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Abstract: The nanostruciurel charvacieristics of diveci-current magnetfron
sputter-deposited Ni Al alloy filins were studied during in siftu isothermal
annealing in a transmission eleciron microscope. An expansion of the lattice by
nearly 5% was observed for the NigsAlg, films in their low-thickness and as-
deposited state. The latfice size approaches the bulk value when the film
thickness increases or after vacuum annealing heat-treatment. The NiggAly;
Jfilms have a nanocrystalline structure in which the ordered L1, phase appears
upon annealing at above 500°C. The ordered B2 phase NijAl phase with

orthorhombic structure were found.

Keywords: dec magnetron sputtering, erystallographic structure, transmission

electron microscope, thin film

INTRODUCTION

Nickel aluminides have attracted a lot of
attention in the past as structural materials for high-
temperature applications. More recently, they are
being studied for potential use as functional coatings
for engineering applications ranging from aero
engines to microelectronic devices [1-3]. A number
of micro structural studies have been carried ouf on
nickel aluminide coatings in the last few years [4-8].
For example, Almeida et al. [4] and the present
authors [5-6] have studied the microstructures of
Ni;Al thin films in relation to their lattice parameter
misfits. Schryvers et al. studied the in site TEM study
of the NisAl, properties useful in magnetic studies
[7]. Lin ef al. used the laser interference pattern to
activate the intermetallic reaction between Ni and Al
atoms in the stoichiometric ratio 3:1 to solve the
problems of plasticity and briitleness for the
intermetallic compounds [9]. Banerjee studied the
hardness of sputter deposited nanocrystailine NizAl
thin films [10].

In our previous reports, we demonstrated
that direct-current (dc) magnetron sputter-deposited
NiggAlgs thin films exhibit a phenomenal electrical
transition from an insulating state to a conduction
state upon mild heating only when x = 0.75 and 0.8

[11]. The transition effect is found to be reversible
with respect to temperature changes, implying that
the transition happens at constant microstructure,
This is to be distinguished from another effect of
electrical resistance variation due to annealing of the
film’s microstructures. The as-deposited state of the
NiggsAlgas films is known to be nanccrystalline with
a typical grain size of the order of few nanometres [4,
8]. The reversible transition is found to occur over a
temperature range from room temperature to about
250°C, within which grain growth is suppressed. One
possible application of the reversible transition effect
in nanocrystalline Nip75Aly 25 and NiggAlg; thin films
would be as thermal switches in
microelectromechanical systems, but the applicability
hinges on the thermal stability of the film with
respect to grain growth and other micro structural
changes. ’

There are at least two reasons why grain
growth in nanocrystalline materials can be potentially
very different from the situation in conventional large
grained materials. The first is the absence of
dislocations in the nanocrystalline state, and hence
one would not expect recovery or recrystallization to
precede grain growth. This peoint is of crucial
importance to processing routes involving ball
milling in the powder metaliurgy [12]. Secondly, the
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physical dimension of the grain boundaries in a
nanocrystalline material would Iimit the formation of
conventional second phase particles in large grained
materials, and hence the conventional Zener drag
mechanism of grain boundary pinning would no
longer be applicable. Hence the present paper
represents the micro  structural  study  of
nanocrystalline NiggAlps thin films to find out the
correlation between the microstructure and electrical
transition.

MATERIALS AND METHODS

The NiggAlg; thin films were synthesized by
a water-cooled, low-power dc magnetron sputtering
device (BAL-TEC MED 020) using the
corresponding nickel alominium alloy target, The
sputtering chamber was evacuated with the base
pressure -maintained at about 4.0x10°® mbar, and a
continuous flux of ultra high purity (> 99.9999 %)
argon was introduced at a pressure of 5x107 mbar
during film deposition. Pre-sputtering of the target
was performed at least three tifes with duration of
15 minutes each time, followed by flushing with
high-purity argon to remove excessive oxygen and
other residual gases. Carbon -films supported by
3mm-diameter copper grids to produce plan-view
samples were used as substrates for micro structural
analyses by in-situ transmission electron microscopy
(TEM). These films were deposited at a sputtering
power of 30 W and the alloy target was placed 60mm
above the substrate stage. Although there was no

additional thermal source applied to the substrates -

during the deposition process, the substrates became
warmed up to nearly 60°C by the plasma-discharge
heating. The deposition rate was measured to be
approximately 2 ~ 3 A/sec and the film thickness was
controlled by means of deposition time.

