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In the Ni-Ta system, several amorphous alloys were synthesized by room-temperature 200-keV
xenon-jon irradiation of multilayered films with various compositions. The metallic-glass-forming range
was determined experimentally to extend from 25 to 75 at. % Ni. In addition, a hcp metastable crystal-
line (MC) phase was observed in the Ni-rich Nig Ta,, and Ni;sTa,s multilayers at different irradiation
stages, and a fcc MC phase was formed in the Ta-rich TagsNi,s and Ta,sNi;s multilayers before and after
the films were amorphized, respectively. Interesting evolution behavior of the above nonequilibrium
solid phases upon thermal annealing was also observed. A free-energy diagram of the system was con-
structed based on the model of Miedema, de Boer, and de Boer and the method of Alonso and Simozar.
The calculation included the free-energy curves of all the competing phases, especially the MC phases,
which were considered as compoundlike, and the enthalpies were calculated based on well-identified
structural parameters. The calculated energy sequence of the phases was verified at certain compositions
by the phase appearance order in the respective as-deposited multilayers upon steady-state thermal an-
nealing, thus confirming the relevance of the diagram in its general outline. The free-energy diagram can
explain the formation and the thermal stability of the above solid phases. The growth kinetics of the hcp
and fcc MC phases were also discussed in terms of the structural compatibility between the newly
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formed phase and the matrix in the ion-irradiation process.

I. INTRODUCTION

In the last ten years, ion-beam mixing has been em-
ployed to synthesize metastable materials with either
amorphous or crystalline structures.'~® Using alternate-
ly deposited metals 4 and B in a multilayered film ar-
rangement, ion-beam mixing can produce A, B,_, alloys
without limitation of composition, as the relative thick-
ness of A and B can be adjusted to obtain arbitrary x
from O to 1.* Ion-beam mixing is commonly considered
to be divided into two steps, i.e., the atomic collision cas-
cade and a later step of relaxation, which lasts only for
107192107 sec.’ By use of a thermal spike, an effective
cooling speed as high as 10'*~10'* K/sec is available in
ion-beam mixing. It is thus a very powerful means of
synthesizing nonequilibrium solid phases.® Up to date,
some 70 binary metal systems have been investigated by
ion-beam mixing of multilayers,” and a great variety of
new nonequilibrium solid phases have been synthesized,
such as supersaturated solid solutions,® metastable
Hume-Rothery electron compounds,®~!? other metasta-
ble crystalline phases, > and especially a great number of
noncrystalline phases or glasses, among which many were
not accessible by other synthesis techniques.

With the extensive data obtained, research interest was
focused on the formation mechanism of the nonequilibri-
um phases. Although the amorphization mechanism has
not been clarified on an atomic scale due to the complexi-
ty of the far-from-equilibrium nature of the ion-solid in-
teractions, several empirical models have been proposed
to predict the glass-forming ability of a system from the
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crystalline structure and other static properties of the
constituents and from the features of the equilibrium
phase diagram.!#~!® The structural-difference rule pro-
posed by Liu et al. in 1983 established the crucial role of
the crystalline structures of the constituent metals in
determining the structural character of the ion-mixed
phases.!” Later experimental studies'® have led to a phe-
nomenological model based on two intrinsic parameters:
the maximum possible amorphization range, which is
defined as 100% minus the maximum solid solubility ob-
served from the corresponding equilibrium phase dia-
gram, and the heat of formation at equiatomic
stoichiometry determined by the model of Miedema, de
Boer, and de Boer.!” The prediction of glass-forming
ability for binary metal systems by the model is in good
agreement with most of the experimental results. Ossi?
recently established an atomistic model based on the de-
velopment of the collision cascade and the related
bombardment-induced surface compositional change to
interpret the nucleation of amorphous or crystalline
phase in binary alloys. Using two fundamental parame-
ters, ¢*, the work function of the constituent metals, and
nl3, the electronic density at the boundary of the
Wigner-Seitz cell, Ossi plotted a two-dimensional map of
the parameters and obtained several lines separating the
crystalline and amorphous phase-forming regions. The
map can give a reasonable interpretation for some, but
not all, of the previously studied systems.

