44 Mediurm 110 1.46
1.30 Medium 103, 3112 1.32
1.25 Medivm 200, 222° 1.26
1.21 Medum 112, 201 1.22
1.14 Weak 004 1.16
1.09 Weak 202 11t
1.04 Weak 104 1.05
0.96 Weak 203 0.98
0.94 Weak 211 093
0.92 Weak 114 0.91

% Data belonging to the FCC MX phase which is the same as formed at a dose of 5 x 1013 Xet

cm

from the figure that from the Mo concentration about 12 to 65 at.% the free-energy curve
of amorphous phase was below that of the two solid solutions. This means that, between
these concentrations, amorphization was favoured in the system, which is in agreement with
the ion-mixing results mentioned above. It is of interest to note that the energy state of the
ZrsMo,s sample can also be sitated on the common tangent of the Zr-based solid soluticn
and the amorphous phase. In this case, these two phases would coexist simultaneously, and
this was indeed observed in the ion-mixed sample at a dose of 5 x 10'* Xe* cm™2. The
calculation of the free energy for the MX phases is still under investigation.
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Figure 6. Calculated Gibbs free-energy diagram of the Ze-Mo system.
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