Micro structural examination was carried
out in a JEOL 2000-FX TEM operating at 200 kV as
well as a Philips Tecnai TEM. It is very essential that
the sample be thin enough for the electrons (o
penetrate, For instance, it should not be thicker than
200nm, for a TEM having an electron gun of 200KV,
The érystal struciures of the films were analysed by
selected _area diffraction (SAD). In situ annealing
inside the TEM was carried out on as-deposited films
to study the micro structural changes during heating.
Post-deposition heat treatment of the films was
carried out with a Carbolite vacuum furnace at a
vacuum of about 1 x 10" mbar for 2 hours followed
by furnace cool to enhance their crystallinity in the
TEM for comparison purposes. JEOL 2010F TEM
operating at 200 kV with field emission gun was also
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used for HRTEM anailysis mainly for low thickness
films. This microscope has the lattice resolution of
0.102 nm which has been used to obtain the
information of the nanograin compositions,

RESULTS

To study the structural properties of
NiygAlyothin films, TEM was chosen to examine
their nano-crystalline structure and internal build-up
of the films to a finer extent. To study the grain
growth kinetics as a function of time and
temperature, dynamic micro structural observations
were carried out on the TEM specimens during a
series of isothermal in sitie heat treatments. Figs. 1- 2
show the bright field images during in siti annealing
as well as post-deposition annealing of the
NiggAlyothin films and the corresponding SAD
patterns with structural calculations as far as possible.
In these experiments, the films were heated in situ
from room temperature to 700°C. A constant heating
rate of 8 — 10 °C/min was used for all temperature
increments throughout the heating.

Post deposition annealing was carried out at
a vacuum of 2.0 x 10 mbar for 2 hours.
Crystallographic information of the films was
obtained by selected area diffraction (SAD) pattern.
An SAD aperture about 120 nm in size was used to
select the region for diffraction, and a needle head
was positioned to block the transmitted beam to
allow better exposure of the weaker diffracted beams.
The lattice constant is deduced from the observable
diffraction rings according to the relationship

1.2 2 2
¢= A A .7 (1)
a LA
in the case of cubic structure, and for films having an

orthorhombic structure, the lattice constant is
deduced from the relationship '

where a, b and c are the lattice parameters, (hkl) is
the diffraction plane indices, Xy the radius of the
diffraction ring, A the electron wavelength and L the
camera length. For a series of diffraction rings,

VhE+k* +I* should then be proportional to X,

the proportionality constant being a/LA for cubic
structure.
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And  for the orthorthombic structure
/ ﬁ 4 ff_z_ - ﬁ is proportional to Xy. Here the values
a‘l b2 Cl

of Xjq were measured by software called Process
Diffraction [13] from SAD patterns digitized at a
resolution of 300 dpi, which offers an equivalent
instrumental resolution of better than 85 pm on a
photographic print. Based on the above equations, the
lattice constants for the films during both in situ
annealing as well as posi-deposition annealing were
calculated, and the results with the corresponding
crystallographic structures also presented. Because
the intensities of higher-order diffraction rings
attenuate rather quickly, the analyses were restricted
to the first few rings.

Fig. I shows the in situ annealing results of NigzAlg,

thi films with ticknssf about 130 nm. The SAD
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(f.c.c. structure)
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pattern of the corresponding isothermal heating
shows the occurrence of a disordered f.c.c. structure
in the as-deposited state. The SAD pattern of the as-
deposited film in fig. 1 shows only the fundamental
f.c.c. reflections (111), (200}, (220) and
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Fig. 1 in site TEM analysis of NigyAly, thin films
showing the graic growih 500°C

(311), and the same structure persists until the
temperature attains 500°C.

Althovgh the film has the stoichiometric NiggAlg,
composition, it is still not surprising from the
previous XRD results that the ordered L1, super
lattice structire would not be established at low
temperatures [11]. However the lattice parameter as
deduced from the slope of the linear fit of the as-
deposited film is 0.3765 nm, which is about 5.4 %
greater than the bulk value of ordered Ni Al at

Anaaled 503°C 13 min

a= 03574 nm
(L1, structure)

Anraziod $90°G 1 30 min|

of ] b
Kias form)

Annealed 500°C a=0.3575 nm

(L1, structure)

/ 30 min

1 7 Lneavled 600°C

Mes)  y=tTalv

LT L)

a=10.3577 nm
(L1, structure)

Annealed 700°C a=0.3579 nm

(L1; structure)

Fig. 1 in site TEM analysis of NijzAly; thin films
showing the grain growth 500°C (Contd.)

500°C, a relatively weak ring appeared in between the

(200) and (220) reflections and this can be indexed as
the {211} super lattice reflection corresponding to the
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ordered L1, phase. It shows that the ordering of the
Ni-Al lattice might have

initiated at this temperature. Besides the {211}
reflection, the lower order {100} and {110} super
lattice reflections also appeared after increasing the
annealing time at 500°C, as shown in fig. I.

Similar results were also obtained from the ]

post-deposition annealed TEM results shown in fig.
2. The grain size also increases to a few hundreds of
nm under the elevated annealing temperature, from
the few nanometres in the as-deposited state. Table
summarizes the lattice enlargement obsetved during
the in situ annealing experiment shown in fig. 1.