In 1983, Alonso and Simozar proposed a criterion
which predicted that amorphous alloys can be formed in
systems with a heat of formation less than +10 kJ/mol
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but not otherwise.?! Recently, another method has been

developed to calculate the free-energy curves of the com-
peting phases, i.e., solid solutions, amorphous phases, and
equilibrium intermetallic compounds, by using a com-
bination of classical elastic theory?? and the heat of for-
mation.!® By comparing the free energy of the solid solu-
tion and of the amorphous alloy, a quantitative measure
of the glass-forming ability can be given.?* This treat-
ment was quite successful for many systems. However, it
cannot explain the formation of various metastable crys-
talline (MC) phases observed in some alloy systems. 242
Besides, it has been argued that the calculation precision
of the free energy is doubtful, since the model of Miede-
ma, de Boer, and de Boer!® and the method of Alonso
and Simozar?! are still semiempirical. Based on current
knowledge, however, to give a precise estimation of the
errors involved in such a calculation seems quite difficult.
We recently proposed an alternative way to conduct the
steady-state thermal annealing of the A4, B,_, multilay-
ers to test the relevance of the calculated energies at cer-
tain compositions of the competing phases.?® Since the
as-deposited multilayers are in a highly energetic state,
they would relax upon annealing to the existing states of
the system with lower free energies. The annealing re-
sults can thus determine the relative energy levels of the
involved phases,?® especially of the ion-mixed phases con-
cerned.

In this study, the formation of nonequilibrium solid
phases in the Ni-Ta system was investigated by ion mix-
ing of multilayers, the free-energy diagram of the system
was calculated by a modification of the model of Ref. 19,
especially by adding the free-energy curves of the newly
observed MC phases, steady-state thermal annealing of
the multilayers was conducted to confirm the calculated
energy sequence of the phases of interest at some essential
compositions, and the growth kinetics of the MC phases
were discussed based on a far-from-equilibrium solid-
state transition upon ion irradiation. We report, in this
paper, the detailed experimental results and the thermo-
dynamic as well as the kinetic interpretation of the for-
mation of the nonequilibrium solid phases.

II. EXPERIMENTAL PROCEDURE

Ni-Ta multilayered films were prepared by alternating
deposition of the constituent metals, i.e., pure nickel
(99.99% Ni) and tantalum (99.99% Ta), onto a cleaved
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NaCl single crystal as substrate in a vacuum system. The
background vacuum level was on the order of 1077 Torr
and it was better than 1X10~® Torr during deposition.
Several stoichiometries were selected to cover a wide
range of composition, i.e., Nigy, Ni;s, Nigs, Nisg, Nigg,
Niss, and Niys. The substrates were cooled with running
water during evaporation and their temperature was es-
timated to be below 200°C. The total thickness of the
samples was designed to be about 40 nm, which approxi-
mately equals the projected range plus the projected
range straggling of the irradiation ions, i.e., 200-keV xe-
non ions. The compositions of the deposited films were
controlled by adjusting the relative thicknesses of the
constituent metals and were later confirmed by energy-
dispersive spectrum (EDS) analysis within an experimen-
tal error of 5%. After deposition, the samples were irra-
diated by 200-keV xenon ions in doses ranging from
1X10™" to 5% 10" Xe*/cm? at room temperature. The
ion-beam current density was controlled to be less than 1
uA/cm? to avoid overheating, and the temperature rise
of the films was estimated to be below 100°C. The vacu-
um level in the target chamber of the implanter during ir-
radiation was better than 5X10~® Torr. Transmission
electron microscopy (TEM) examination, selected area
diffraction (SAD), and EDS were used to identify the
structures and to determine the exact compositions of the
ion-mixed phases. The recrystallization temperatures of
the synthesized amorphous alloys and the thermal stabili-
ty of the observed MC phases were determined, and ex-
amined by subsequent annealing with successively in-
creasing temperature in the hot stage of the TEM. The
as-deposited multilayered films were also subjected to
steady-state thermal annealing in the TEM to give an in-
dependent estimate of phase evolution, which was em-
ployed to test the validity of the thermodynamic-
calculation results for constructing the free-energy dia-
gram.

III. RESULTS AND DISCUSSION

A. Formation of noncrystalline phases

Table I lists the phase changes of Ni-Ta multilayered
films under 200-keV xenon-ion mixing at room tempera-
ture. From the table, one can see that at the Ni-rich side
(i.e., Ni;sTays) the films were amorphized at an irradia-
tion dose of 7X 10" Xe*/cm?. Figure 1 shows the film

TABLE L. Phase changes of Ni-Ta multilayered films upon room-temperature 200-keV xenon-ion
mixing. PA and 4 indicate partial and complete amorphization, respectively; hep and fcc are two MC

phases; while Ni* is a Ni-rich solid solution.

