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Amorphization was achieved by room temperature 200-keV xenon ion mixing in two isolated compo-
sition ranges, i.e., Y5—Y,; and Y;,—Ys;, in the Y-Mo system, which has a positive heat of mixing
exceeding +26 kJ/mol. In addition, three metastable crystalline (MX) phases, i.e., a Y-rich fcc (fcc-I), a
Mo-rich hcep (hep-I), and another fcc (fcc-II) phase, were observed at different irradiation stages. Kineti-
cally, the fcc-I MX phase was formed through a single-step transition of hcp— fcc, while the hep-I and
fcc-II phases were formed sequentially via a two-step transition of bcc—hcp—fcc. To give further in-
sight into the singularity of the amorphization behavior of the system and the MX phase formation, a
Gibbs-free-energy diagram of the system was constructed by calculating the free energies of the amor-
phous phase, the solid solutions, three MX phases, and of the as-deposited Y-Mo multilayers, for which
the interfacial free energies were added. The established diagram can explain well the irradiation-
induced amorphization behavior and the MX phase formation in the Y-Mo system.

I. INTRODUCTION

Since the early 1980’s, ion mixing (IM) has been em-
ployed as a powerful means for studying some important
topics of physical metallurgy, e.g., the theory of alloy
phase formation and transformation.! In the last decade,
most research interests of IM have been focused on syn-
thesizing amorphous alloys and studying the amorphiza-
tion mechanism of the binary metal systems, especially of
those with negative heats of mixing.2~* Using alternately
deposited metals in an 4 and B multilayered arrange-
ment, IM is capable of producing AyB,_y alloys
without limitation of the desired alloy composition, as
the relative thicknesses of 4 and B metals can be adjust-
ed to obtain an arbitrary x from O to 1.5 Up to date,
some 70 systems have been investigated by IM of multi-
layers, and extensive data of the glass-forming ability
(GFA) of binary metal systems have been obtained.® It
was found that the GFA was greatly widened by IM and
was continuous in composition for those systems with
negative heats of mixing.” The amorphization behavior
and GFA of systems with positive heats of mixing, how-
ever, have not yet been investigated thoroughly, and are
still of interest. Recently, the formation of metastable
crystalline (MX) phases has aroused enormous attention,?
and considerable work has been carried out on the ther-
modynamic and kinetic aspects for a better understand-
ing of the MX phase formation in binary metal systems
mostly with negative heats of mixing.’”!! Besides the
quasicrystalline phases,'>”!° three types of MX phases
have so far been observed in binary metal systems, i.e., (i)
supersaturated solid solutions (SSSS);!®!7 (ii) a hexagonal
phase in hcp-bee or fce-bee pairs at the hep-rich or fee-
rich side;!® % and (iii) a fcc phase formed in some bcc-
based systems.?! However, less attention concerning MX
phase formation has been paid to systems with positive
heats of mixing, leaving an open question to be further
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studied. The Y-Mo system, which has a positive heat of
mixing exceeding +26 kJ/mol, was thus selected for this
study to investigate the GFA and possible MX phase for-
mation by IM.

Concerning the amorphization mechanism in binary
metal systems, several empirical models have been pro-
posed to predict the GFA from the crystalline structures
and other static properties of the constituents and from
the features of the equilibrium phase diagram,?2-24
though this problem has not been clarified on an atomic
scale due to the complexity of the far-from-equilibrium
nature of the IM process. Recently, a quantitative ap-
proach towards this issue has been proposed by Alonso,
Gallego, and Lopez® on the basis of Miedema’s model to
calculate the free energies of the amorphous phase and
the terminal solid solutions. By comparing their free-
energy values, a measure of the GFA can be given under
the condition of AG, < AG,, where AG, and AG, are the
Gibbs free energies of the amorphous phase and the solid
solutions, respectively.?® This approach was quite good
for the GFA in some systems. However, it cannot inter-
pret the formation of the observed MX phases in some al-
loy systems,?”?® and cannot interpret the amorphization
in systems of positive heats of mixing either. Meanwhile,
it has been argued that the calculation precision of the
free energy is doubtful since Miedema’s model and Alon-
so et al.’s method are still on a semiempirical basis. To
give a precise estimation of the errors in such a calcula-
tion, however, seems quite difficult. An alternative .ay
to step forward was recently proposed by the authors: to
conduct the steady-state thermal annealing of the as-
deposited multilayers to confirm the relative energetic
levels of the competing phases at certain composition
points.? Since the as-deposited multilayers are in a high-
ly energetic state due to the additional interfacial and
surface free energies, they would relax down upon an-
nealing to the available intermediate states of lower free
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energies in the system.3 The annealing results can thus
be employed to confirm the relevance of the calculated di-
agram in its outline.

We report, in the present paper, the detailed experi-
mental results of amorphization and MX phase forma-
tion induced by IM in the Y-Mo system. A thermo-
dynamic interpretation of the singularity of the amorphi-
zation behavior and MX phase formation is given by con-
structing the free-energy diagram of the system on the
basis of Miedema’s model, with the special consideration
of adding the free-energy curves of the MX phases ob-
tained in this study and that of the as-deposited Y-Mo
multilayers including the interfacial free energy. The
growth kinetics of the MX phases are also discussed
based on the far-from-equilibrium solid-state transition
upon ion irradiation.