Az depoalted

Ag deposited

{f.c.c. structure)

Aanssked 300°C
aen

[y

4
3
H
1
[]

i
Annealed 300°C

a = 0.3684 nm.
(f.cc. structure) -

Annealed 500°C a=03572 nm

(L1, structure)

Anaseled Toa'c

a=0.3596 nm
(L.1; structure)

Annealed 700°C

Fig.2 TEM analysis of post depesition annealed
NigsAlp: thin films showing the lattice
constant expansion
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HRTEM was also performed on selected
samples. Fig 3 shows some HRTEM images of
NiggAlq, thin films with thickness about 110 nm. The
grain size distribution is evidently uniform in the as-
deposited state, as shown in fig. 3(a). After annealing
at 700°C, some grains grow abnormally to as large as
120 nm as shown in fig. 3(b), from the initizl a few
nanometres in the as-deposited state. The HRTEM
iraage in fig. 3(c) shows that the abnormally grown
grains have a fringe width of 0.2 nin in the d spacing
of about 0.2074 nm which corresponds to Nig Al (1
1 1) plane,

Table 1. Lattice parameter enlargement of
Niy gAly; thin films as observed from in
situ TEM annealing. Lattice constant
of bulk Ni;Al = 0.3572 nm. Camera
length L = 80 cm and 2 = 0.0025 nm

for 200 keV.
NiggAlpz Slope Lattice constan| % Lattice
film a (nm) enlargement
As deposited | 1.8748 1 0.3765 5.40
'Annealed |1.8379] 03691 3.33
300°C
Annealed | 1.8110| 03636 179
400°C
Annealed '11.7967 0.3608 1.01
500°C / 0 min
Annealed 1.7799 0.3574 0.06
500°C / 15 min " :
Annealed 1.7805 0.3575 0.08
500°C / 30 min
Annealed 1.7812 0.3577 0.14
600°C :
Annealed 1.7826 0.3579 0.20
700°C ‘
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During high-temperature annealing  grain
coalescence was observed, and fig. 3(d) shows the
Junction between iwo coalescing grains, which
themselves have grown abnormally out from the
nanocrystalline matrix. The abnormally grown grains
are sometimes faulted; examples of this are shown in
figs. 3{e) and (£). The faults seen in these two figures
may be nano-twins.

Grain twin boundary (f)

Twin boundary (2)

Fig. 3 High resolution TEM analysis of NigyAly,
showing the fringes and twin boundaries
in the annealed conditions of 118 mm thick
tilm (a) As deposited film (&) — ) 700°C
annealed Wiy Al , film.

Fig. 4 shows a sequence of abnormal grain
growth and grain coalescence processes vecorded
from a NiggAly, film in site annealed at 500°C for
different times, The series of images were taken at 15
minutes’ time interval. A tendency can be observed
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from the figures for the nanograins to coalesce to
form larger grains of a few tens of nanometres. Grain
coalescence was indeed observed to be the main
mechanism responsible for the %u:celerated grain
growth at high temperatures. Afte¥ two grains have
grown to make an initial contact, the subsequent
merging process seems to be movements of the two
grains towards each other, possibly by a viscous flow
process,

Annealed at 500°C /
15 min

Annealed at 500°C /
30 min

Annealed at 500°C /
45 min

Annealed at 500°C / Annealed at 500°C /
60 rmin _ 75 min

Fig. 4 TEM analysis of NijzAly; showing the grain
coalescence after in situ annealing 500°C,

DISCUSSION

Planar TEM investigations were carried out
to examine the relationship between the electrical
transition and the microstructures of the NiyzAly,
films. TEM/SAD micrographs also indicated a trend
of nano-structural and crystallographic changes upon
annealing the NiggAly, film. Although the films
remain nano-crystalline in nature, some crystals
exhibit growth as the deposition temperature
increased. The SAD pattern of the corresponding
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isothermal heating of nanocrystalline NiggAly, thin
film shows the occurrence of a disordered f.c.c.
structure in the as-deposited state. Although the film
has the stoichiometric NiggAly, composition, it is yet
not surprising from the previous results that the
ordered L1, super lattice structure would not be
established at low temperatures. The contrast of the
grains is the diffraction contrast caused by the

difference in orientation of the grains suggesting that

the samiples are polycrystalline in nature. Plane-view
TEM bright field images show that grain size
increases with increasing the temperature of the film.
The temperatures at which the NiggAlg, phase was
observed to form was found in the temperature range
of 300 - 350°C. During high temperature annealing
{above 500°C) grain coalescence was observed (fig.
4) and this can be the main reason for the abnormal
grain growth in these temperatures,

CONCLUSIONS

The normal grain' growth kinetics under in
sitn isothermal heating in TEM was analyzed and
abnormal grain growth observed in the high annealed
films. The NiggAly, films have a nanccrystalline
structare in which the ordered L1, phase with a lattice
constant of 0.357 nm appears during post-deposition
annealing at above 500°C. A significant lattice
expansion is observed in the NigzAlg, films in the as-
deposited state with 5.4 % expansion. However,
annealing the samples around 500°C make the lattice
size approach the corresponding bulk value. There is

a general trending of grain coalescence to happen in-

the NiggAlg, thin films during in situ annealing above
500°C,
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