Dose Composition (at. % nickel)
(10 Xe*/cm?) Nigo Nigs Nigs Niso Nig Nis Niys

1 Ni+Ta Ni+Ta Ni+Ta Ni+Ta Ni+Ta Ni+Ta Ni+Ta
3
5 Ni* PA
7 Ni* +hcp A PA PA PA fcc PA

10 Ni*+hep A PA PA PA fec A

30 A A A A A

50 hcp hcp fcc
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FIG. 1. (a) Morphology and (b) the SAD pattern of the uniform amorphous phase obtained in Ni;sTa,s films by room-temperature
(RT) 200-keV xenon-ion mixing to a dose of 7X 10'* Xe*/cm?. The scale bar indicates 100 nm.

morphology and the corresponding SAD pattern. At the
Ta-rich side, Ni,sTa,s films were amorphized at a dose of
1X 10" Xe*/cm?. Figure 2 illustrates the morphology
and the SAD pattern of the amorphized Ni,sTa,s films.
For all the other studied samples except NigTa,, (i.e.,
NigsTays, NisgTasg, NigTag, and NissTags) the films be-
came amorphous during irradiation (Table I). From
these results, it is concluded that the composition range
favoring amorphization for the Ni-Ta system may extend
at least from 25 to 75 at.% nickel, which is much
broader than that observed by other techniques syn-
thesizing noncrystalline phases. The recrystallization
temperatures of the ion-mixed amorphous alloys were
determined by TEM in situ annealing. The recrystalliza-
tion temperature for the Nis Tas, amorphous alloy was
the highest and was measured to be around 600 °C.

B. Formation and thermal stability of the MC phases

The NigyTa,, multilayered film changed into a Ni-rich
solid solution at an irradiation dose of 5X 10'* Xe™*/cm?
Figures 3(a) and 3(b) are the morphology and SAD pat-
tern of the Ni-rich solid solution obtained. When the
dose was increased to 7X 10 Xe*/cm?, some additional
sharp diffraction lines emerged and coexisted with those
from the Ni-rich solid solution [see Fig. 3(c)]. When the
irradiation dose reached 5X10° Xe%/cm? the

diffraction lines from the Ni-rich solid solution disap-

peared and only those new sharp rings were left [Fig.

3(d)]. These lines were identified to be from a new meta-
stable crystalline phase of hep structure with lattice pa-
rameters of ay., =2.63 A, Chep =429 A, and c¢/a=1.63.
Table II gives the indexing of the hcp MC phase. Anoth-
er Ni-rich sample, (i.e., a Ni;sTa,s multilayered film), was
amorphized first at a dose of 7X 10 Xe™ /cm? (see Fig.
1), and irradiation up to a higher dose of 5X10%
Xet/cm? resulted in the formation of the same hcp
phase. These results indicate the sensitivity of the phase
formation sequence to the chosen composition at the Ni-
rich side.

At the Ta-rich side, another new MC phase of fcc
structure was observed in both NijsTags and NiysTaqs
multilayered films. The Ni,sTa;; multilayered film was
first amorphized at a dose of 1X10'* Xe™/cm? (see Fig.
2), and then transformed into the fcc MC phase at a dose
of 5X 10" Xe*/cm?, as shown in Fig. 4. Table III lists
the indexing for the fcc MC phase; its lattice parameter
was ag.=4.42 A. For the Ni;sTags film, the fcc MC
phase was first observed at a dose of 7X 10" Xe*/cm?,
and amorphization was achieved at a dose of 3% 101
Xe*/cm?. Obviously, a small compositional difference re-
sulted in a reverse formation sequence for the fcc MC
versus the amorphous phase in the above two multilay-
ered films.

To study the thermal stability of the ion-induced MC
phases, subsequent in situ annealing was carried out and

FIG. 2. (a) Bright-field image
and (b) the corresponding SAD
pattern of the amorphized
NiysTa,s films irradiated by RT
200-keV xenon ions at a dose of
1X 10" Xe*/cm? The scale bar
indicates 100 nm.
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some interesting phase evolution sequences were ob-
served. The hcp MC phase formed in the NigyTa,, mul-
tilayered films transformed into a mixture of the hcp
phase and a Ni-rich solid solution after annealing at a
temperature of 450°C for 30 min, and then turned into
another mixture of the Ni-rich solid solution and the Ta-
rich fcc MC phase after annealing at 600°C for 1 h. Fig-
ures 5(a), 5(b), and 5(c) show the SAD patterns of the
ion-induced hcp phase, the mixture of the hcp phase plus
the Ni-rich solid solution, and the mixture of the Ni-rich
solid solution plus the Ta-rich fcc MC phase, respective-
ly. For the Ni;sTa,s multilayered films, the hcp phase