II. EXPERIMENTAL PROCEDURE

Multilayered Y-Mo films were prepared in an evapora-
tion system with a vacuum level on the order of 107’
Torr, by depositing pure yttrium (99.9% Y) and pure
molybdenum (99.9% Mo) alternately onto newly cleaved
NacCl single crystals as substrates. To reduce the possible
oxidation of the constituent metals, Ti was evaporated
first and deposited onto a spare SiO, substrate to adsorb
some oxygen in the vacuum system before depositing the
multilayered films. During deposition, the substrates
were cooled by running water and the temperature in-
crease of the substrates was estimated to be less than
200°C. The total thickness of the Y-Mo films was
designed to match the projected range plus the projected
range straggling of the irradiation ions, i.e., about 500 A
for the 200-keV xenon ions. Seven layers were deposited
for each sample. The composition of the films was con-
trolled by adjusting the relative thickness of the two con-
stituent metals and was later confirmed by energy-
dispersive-spectrum (EDS) analysis with an error of less
than 5%. The as-deposited Y-Mo multilayered films
were immediately moved into and kept in a dry vacuum
chamber to avoid contamination. The films were then ir-
radiated by 200-keV xenon ions in an implanter with a
vacuum level on the order of 107¢ Torr. The beam
current density was controlled to be less than 0.5 uA/cm?
to minimize beam heating effects, and the temperature in-
crease of the substrates was estimated to be less than
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100°C. After irradiation, all the mixed films were re-
moved from the substrates by deionized water and put on
Cu or Mo grids for transmission electron microscopy
(TEM) observation and selected-area diffraction (SAD)
analysis to identify the structure. EDS was also em-
ployed to determine the real composition of the ion-
mixed phases. Some as-deposited multilayered films were
subjected to steady-state thermal annealing in a hot stage
attached to the TEM, which had a vacuum level on the
order of 1077 Torr, to give an independent result of
phase evolution for testing the validity of the calculated
free-energy diagram.

III. RESULTS AND DISCUSSION

A. Amorphization induced by IM

Table I lists the phase changes in the Y-Mo system in-
duced by room-temperature 200-keV xenon ion mixing as
a function of irradiation doses. From the table, one sees
that at the Y-rich side, Yg;-Mo,, films were amorphized
at a dose of 1X 10" Xe*/cm? and that the Y,,Mo,, films
were also amorphized at a dose of 3X 10" Xe™/cm?
Figures 1(a)—-(d) show the bright-field images and the cor-
responding SAD patterns of the as-deposited and amor-
phized Y,,Mo,3 multilayered films. Meanwhile, at the
Mo-rich side, Y,,Mo; and Y,;Mo,, films were both
amorphized at a dose of 1X 10" Xe*/cm?. Figures 2(a)
and 2(b) show the SAD patterns of the as-deposited and
amorphized Y,,Mo,; multilayered films, respectively. In
the other samples, i.e., Y sMogs, Y4,Mosg, and Y¢sMo;s
films, amorphization was not achieved at any irradiation
doses, i.e., from 3X 10" to 7X10° Xe*/cm? These re-
sults suggest that amorphization can be achieved, yet in
two isolated composition ranges in the Y-Mo system by
IM.

B. Formation of the MX phases

The Y-rich Yg;Mo,; films were amorphized at a dose
of 1X10'° Xet/cm?, and transformed into a fcc-I phase
at a dose of 7X 10" Xe'/cm? For the Y;,Mo,; films,
amorphization was achieved at a dose of 3X 10"

TABLE 1. Phase changes in the Y-Mo multilayers induced by room-temperature 200-keV xenon ion
mixing. (The dosages are in 10'* Xe*/cm?; *“ 4” stands for amorphous phase; “bce” is a Mo-rich solid
solution; “hcp-1,” “fcc-I,” and “fcc-II” are three MX phases). The ion-induced phase formation in the
Y,7Mo,; multilayer was quite similar to that in the Y,;Mo4; films and was thus not listed in the table.

Dosage Y sMogs Y;;,Moyg Y ,Mosg Y4sMoss Y;,Moyg Yg3Moyy
3 Y +Mo Y +Mo Y +Mo Y +Mo Y +Mo Y +Mo
5 Y +Mo Y +Mo Y +Mo Y +Mo Y +Mo Y +Mo
7 Y +Mo Y +Mo Y +Mo Y +Mo Y +Mo Y +Mo
10 bee A Y +Mo Y +Mo Y +Mo A

30 hcep-1 hep-1 Y +Mo Y +Mo A4 A

50 hep-1+fee-11 hep-I1+fee-11 Y +Mo Y +Mo A A

70 fee-11 fce-11 Y +Mo Y +Mo fee-1 fce-1
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FIG. 1. (a) and (b) show a bright-field image and a corre-
sponding SAD pattern of the as-deposited Y;,Mo,3 multilayers;
(c) and (d) show a typical bright image and the corresponding
SAD pattern of the amorphized multilayers at an irradiation
dose of 3X 10" Xe*/cm? by room-temperature 200-keV xenon
ion mixing.