FIG. 4. SAD pattern of the fcc MC phase formed in Ni,sTa;s
multilayered films by RT 200-keV xenon-ion mixing at a dose of
5X 10" Xe* /cm?.
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FIG. 3. hcp MC phase formed in NigTay,
multilayered films under RT 200-keV xenon-
ion mixing. (a) Morphology and (b) the SAD
pattern of the Ni-rich solid solution formed in
the films at a low irradiation dose of 5X 10"
Xe*/cm?, (c) SAD pattern of the mixture of a
Ni-rich solid solution and a hcp MC phase at a
higher irradiation dose of 7X 10" Xe*/cm?
and (d) the SAD pattern of the uniform hcp
MC phase at a still higher dose of 5X 10"
Xet/cm?. The scale bar indicates 100 nm.

was stable until 500°C and then turned into a mixture of
the Ni-rich solid solution and the Ta-rich fcc MC phase
after annealing at 650°C for about 40 min. These results
can be summarized as

450°C 600°C
hep(NigyTa,,) — hep+Ni* — fec+Ni*

30 min 60 min
. 500°C 650°C . (0
hep(NizsTa,s) o hep Pl fcc+Ni* .
Here, “hcp” and “fcc” represent the two mentioned MC
phases, and “Ni*” is the Ni-rich solid solution.

At the Ta-rich side in the Ni,sTa4s films, the fcc MC

phase was very stable until 650 °C, and then changed into
an equilibrium state after annealing at 750°C for 1 h. In

TABLE II. Indexing results for the hcp MC phase formed in
NigoTa,, multilayered films by room temperature 200-ke°V
xenon-ion mixing at a dose of 5X 10" Xe*/cm?. a=2.63 A,
c=4.29 A, and ¢ /a=1.631.

deyp (A) hkl dege (A) Intensity
2.28 100 2.28 medium
2.14 002 2.14 strong
2.03 101 2.01 strong
1.58 102 1.56 strong
1.30 110 1.32 strong
1.22 103 1.21 medium
1.11 112 1.12 medium
1.08 004 1.07 weak
1.00 104 0.97 weak
0.88 210 0.86 weak
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the NijsTags films, the fcc MC phase was easily amor-
phized at 450°C for 30 min, i.e., the fcc MC phase
vitrified. Figure 6 shows its SAD pattern. After further
increasing the temperature to 550 °C for about 1 h, a mix-
ture of the Ni-rich solid solution plus the Ta-rich fcc MC
phase was observed. These results can be expressed as

450°C 550°C
fcc(NiysTags) — amorphous — fecc+Ni* ,
3518¢s . i
30 min 60 min
650°C  750°C

fcc(NiysTa,s) — fec —  equilibrium state .
60 min 60 min

(2)

TABLE III. Indexing results for the fcc MC phase formed in
Ni,sTa;s multilayered films by room-temperature 209—keV
xenon-ion mixing at a dose of 5X 105 Xe*/cm?. a=4.42 A.

de (A) hkl deye (A) Intensity
2.56 111 2.55 strong
2.22 200 2.21 strong
1.55 220 1.56 strong
1.33 311 1.33 strong
1.25 222 1.28 weak
1.07 400 1.10 weak
1.02 331 1.01 medium
0.99 420 0.99 medium
0.91 422 0.90 medium
0.84 511 0.85 weak
0.79 440 0.78 weak
0.72 600 0.74 weak
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FIG. 5. Thermal stability of the ion-induced
hcp MC phase in NigyTa,, multilayered films.
(a) The SAD pattern of the hcp MC phase
formed by RT 200-keV xenon mixing at a dose
of 5X 10" Xet/cm? (b) after annealing the
hcp MC phase at 450°C for 30 min, the SAD
pattern shows the formation of a mixture of
the Ni-rich solid solution plus the hcp MC
phase; and (c) the SAD pattern of the sample
after further annealing at 600 °C for 1 h, show-
ing that a mixture of Ni-rich solid solution
plus the Ta-rich fcc MC phase was formed.