Xe*/cm? [see Fig. 1(d)], and turned into a fcc-I phase at
a higher dose of 7X 10" Xe™/cm?. Figures 3(a) and 3(b)
show a typical bright-field image and the corresponding
SAD pattern of the fcc-I phase, respectively. The lattice

J

1X 10" Xe™ /cm?
Y;,Moys

FIG. 2. (a) and (b) are the SAD patterns of the as-deposited
Y;Mo;s multilayers and the corresponding amorphous phase
formed by 200-keV room-temperature xenon ion mixing to a
dose of 1X10'° Xe*/cm?.

parameter of the fcc-I phase was determined to be
a=5.10 A. Table II lists the indexing results for the
fce-I phase. The formation of the fcc-I phase can there-
fore be viewed via an ion-induced transition of

7X10P Xe™t /cm?

> amorphous

RT RT

At the Mo-rich side, when the Y;sMog; films were irra-
diated to a dose of 1 X 10! Xe™/cm?, the structure of the
films was bcc, indicating the formulation of a Mo-rich
solid solution. The films were changed into a hcp struc-
ture (hcp-I phase) at a dose of 3X 10" Xet/cm? The
lattice parameters of the hcp-I phase were identified to be
a=2.89 A and ¢ =4.70 A. Table III lists the indexing
results of the hcp-I phase. When the films were irradiat-
ed to a dose of 5X10'° Xe™/cm?, a mixture of the hep-1
and a new fcc-II phase was observed. When the films

3% 105 Xet /cm?

>fee-I . (1)

were irradiated to a dose of 7X 10" Xe™/cm?, a unique
fcc-II phase was formed. Figures 4(a)—4(f) are a typical
bright image and a corresponding SAD pattern of the
as-deposited Y sMoy; films, and the SAD patterns of the
films at different irradiation stages. The lattice parameter
of the fcc-II phase was determined to be a =4.04 A.
Table IV is the identification of the fcc-II phase. Similar
results were also obtained in the Y,,Mo;; and Y,,Mo;
films at respective irradiation stages. These results can
therefore be summarized as follows:

7%10" Xe*t /cm?

15 + 2
1X 10" Xe™ /cm > bec

YisMoss RT RT

. >fce-11 . (2)
> hep-1 RT cc-11

‘TABLE II. Identification of the Y-rich fcc-I MX phase formed in the Yg4;Moy, multllayers by 200-
keV xenon ion mixing to a dose of 7X 10'* Xe ™ /cm? at room temperature. a =5.10 A.

dexperimental ( A) ( hkl) dcalculation (A) ‘ Ad | ( A) IntenSity
2.93 111 2.94 0.01 strong
2.54 200 2.55 0.01 strong
1.81 220 1.80 0.01 strong
1.53 311 1.54 0.01 strong
1.45 222 1.47 0.02 medium
1.26 400 1.28 0.02 medium
1.17 331 1.17 0.00 medium
1.12 420 1.14 0.02 weak
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FIG. 3. (a) and (b) show a typical bright image and a corre-
sponding SAD pattern of the Y-rich fcc-I MX phase formed in
the Yg;Mo,; multilayers by 200-keV xenon ion mixing to a dose
of 7X 10'* Xe* /cm? at room temperature.

Note that “bee” is a Mo-rich solid solution.

It should be pointed out that the Y-rich fcc-I and Mo-
rich hcp-I and fce-II phases were metastable crystalline
phases in the Y-Mo system since their diffraction lines
could not be indexed to either those of the elemental met-
als or those of the possible Y, Mo, and (Y +Mo) oxides.

C. Thermodynamic interpretation

1. Survey of theory

Generally, the Gibbs free energy of a phase is calculat-
ed by AG=AH-TAS, where AH and AS are the enthalpy
and entropy terms, respectively. As a first approxima-
tion, the entropy term for a solid solution for an amor-
phous phase is simply taken as that of an ideal solid solu-
tion, i.e.,

AS=—R[X ,In(X ,)+XzIn(X,)],

in which R is the gas constant and X , and X 4 are atomic
concentrations of 4 and B metals, respectively. Accord-
ing to Miedema, Chatel, and De Boer, the enthalpy
change AH can be considered as a sum of three terms,

FIG. 4. (a),(b) Morphology and corresponding SAD pattern
of the as-deposited Y,;sMogs multilayered films. (c)—(f) are the
SAD patterns of the films at different irradiation stages upon
200-keV xenon ion mixing at room temperature: (c) a bee solid
solution formed at 1X 10" Xe*/cm? (d) a hcp-1 MX phase
formed at 3X10'* Xe*/cm?; (e) a mixture of (hcp-I + fec-II)
formed at a dose of 5X10'°* Xe*/cm?; and () a unique fcc-1I
MX phase formed at 7X 10'* Xe™ /cm?.