C. Construction of the free-energy diagram

In general, by comparing the free-energy values of the
competing phases, i.e., the solid solutions, the amorphous
and MC phases, and the equilibrium compounds, one can
gain an understanding of the glass-forming ability and
the observed phase evolution. The free-energy change for
a given phase can be calculated by AG =AH —TAS,
where AH and AS are the enthalpy and entropy changes,

FIG. 6. Upon 450°C annealing for half an hour, the SAD
pattern shows vitrification of the fcc MC phase that was formed
in the Ni;sTags films by RT 200-keV xenon mixing at a dose of
7X 10" Xe* /cm?.
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respectively. The enthalpy and entropy terms can be cal-
culated by the method of Ref. 27, as a function of temper-
ature. However, these thermodynamic data are absent
for most known compounds, and no data have been ob-
tained for the MC phases either. The calculation of the
free-energy values by this means has thus been difficult.

A “macroscopic atom” model has been developed to
calculate the enthalpy values for binary metal al-
loys.?* 730 In the model, several fundamental parameters
were considered, i.e., the work function ¢*, the electronic
density at the boundary of the Wigner-Seitz cell n Y3, the
atomic size, the valence, and the crystal structures of the
components. By using a combination of classical elastic
and modern physics theories, the contributions of the
above-mentioned factors to the enthalpy were classified
into three terms:*! ~3* the chemical change due to the
electronic interaction when alloying, AH, ;3 the elastic
term AH,, which is related to the atomic-size
mismatch;*? and AH,, the structural contribution due to
the changes of the number of valence electrons and the
crystal structure.? Thus the enthalpy change can be ex-
pressed by

AH=AH,+AH,+AH, . 3)

Using these considerations, Miedema and co-workers cal-
culated the enthalpy values for most binary transition-
metal systems and the results agreed reasonably well with
the experimentally determined ones.

Recently, Alonso and co-workers have succeeded in
calculating the free-energy change by using this model
with some additional assumptions.> 3% When calculat-
ing the free-energy change, the entropy and the enthalpy
should be considered together. The enthalpy term can be
calculated by the above-mentioned method, while the en-
tropy term is different for the competing phases. For the
intermetallic compounds and MC phases, this term was
neglected because of the ordered arrangement of the
atoms, while for the solid solutions and the amorphous
phases, it was simply taken as AS=—R(x lnx,
+xglnxy), where R is the gas constant and x 4 and xp
are atomic concentrations of metals A4 and B, like that of
an ideal solid solution as a first approximation. There-
fore, the free-energy change can be written as, taking the
solid solution for an example,

AG,=AH+AH:+AH;—TAS . @)

Using this calculation method, some free-energy dia-
grams have been constructed which gave a reasonable in-
terpretation of the glass-forming ability and spontaneous
vitrification in some binary metal systems.**~** Howey-
er, the calculation of AGyc was not successful for the
ion-mixed MC phases.>*?*

To our knowledge, a free-energy calculation has not
been successfully performed for the ion-mixed MC phases
so far. Since two types of MC phases have been syn-
thesized by ion-beam mixing in this study and their struc-
tures have been identified, the calculation of these two
phases becomes possible upon some reasonable assump-
tions. It should be pointed out that the composition of
the hcp MC phase was at the Ni-rich (fcc) side and close
to an equilibrium compound of complicated structure,
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while the composition of the fcc MC phase was at the
Ta-rich (bcc) side and near to the eutectic point, corre-
sponding to no complicated compound. Besides, accord-
ing to Ref. 32, at the fcc (or hcp) metal side, the most
stable structure of a MC phase is hcp or fcc, while for the
bee metal side, it is bee. In other words, the structure of
the hcp MC phase was favored by its composition, while
the structure of the fcc MC was not.

We now discuss the calculation method for the MC
phase in detail. First, the hcp and fcc MC phases were
both of ordered structure and can be considered as com-
poundlike. It follows that the chemical contributions and
entropy terms can be calculated as for an equilibrium
compound by Eq. (4). However, the crystalline structure
and the atomic arrangement of the MC phases are
different from those of the equilibrium compound, which
results in additional elastic and structural contributions
to the enthalpy of the MC phases. Considering the hcp
MC phase formed near the position of the equilibrium
compound, the elastic term should be calculated by the
model of Ref. 32, since the atomic arrangement in the
MC phase is different from that in the compound, and
the elastic energy cannot be relaxed to zero as in the com-
pound. For the fcc MC phase formed in the vicinity of
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FIG. 7. (a) Equilibrium phase diagram and (b) calculated
Gibbs free-energy diagram of the Ni-Ta system. The dashed
lines show the cotangent lines, where some intermediate states
are situated during thermal annealing.
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the eutectic point where no corresponding equilibrium
compound exists, the elastic term can be neglected be-
cause the ordered arrangement of the atoms can relax to
a minimum lattice distortion caused by the atomic-size
mismatch of the constituent metals. This distortion was
indeed calculated to be negligible according to the
method proposed by Jawson and Wheeler.** Thus, for a
MC phase formed at the composition of an equilibrium
compound,

AGyc=AHj$yc +AH{yc +AHjc > (5)
and for the other type of MC phase,
AGyc=AHj$yc +AH ¢ - (6)

Figures 7(a) and 7(b) show the equilibrium phase dia-
gram and the calculated free-energy diagram (at 300 K as
a typical example) for the Ni-Ta system. It should be

noted that, in the free-energy diagram, the free-energy

curves for the solid solutions and the amorphous phases
were calculated by the method described above, while for
the equilibrium intermetallic compounds and the MC
phases, only the minimum values were actually given by
the calculation. The free-energy curves of the two MC
phases are schematically narrow because they are con-
sidered as compoundlike.

D. Discussion

1. Thermal annealing to confirm the relative energies

Steady-state thermal annealing of some as-deposited
films was conducted with increasing temperature. In the
NigyTa,, films, the hcp phase was formed after annealing
at 300°C for 30 min. When the temperature was in-
creased to 400 °C for 30 min, the hcp phase turned into a
mixture of the hcp phase and the Ni-rich solid solution.
Further annealing at 500 °C for 30 min resulted in the for-
mation of a mixture of the Ni-rich solid solution and the
Ta-rich fcc MC phase. In the Ni;sTa,;s films, the amor-
phous phase was first observed after annealing at 400°C
for 1 h and then changed into the hcp phase after anneal-
ing at 500°C for 30 min. When the temperature was
raised to 700°C for 20 min, the hcp MC phase
transformed into a mixture of the Ni-rich solid solution
and the Ta-rich fcc MC phase. It is worth mentioning
that the lattice parameters of the hcp and fcc MC phases
formed by thermal annealing and ion irradiation are not
very different. The phase evolution in the Ni-rich multi-
layers upon annealing can be summarized as follows,

300°C 400°C 500°C

NisoTazo — hcp —> th + Ni‘ — fcc+Ni * )
30 min 30 min 30 min
400°C 500°C 700°C (7)

. 1%
Ni;sTays w—r—;inamorphous i thzo_;infcc +Ni* .

Here, “hcp” and ‘““fcc” are the two MC phases, and
“Ni*” is the Ni-rich solid solution.

In the Ni;sTags films, the fcc MC phase was first ob-
tained after annealing at 350°C for 30 min and then
turned amorphous at 450 °C; further increase in tempera-
ture to 500°C caused the transformation of the amor-
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phous phase into a mixture of the fcc MC phase plus the
Ni-rich solid solution. For the Ni,sTa;s films, amorphi-
zation occurred first after annealing at 400 °C for 1 h, and
then it changed into the fcc MC phase after annealing at
a higher temperature of 500 °C for 20 min. When the an-
nealing temperature was increased to 750 °C for an hour,
the film changed into the equilibrium phase. The phase
evolution in Ta-rich multilayer upon thermal annealing
can be summarized as follows,

350°C  450°C 500°C
Ni;sTags — fcc — amorphous — fcc+Ni* ,
30 min 60 min 30 min @)
400°C 500°C
Ni,sTa;s — amorphous — fcc
60 min 20 min
750°C
— equilibrium state .
60 min

From these phase appearance sequences upon steady-
state thermal annealing, it is revealed that the free ener-
gies of the hcp and fcc MC phases can be either lower or
higher than that of the amorphous phase, depending on
the alloy composition. This suggests that the free-energy
curves of the hcp MC phase versus the amorphous phase
and the fcc MC phase versus the amorphous phase
should intersect each other along the composition axis.
In the constructed free-energy diagram shown in Fig.
7(b), the calculated free-energy curves were arranged in a
configuration with exactly the same energy sequence of
the related phases as that observed by thermal-annealing
experiments. It is therefore believed that the calculated
free-energy diagram is relevant in its general outline,
though calculation of the precise energy differences
among the related phases should be improved and re-
quires further studies.

2. Interpretation of the phase formation and evolution

In Fig. 7(b), the free-energy curve of the amorphous
phase is lower than those of the two terminal solid solu-
tions within a broad composition range of 18-82 at. %
nickel. Simply taking this range as a measure of the
glass-forming ability, the composition range favoring
amorphization for the Ni-Ta system is therefore from 18
to 82 at. % nickel, which is in good agreement with the
range revealed by ion-mixing experiments, i.e., 25-75
at. % nickel.