ie., AH=AH‘+AH®+ AH*, corresponding to the chem-
ical, elastic, and structural contributions. The chemical
term AH°® is closely related to the electron redistribution
generated at the boundary for the Wigner-Seitz unit cell
when alloying, the elastic term AH° is caused by the
atomic size mismatch of the two constituent metals,
while the structural term AH® is deduced from the
valence and crystal-structure changes.3"3? These terms
for the solid solutions, the amorphous phase, and the in-
termetallic compound can easily be calculated following

TABLE III. Indexing results of the Mo-rich hcp-I MX phase formed in the Y;sMogs multilayers un-
der 200-keV room-temperature xenon ion mixing to an irradiation dose of 3X10Y Xe'/cm?.

a=2.89A,c=4.70 A, and ¢ /a=1.63.

dexperimental (A) ( hkl) dcalculalion (‘&) | Ad | (A ) IntenSity
2.52 100 2.50 0.02 medium
2.35 002 2.35 0.00 strong
2.22 101 2.21 0.01 strong
1.70 102 1.71 0.01 strong
1.44 110 1.45 0.01 strong
1.32 103 1.33 0.01 medium
1.23 112 1.23 0.00 medium
1.05 104 1.06 0.01 weak
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the well-documented literature.’> These terms for the
MX phase, however, should be discussed in detail.

First, a MX phase is of an ordered structure, and the
entropy term can be ignored since it only has a minor
effect on the free-energy change just like that of an or-
dered equilibrium compound. The Gibbs-free-energy
change of a MX phase is therefore

AGyx =AHyx tAHyx +AHyx (3)

where the three terms at the right side are chemical, elas-
tic, and structural contributions of the MX phase, respec-
tively. The chemical term AH §4x is accordingly calculat-
ed by

AH;JX = AE[amp‘XA V,24/3fAB ’ (4)

where AH,,, is an amplitude and is a constant for a
specific system, e.g., +16.5 kJ/molcm? for the Y-Mo
system. X, and ¥V, are the atomic concentration and
volume of atom 4. f ,p is a function, namely, the extent
of atom A surrounded by atom B. In the calculation of
f 4p> a constant ¥ is used to describe the chemical short-
range-order (CSRO) difference of the solid solutions, the
amorphous phase, and the ordered compound. The
values of y are empirically taken as O, 5, and 8 for the
solid solution, the amorphous phase, and the compound,
respectively.>* As a MX phase is commonly considered
as compoundlike, it is reasonable to assume that the
CSRO in the MX phase is similar to that in an ordered
compound. The value of y is therefore taken as 8 for the
MX phase.

Secondly, the elastic term of a MX phase is related to
the lattice distortion caused by the size mismatch be-
tween the two constituent metals.> It is well known,
however, that in an equilibrium compound the elastic en-
ergy can be neglected, since the lattice distortion caused
by the atomic size mismatch of the two constituent met-
als can be relaxed down to a minimum by the ordered ar-
rangement of the atoms. If a MX phase is formed near
the eutectic point, where no corresponding equilibrium
compound exists, the elastic term of the MX phase is
negligible as the ordered arrangement of atoms in it can
relax the lattice distortion to a minimum. Yet for a MX
phase formed at a composition near an equilibrium com-
pound, the elastic term of the MX phase cannot be
neglected, as the structure and the atomic arrangement of
the MX phase are different from that of the equilibrium
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compound and thus cannot relax the lattice distortion to

a minimum. The elastic term for this MX phase is there-
fore

AHYyx =X 4 Xp[X 4AHYyx(p in 4) TXpAH x4 in B) ] »
(5)

where AH {gx(; in j)» is the elastic contribution to the heat
of solution of i in j in the MX phase, and can be calculat-
ed by the method proposed by de Boer, Miedema, and
Boom.3® It is worth mentioning that this formula can
also be used to calculate the elastic term of the solid solu-
tion, but the values of the heat of solution AH|; ;, ;) are
different from those of AH}x (; in j)- For the Y-Mo sys-
tem, AH{y jn mo) a0d AH {0 in v) are +56 and + 131
kJ/mol, respectively.’” The values of AHgx(; in ;) for the
fcc-1, hep-I, and fce-II phases were also calculated and
listed in Table V for comparison.

Thirdly, the structure of a MX phase is different from
the constituent metals, and thus the difference in struc-
ture has a contribution to the free-energy change. The
structural contribution is then’

AHx =E(Z)—X 4E(Z ,)—XzE(Zp) , 6)

where E(Z), E(Z ,), and E(Zp) are the lattice stability
of the MX phase and pure 4 and B metals, and Z, Z ,,
and Zy are the mean number of valence electrons of the
MX phase and the number of valence electrons of pure
metals A and B, respectively.® The dependence of the
lattice stability on Z for paramagnetic and ferromagnetic
transition metals has been calculated by Niessen et al.

According to above discussion, the Gibbs-free-energy
change of a MX phase can be classified into two types, (i)
for a MX phase formed at a composition in the vicinity
of an equilibrium compound,

AGyx =AH Sy +AH Sy +AH Yy (7)

and (ii) for a MX phase formed at a composition near the
eutectic point where no corresponding compound exists,

AGyx =AHy +AH ®)

Accordingly, the Gibbs-free-energy changes of the Y-
rich and Mo-rich solid solutions, the Y-Mo amorphous
phases, and the fcc-I, hep-1, and fce-II MX phases were
calculated. The values of the parameters used in the cal-

TABLE IV. Identification of the Mo-rich fcc-II MX phase formed in the Y;sMogs gnultilayers upon
room-temperature 200-keV xenon ion mixing to a dose of 7X 10> Xe™/cm?. a =4.04 A.

dexperimental ( A) (hkI) dcalculation (A) | Ad | (‘&) Inten5ity

2.30 111 2.33 0.03 strong
2.01 200 2.02 0.01 strong
1.42 220 1.43 0.01 strong
1.24 311 1.22 0.02 strong
1.16 222 1.17 0.01 medium
1.02 400 1.01 0.01 medium
0.92 331 0.93 0.01 medium
0.89 420 0.90 0.01 weak




51 ANOMALOUS ALLOYING BEHAVIOR INDUCED BY ION .. ..

8081

TABLE V. Values of the parameters used in calculating the free-energy diagram of the Y-Mo system

and the free energy of the as-deposited Y-Mo multilayered films. (Note that * - - -

” means the data

were not used, “films” stands for the as-deposited Y-Mo films, the unit of AH,,,, is kJ/mol m?, and the

unit of AH(,‘ in j) and AH?, in j) is kJ/mol.)

Parameter Y Mo SS A fee-1 hep-1 fee-I1 Films
V (cm®) 19.89 9.39 ce - R

»y .. . .. O 8 8 8

AHamp s s 16.5 16.5 16.5 16.5 16.5

AHy in mo) s e 56 ce 67 44 44 56
AH(MO in Y) ct s D 131 172 127 127 131
¥° (mJ/m?) 3000 1125
AH v in Mo) s coee 114 114 114 114 114 114
AH Qo in v s e 81 81 81 81 81
Sf(105m2) 3.3 2.0

culation were listed in Table V. Figure 5 shows a calcu-
lated Gibbs-free-energy diagram of the Y-Mo system.

2. Steady-state thermal annealing results

Steady-state thermal annealing of some as-deposited
multilayered films was conducted with increasing temper-
ature. At the Y-rich side, the Y;,Mo,; films were first
amorphized after annealing at 250°C for 11h, and then
turned into the fcc-I phase when the temperature reached
350°C and held for 1 h. Further annealing at a higher
temperature of 600°C for 1 h caused the transformation
from the fcc-I phase into a mixture of Y+Mo. Figures
6(a)—6(d) show the SAD patterns of the Y,,Mo,; films at
different annealing stages. In the Mo-rich Y,,Mo,; mul-
tilayered films, a hcp-I phase was first formed when the
films were annealed at a temperature of 500 °C for about
an hour, and then the hcp-I phase changed into the fcc-I1
phase on annealing at a higher temperature of 600°C for
one more hour. The fcc-II phase is very stable upon fur-

- @ N19
)
£
- | +40
- bcc-S.S
~ hcp-
(4] ——— —
] +20 — i d
as-deposited N7
&
I
o
c
5]
opFp—————— — —_—————— e ]
Q
3 NO Bulk Y+Mo
=] -
-20 -
1 1 1 1
Y 20 40 60 80 Mo

Mo Concentration (atg)

FIG. 5. A typical calculated Gibbs-free-energy diagram of
the Y-Mo system. The dashed line shows the initial energetic
levels of the as-deposited multilayers. N19 and N7 indicate
samples with 19 and seven layers, respectively.

ther annealing up to 800°C. Figures 7(a)-7(c) show the
SAD patterns of the as-deposited Y,,Mo,; films and the
formed hcp-I and fcc-II phases, respectively. The anneal-
ing results of the Y-rich and Mo-rich films can be sum-
marized as

250°C

Y72M028 m > amorphousM

30 min
600 °C
60 min

500°C
Y22M078m > Cp-I

> fee-1 >Y+Mo, 9)

600 °C

60 min > fee-I1 . (10)
From the phase appearance sequence upon steady-state

thermal annealing just mentioned, it is obvious that the

Y-rich fcc-I and Mo-rich hcp-I and fcc-II phases were

indeed metastable phases in the Y-Mo system, and that

the Y-rich fcc-I phase has lower free energy than the

FIG. 6. SAD patterns of the Y,;Mo,; multilayered films
upon steady-state thermal annealing: (a) as deposited; (b) amor-
phized at 250 °C for 90 min; (c) the fcc-I MX phase formed after
annealing at 350°C for 30 min; and (d) the (Y +Mo) mixture
reemerged when the temperature reached 600 °C and stayed for
60 min.
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FIG. 7. SAD patterns of the Y,,Mo,; multilayered films at
different annealing stages: (a) as deposited; (b) the hcp-I MX
phase formed after annealing at 500°C for 60 min; and (c) the
fcc-II MX phase formed after further annealing at 600 °C for 60
min.

corresponding amorphous phase, the Mo-rich fcc-II has
lower free energy than the hcp-I one. These results are in
agreement with the calculated free-energy diagram, and
thus confirm the relevance of the calculated free-energy
diagram in its outline.