The formation of two MC phases in this system can
also be well explained by the calculated free-energy dia-
gram. For the fcc MC phase formed at the Ta-rich side,
one sees from the free-energy diagram that the free ener-
gy of the fcc phase for NiysTa,s is more negative than
that of the amorphous phase, while the free energy of the
same fcc MC phase for NijsTags is more positive than
that of the amorphous phase. It is then expected that,
with increasing ion doses, the amorphous phase would
emerge first in the Ni,sTa,s films and then the fcc MC
phase, and that in the Nij;Tags films, the formation se-
quence would be just the contrary. This was indeed the
case with the experimental results reported in Sec.
IIIB 1. For the hcp phase formed at the Ni-rich end, one
sees from Fig. 7(b) that for Ni;sTa,s it is more stable than
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the amorphous phase, while the amorphous phase is
more stable than the hcp phase for NigyTa,,. In the ion-
mixing experiments, the amorphous phase was first
formed in the Ni;sTa,s films and then transformed into
the hcp phase, which agrees with the expectation of the
calculated diagram. However, for the Nig,Ta,, films, no
amorphous phase was observed at any irradiation doses
used. Instead, a fcc Ni-rich solid solution was formed at
low doses, and then transformed into the hcp MC phase
upon further irradiation. This is because it is easy to
transform from the fcc to the hcp structure in the ion-
irradiation process (to be discussed later), so that no
amorphous phase was formed in the experiment.

The phase evolution of the MC phases upon ther-
mal annealing can also be well explained. According
to Fig. 7(b), when the hcp MC phase in the NigyTa,,
films is annealed with successively increasing tempera-
ture, it should evolve in the following sequence:
hcp—hep+Ni* —fcc+ Ni*, which is indeed the case ex-
perimentally (Sec. III B2). For the fcc MC phase formed
in the NijsTags films, the transition sequence upon
thermal annealing can also be deduced from Fig. 7(b) as
fcc—amorphous— fcc+ Ni*, which also agrees well with
the experimental results (see Sec. III B 2).

IV. KINETIC MODELS

The above calculations confirmed the thermodynamic
driving force for the formation of the two MC phases.
The next question is then how the growth kinetics of the
new phases proceed under ion-beam mixing. It is well
known that ion-beam mixing can generally be divided
into two steps, first an atomic collision cascade and then
a relaxation period lasting only for 1071°-107° sec,
within which the newly formed phase is expected to
grow. As a consequence, the alloy phase formed upon
ion irradiation can only be of a simple crystalline struc-
ture or disordered, namely amorphous, because such a
short span of time prevents the nucleation and growth of
a complicated structured phase, as long-range diffusion is
impossible.* Accordingly, only fast and partitionless
transition mechanisms can occur. It is commonly accept-
ed that the phase transformation induced by ion irradia-
tion in thin solid films is a solid-solid transition. The
structural compatibility between the newly formed phase
and the matrix therefore frequently plays an important
role 4iSn determining whether the new phase can grow or
not.

In our case, the hcp MC phase was formed based on
the Ni-rich solid solution (fcc), while the fcc MC phase
was formed from the Ta-rich (bcc) solid solution. For the
hcp MC phase, as the hcp and fcc structures are quite
similar, the transition fcc—hcp can be easily realized by
a sliding on the (111)g plane along the [112];,, direction
by a vector of 1[112],.. From this sliding mechanism,
the relationship between the two lattices can be deduced
as @y, =V'2/2ag,. At the composition NigyTay, the lat-
tice parameter of the Ni-rich solid solution can be calcu-
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lated by Vegard’s law as a;,. =3.66 A, which results in an
ape, =2.59 A. Compared with the experimental value of
Apep =2.63 A, the difference is less than 2%.