3. Interpretation to the GFA and MX phase formation

a. The influence of the interfaces on the GFA. First, we
focus on the GFA in the Y-Mo system. From Fig. 5, one
may notice that the free-energy curves of the Y-rich,
Mo-rich, and amorphous phases are convex in their
shapes, and the amorphous phase has lower free energies
than the two terminal solid solutions within a wide com-
position range, i.e., Y;,~Yjg;. According to Alonso, Gal-
lego, and Somozar,?° the possible GFA of the Y-Mo sys-
tem is Y;,—Yg;. Experimentally, however, the Y-Mo
amorphous phase has so far been obtained in two isolated
composition ranges, i.e., Y,,~Y,; and Y4,—Yg;. It should
be pointed out that at the compositions near the equia-
tomic stoichiometry, e.g., Y4sMoss films, amorphization
was not achieved, unlike in most of the previous results
obtained in systems of negative heats of mixing.*"*!
From Fig. 5, it can be seen that both the solid solutions
and the amorphous phases are thermodynamically unsta-
ble, as their free energies are much higher than that of a
mixture of the two pure constituents.

It is well known that multilayered films consisting
definitely of a certain number of interfaces can exist in a
state of higher free energy than that of the corresponding
bulk counterpart, as the interfaces can give a rise to an
additional interfacial free energy.*> The additional inter-
facial free energy, in some cases, may elevate the multi-
layers to a state of higher free energy than that of the
amorphous state, and thus serves as a major driving force
for the formation of some new phases.*> According to
Gerkema and Miedema** the interfacial free energy is

AG 15, =Sy Xv ™", (1
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where AG[ 4;_(p),s is the interfacial free energy of a B
atom on the A-atom layer, S I is the surface area occu-
pied by one mole of interfacial atoms, and y 42 is a con-
stant for a specific system and can be calculated by**

yAP=015(y % vy +r st (12)

where ¥% and y$ are the surface energies of solid 4 and
solid B, e.g., yY=+1125 mJ/m? and y%,=+3000
m)/m?. y’™ is the chemical contribution concerning
the reaction between A4 and B atoms. It is worth men-
tioning that the first part at the right side of Eq. (12) is
the elastic term caused by mismatch of atomic sizes. Ac-
cording to Gerkema and Miedema y“}§™ is a constant for
a specific system and is given by y<%gm
=AH?, i 5)/(coVY?), where ¢, is a constant being
4.5%X10%, and AH ? 4 in B) 18 @ constant for a specific sys-
tem, eg, AHYmo=+114 kI/mol and
AH?MO iny) = T 81 kJ/mol for the Y-Mo system.

Figure 8 shows schematically the configuration of 4-B
multilayers. Suppose N, and Ny are numbers of layers
of metal 4 and B, d ,; and dp ; are the thicknesses of the
ith layer of 4 and B, and Ad,; and Adjp; are the
thicknesses of the ith interface of ( 4 on B) and (B on A),
respectively. Then the interfacial atoms are a fraction of
total atoms,

nA nB
SAd,; > Adp;

a=X, z'v,, +Xp zlv,, . (13)
ZdA,l

de,i

In the formula, « is the fraction and n , and njy are the
numbers of ( A on B) interfaces and (B on A) interfaces,
respectively. Obviously, n , and ng should match the re-
lationship of (n,+ng)+1=N,+Ny. For simplicity,
the thicknesses of the interfaces, i.e., Ady and Ady,
were taken as a constant, being 5 A in the calculation.*’
Formula (13) is then rewritten as a=a , =ay, where

nA nB
ZAdA,,- ZAdBi
aA=XA1'v—A———- and aB=XB—;v;—— . (14)
2da 2dg,;
i i
a,_ .
N, — TN} ad
A
\ 7
2 N g
s \ 2
A \ B g A N B 'l a
N 4 \ ¢
N ] N\ g
\ g N 4
N g N %

FIG. 8. Configuration of 4 and B component metals in an al-
ternately deposited multilayered film. The thicknesses of the 4
and B layers and the (A4 on B) and (B on A) interfaces are
shown schematically.
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The interfacial free energies for the multilayers can then
be calculated by

AGf:aASfA']/BA+aBSfB')/AB, (15)

where Spy=3.3X 10° m? and S mo=2.0X 10° m?, respec-
tively.

The interfacial free energies for the as-deposited Y-Mo
multilayered films were therefore calculated and the free-
energy curve of the Y-Mo multilayers was added in Fig. 5
as a dashed line, representing the initial energy level of
the as-deposited Y-Mo multilayers. Comparing with the
free-energy curve of the amorphous phase, it is obvious
that within the composition range of Y,,—Y 5 the amor-
phous alloy has higher free energy than the as-deposited
films, suggesting that the amorphous phase is thermo-
dynamically unfavored in the present case as there is no
driving force responsible for amorphous phase formation
in this composition range. Under the condition of
AG, = AG, <AG,,, where AG,, is the free energy of the
multilayered films, the composition range favoring
amorphization can be deduced from Fig. 5 to be Y —Y;
and Y,3—Ygg, which agrees with the experimental ones,
i.e., Y5,—Y,;, and Y- Y3,

The next issue is the possibility of amorphization in the
system at compositions around equiatomic stoichiometry
by artificially adding extra interfaces into the Y-Mo mul-
tilayered films. To demonstrate the significant effect of
the interfaces on amorphization behavior in a system
with large positive heat of mixing like the Y-Mo system,
two samples of Ys,Mos, multilayers with 19 layers (N19)
and with seven layers (N7) were deposited and then an-
nealed in situ in the hot stage attached to the TEM for
comparison. It was found that the N19 sample was
indeed amorphized after annealing at 350°C for 2 h, and
then transformed into a mixture of Y +Mo at a tempera-
ture of 650°C. For the N7 multilayered films, the struc-
ture was a mixture of crystalline Y and Mo and remained
unchanged up to a temperature as high as 800°C. Fig-
ures 9(a)—(d) are a morphology and a corresponding SAD
pattern of the as-deposited N19 multilayers and SAD
patterns of the amorphous phase and Y +Mo mixture, re-
spectively, after annealing. These results indicate that
the amorphous phases, which are thermodynamically un-
stable in systems of positive heats of mixing, can be
formed by thermal annealing of the multilayers, if the in-
terfacial free energy is large enough, e.g., the N19 films.
Accordingly, the initial energetic levels of the N19 and
N7 multilayers were calculated, and were labeled by solid
circles in Fig. 5. Obviously, it is the interfaces that
elevated the multilayered films to a state of higher free
energy than that of the bulk state, and in some cases
elevated the state of the multilayered films to be higher
than the amorphous one, as demonstrated by the N19
multilayered films. As a consequence, the excess free en-
ergy originating from the interfaces was responsible for
the amorphous phase formation in the system by provid-
ing the thermodynamic driving force. In other words,
the amorphous phase formation in the Y-Mo system with
a rather positive heat of mixing was actually interface
generated.

b. Thermodynamic interpretation of the MX phase for-
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FIG. 9. (a) and (b) exhibit a typical morphology and a corre-
sponding SAD pattern of the as-deposited N19 sample; (c) and
(d) are the SAD patterns of the amorphized N19 sample at
350°C, and the reemerged (Y +Mo) mixture at 650°C, respec-
tively.

mation. We now discuss the formation of the Y-rich fcc-
I and Mo-rich hcp-I and fcc-II phases. It is clear from
Fig. 5 that the three phases have lower free energies than
that of the N7 films, and are therefore thermodynamical-
ly favored compared with the multilayered films. Be-
sides, one can also see from the figure that the fcc-I phase
has lower free energies at compositions around Yg,Mo,,
than both the Y-rich solid solution and the amorphous
phase. For the Mo-rich hcp-I and fcc-II MX phases, the
calculation illustrates that around Y,yMog,, the hcp-I
and fcc-II phases are more stable than the Mo-rich solid
solution and the amorphous phase, and the fcc-ITI phase is
the most stable one among them, while hcp-I is the
second most stable one. The possible emergence se-
quences of the related phases can thus be deduced from
the calculated free-energy diagram as

Y 3oMo,,—amorphous —fcc-I
and
Y ,oMog,—amorphous— hcp-I—fcc-11

The deductions agree fairly well with the experimental
results.

4. Structural compatibility between the MX phases
and the matrix

The above calculations revealed the thermodynamic
driving force for the formation of the fcc-I, hcp-I, and
fcc-II phases. The next question is then how the three
MX phases were formed under the restricted kinetic con-
ditions available in IM. IM is generally recognized to be
a two-step nonequilibrium process, i.e., first an atomic
collision cascade and then a relaxation period lasting for
only 1071°-107? s, within which the structure of the
newly formed phases was expected to grow. As a result,
the alloy phase formed upon ion irradiation can only be
of a simple crystalline structure or an amorphous struc-
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ture, because such a short span of time prevents the nu-
cleation and growth of a complicated structured phase as
long-range diffusion is impossible.*® Accordingly, only
those fast and partitionless transition mechanisms can be
executed. Since the phases synthesized by IM are
through a solid-solid transition, the structural compati-
bility between the newly formed phase and the matrix fre-
quently plays an important role in determining whether
the new phase can grow or not.*’ The Y-rich fcc-I phase,
in the present case, was formed from an amorphous ma-
trix, which was believed to have been formed through a
traditional nucleation and growth mechanism. The fcc-I
phase, however, was still closely related with the matrix
metal, i.e., Y, in some structural characteristics. As the
atomic arrangement of the hcp and fcc structures is quite
similar on the closely packed planes, i.e., {111} and
{0001}, planes, the transition of hcp—fcc can easily be
realized by a sliding on the {0002}, plane along the

(1100 )4, direction by a vector of 1(1100),,,. From this
sliding mechanism, the relationship between the two lat-
tices can be deduced as ag,=V2 2ay.,. Using the lattice
parameter of the pure yttrium of Ane =3.65 A, the lat-
tice parameter of the fcc-I phase is calculated to be
ag.=35.16 A. Compared with the experimental value of
5.10 A, the error is less than 2%.