Generally speaking, direct transformation from the bcc
to the fcc structure is somewhat difficult and has scarcely
been induced in thin films by ion irradiation. It is there-
fore believed that the formation of the fcc MC phase in
Ni;sTags multilayers was by a two-step transition process,
i.e., from the bcce structure of the Ta matrix first to an in-
termediate state of hexagonal structure and then to fcc.
If the bce structure first transforms into a hexagonal
structure, the fcc MC phase can then be formed from the
transition hcp—fcc. The assumed two-step transition
mechanism leads to a lattice-parameter relationship of
A =V'6/ 2ay,, Using the lattice parameter of pure tan-
talum of 3.31 A, the lattice parameter of the fcc phase
was calculated to be 4.05 A. As mentioned in Sec. III B,
the lattice parameter of the ion-mixed fcc MC phase was
4.42 A. The difference between the calculated and the ex-
perimental values is close to the errors involved. In fact,
we have recently observed such a two-step phase transi-
tion in the Ni-Nb, Co-Nb, and Fe-Nb systems; especially,
the intermediate state of hexagonal siructure has been ex-
perimentally detected,*® which lends strong support to
the above interpretation of the formation of the fcc MC
phase in the NiysTa;; multilayers. It is of interest that
the formation of the fcc MC phase in the Ni,sTa;s multi-
layers was different, because the fcc phase was not
formed from Ta crystal, but from a previously mixed
amorphous matrix. According to an estimate of the
atomic movement during relaxation, nucleation of
simple-structured clusters is possible up to a size of 30
A% The growth of the fcc phase is thus thought to
proceed through a typical nucleation and growth process
in a liquidlike amorphous matrix.

V. CONCLUDING REMARKS

(1) Amorphization was achieved in the Ni-Ta system
by RT 200-keV xenon-ion mixing, and the glass-forming
range was quantitatively determined to extend through a
wide composition range of 25-75 at. % nickel. In addi-
tion, two MC phases were synthesized by ion mixing, one
of fcc structure at the Ta-rich side and the other of hcp
structure at the Ni-rich end.

(2) A Gibbs free-energy diagram of the Ni-Ta system
was established by calculating the free-energy curves of
the observed phases on the basis of the theory of heats of
formation of Miedema, de Boer, and de Boer!® and the
calculation method of Alonso and Simozar?!, in which
the free-energy curves of the two MC phases were includ-
ed.

(3) Steady-state thermal annealing of the as-deposited
Ni-Ta multilayered films in which the two MC were ob-
served under ion mixing was conducted. The annealing
results for these films showed the same energy sequence
as that revealed by the calculated diagram, and thus
confirmed the relevance of the calculation.

(4) The calculated diagram gave a measure of the
glass-forming ability of the system for 1882 at. % nick-
el, which agreed well with the experimental results. The



observed phase formation and evolution can also be ex-
plained by the calculated phase diagram.

(5) The formation kinetics of the MC phases were con-
sidered to proceed through some fast solid-solid transi-
tion mechanisms and the deduced lattice parameters of
the phases were in agreement with the experimental ones.
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FIG. 1. (a) Morphology and (b) the SAD pattern of the uniform amorphous phase obtained in Ni;sTa,s films by room-temperature
(RT) 200-keV xenon-ion mixing to a dose of 7X 10'* Xe*/cm®. The scale bar indicates 100 nm.



FIG. 2. (a) Bright-field image
and (b) the corresponding SAD
pattern of the amorphized
NiysTa,s films irradiated by RT
200-keV xenon ions at a dose of
110" Xe*/cm® The scale bar
indicates 100 nm.



FIG. 3. hcp MC phase formed in NigyTay,
multilayered films under RT 200-keV xenon-
ion mixing. (a) Morphology and (b) the SAD
pattern of the Ni-rich solid solution formed in
the films at a low irradiation dose of 5X 10"
Xe't/cm?, (c) SAD pattern of the mixture of a
Ni-rich solid solution and a hcp MC phase at a
higher irradiation dose of 7X10™ Xe™/cm?,
and (d) the SAD pattern of the uniform hcp
MC phase at a still higher dose of 5Xx 10"
Xe*/ecm?. The scale bar indicates 100 nm.



FIG. 4. SAD pattern of the fcc MC phase formed in NiysTass
multilayered films by RT 200-keV xenon-ion mixing at a dose of
5%10" Xe* /cm?.



FIG. 5. Thermal stability of the ion-induced
hep MC phase in NigyTay, multilayered films.
(a) The SAD pattern of the hcp MC phase
formed by RT 200-keV xenon mixing at a dose
of 5% 10" Xe*/cm?% (b) after annealing the
hep MC phase at 450°C for 30 min, the SAD
pattern shows the formation of a mixture of
the Ni-rich solid solution plus the hcp MC
phase; and (c) the SAD pattern of the sample
after further annealing at 600°C for 1 h, show-
ing that a mixture of Ni-rich solid solution
plus the Ta-rich fcc MC phase was formed.



FIG. 6. Upon 450°C annealing for half an hour, the SAD
pattern shows vitrification of the fcc MC phase that was formed
in the Ni;sTags films by RT 200-keV xenon mixing at a dose of
7% 10" Xe" /cm?.