Generally, direct transformation from a bcc to a fcc
structure is somewhat difficult. A two-step transition,
i.e., bcc—hcp—fcc,*®* however, can easily proceed un-
der IM and was indeed observed in the Mo-rich Y sMogs
films. From a crystallographic point of view, the first
step of bcc—hcp can be fulfilled by a shearing which
leads to a relationship of a@u,,=(V3/2)ay..° The
second step of hcp— fcc, following the above discussion,
can be realized by a sliding and results in ag =\/Zahcp.
The lattice-parameter relationship between the fcc and
the bee lattices is therefore deduced as ag,, =(V'6/2)ay,..
Using Vegard’s law, the lattice parameter of a YsMog;s
supersaturated solid solution is about 3.35 A; the lattice
parameter of the fcc-II phase is thus calculated to be 4.10
A. Compared with the experlmental value of 4.04 A, the
difference between them is less than 2%. For the hcp-I
and fcc-II phases in other samples which were from an
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amorphous matrix, the formation was through a tradi-
tional nucleation and growth mechanisms.

IV. CONCLUDING REMARKS

(1) Amorphization was achieved in the Y-Mo system
by 200-keV xenon ion mixing at room temperature within
two isolated composition ranges, i.e., Y,,—Y,; and
Y;,—Yy3. In addition, three MX phases, i.e., Y-rich fcc-I
and Mo-rich hcp-I and fcc-I1, were formed.

(2) A Gibbs-free-energy diagram of the Y-Mo system
was established by calculating the free-energy curves of
the phases, especially including those of the three MX
phases.

(3) Steady-state thermal annealing of the Y-Mo mul-
tilayered films with certain compositions was conducted.
The annealing results revealed the relative energetic lev-
els of the MX phases and in turn confirmed the relevance
of the calculated free-energy diagram.

(4) The interfacial free energy of the as-deposited Y-Mo
multilayers was calculated by using Gerkema and
Miedema’s model with varying number of interfaces.
The calculated diagram together with the interface ener-
gies can give appropriate interpretation of the amorphi-
zation behavior and the GFA, and the formation of the
three MX phases.

(5) The formation kinetics of the MX phases were con-
sidered to proceed via some solid-solid transition mecha-
nisms and the lattice parameters so deduced agreed well
with the experimental ones.
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FIG. 1. (a) and (b) show a bright-field image and a corre-
sponding SAD pattern of the as-deposited Y;,Mo,3 multilayers;
(¢} and (d) show a typical bright image and the corresponding
SAD pattern of the amorphized multilayers at an irradiation
dose of 3X 10" Xe " /cm? by room-temperature 200-keV xenon
ion mixing.



FIG. 2. (a) and (b) are the SAD patterns of the as-deposited
Y,;Mo,5 multilayers and the corresponding amorphous phase
formed by 200-keV room-temperature xenon ion mixing to a
dose of 1X 10" Xe* /cm?.



FIG. 3. (a) and (b) show a typical bright image and a corre-
sponding SAD pattern of the Y-rich fce-I MX phase formed in
the Yg;Mo,; multilayers by 200-keV xenon ion mixing to a dose
of 7X 10" Xe* /cm? at room temperature.



FIG. 4. (a),(b) Morphology and corresponding SAD pattern
of the as-deposited Y ;sMogs multilayered films. (c)-(f) are the
SAD patterns of the films at different irradiation stages upon
200-keV xenon ion mixing at room temperature: (c) a bee solid
solution formed at 1X10'® Xe*/cm? (d} a hep-l MX phase
formed at 3% 10" Xe*/cm?; (e) a mixture of (hep-1 + fee-11)
formed at a dose of 5X 10" Xe*/cm?; and () a unique fee-II
MX phase formed at 710" Xe " /cm?,



FIG. 6. SAD patterns of the Y,;Mo,; multilayered films
upon steady-state thermal annealing: (a) as deposited; (b) amor-
phized at 250°C for 90 min; (c) the fcc-I MX phase formed after
annealing at 350°C for 30 min; and (d) the (Y +Mo) mixture
reemerged when the temperature reached 600°C and stayed for
60 min.



FIG. 7. SAD patterns of the Y,;Mo,; multilayered films at
different annealing stages: (a) as deposited; (b) the hep-I MX
phase formed after annealing at 500°C for 60 min; and (c) the

fcc-1I MX phase formed after further annealing at 600 °C for 60
min.



FIG. 9. (a) and (b) exhibit a typical morphology and a corre-
sponding SAD pattern of the as-deposited N19 sample; (c) and
(d) are the SAD patterns of the amorphized N19 sample at
350°C, and the reemerged (Y +Mo) mixture at 650°C, respec-
tively.



