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aureus biofilm formation in vitro suggests that the pattern of development involves initial attachment
to a solid surface, the formation of microcolonies and finally differentiation of microcolonies into
exopobysaccharide-encased as a matured biofilm. In conclusion, the microscopic study of 8. aureus
ATCC 12600 biofilm may be useful for morphological identifiers in classifying bacteria biofilms.
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INTRODUCTION implants is a common occurrence and represents
a serious medical problem. By one estimate,
80% of biofilm infections have been found to be
involved in a wide variety of microbial infections
in the body such as catheter infections, urinary
tract infections, formation of dental plaque,
coating contact lenses and also orthopaedic
devices infections [ 1]. These infections are often

Modern medical science has designed numerous
types of prosthetic devices for implantation into
patients. The use of surgically implanted devices
has increased as a result of their beneficial effect
on quality of life, and in some circumstances,
on patient survival rates. However, microbial
adhesion and biofilm formation on medical
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The nanostructural characteristics of direct-current magaetron sputter-deposited Ni, Al (0.5 <x <
L0} alloy films were studied during in situ isothermal arnealing in a transmission electeon microscope,
An expansion of the lattice by nearly 5% was observed for the Niy Al ; and the NiyzAl films in their
low-thickness and as-deposited state. The Jattice size approaches the bulk value when the film thickness

NigsAly s and Ni;Al phase with orthorhombic structure for NiggsAly s were found,

Keywords: dc ™magnetron sputtering, crystallographic structure, transmission clectron microscape,

thin film

INTRODUCTION

Nickel aluminides have attracted g Iot of
attention in the past ag structural materials
for high-temperatyre applications, More
tecently, 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 out
on nickel aluminide coatings in the last few
years [4-8]. For example, Almeida es g/ 4]
and the present authors [5-6] have studied the
microstructures of NiAl thin films in relation
to their lattice paramecier misfits, Schryvers ef
al. studied the i sit TEM study of the NisAl
praperties usefiy] in magnetic studies [7]. Liner
al. used the laser inferference pattern to activate
the intermetallic reaction between Ni and Al
atoms in the stoichiometric ratio 3:1 to solve
the problems of Plasticity and brittleness for the
intermetallic compounds [9). Banerjee studied

.

the hardness of sputter deposited Ranocrystalline
NizAl thin films [10].

In our previous reports, we demonstrated
that direct-current (de) magnetron sputter-
deposited NigsAly, thin films exhibit a
phenomenal electrical transition from an
insulating state 10 5 conduction state upon mild
heating only when x = 0.75 and 0.8 [11). The
transition effect is found to be reversible with
Tespect 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 Nig 754l 45 films is known to be
nanocrystalline with g typical grain size of the
order of few tanometers [4, 8], The reversible
transition is found to oceur aver a temperanyre
range from room temperature to about 250°C,
within which grain growth is suppressed. Oneg
possible application of the reversible transition
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effect in nanocrystalline Nip;sAlyzs and NigsAlyz
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 point is of crucial
importance to processing routes involving
ball milling in the powder metaflurgy [12].
Secondly, the physical dimension of the grain
boundaries in a nanccrystalline material would
limit 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
NiggAls, thin films to find out the correlation
between the microstructure and elecirical
transition.

MATERIALS AND METHODS

The NiggAly, thin films were synthesized by
a water-cooled, low-power dc magnetron
sputtering device (BAL-TEC MED 020)
using the corresponding nickel aluminium
alloy target. The sputlering 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 5x102 mbar during
film deposition. Pre-sputtering of the target
was performed at least three times 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-
sity 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 nearty 60°C by
the plasma-discharge heating. The deposition
rate was measured to be approximately 2 -3
A/sec and the film thickness was controfled 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 to penetrate. For instance, it
should not be thicker than 200nm, for a TEM
having an electron gun of 200kV. The crystal
structures 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
farnace at a vacuum of about 1x10-S mbar for
2 hours followed by furnace cool to enhance
their erystallinity in the TEM for comparison
purposes. JEOL 2010F TEM operating at 200
%V with field emission gun was also used for
HRTEM analysis 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 NijsAls,thin
films, TEM was chosen to examine their nano-
erystalling 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 i situ heat treatments. Figs.
1 — 2 show the bright field images during in situ
annealing as wel} as post-deposition annealing
of the NiggAly.thin films and the corresponding
SAD patterns with structural calculations as far
as possible. In these experiments, the films were
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heated in sifu 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 2.0x107% 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

L

o = =
< a

0y
.F the case of cubic structure, and for films

having an orthorhembic structure, the lattice

constant is deduced from the relationship

where a, b and ¢ are the lattice parameters, (hki)
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, vA* + £ + I should then be
proportional to X, the proportionality constant
being a/L for cubic structure.

And for the orthorhombic structure

B or P, .
ZT 5 + Rt proportional to X,. Here the

values of X 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 um on a photographic print. Based on
the above equations, the lattice constants for the
films during both in sine annealing as well as post-
deposition annealing were calculated, and the
results with the corresponding crystallographic
structures also presenied. Because the intensities
of higher-order diffraction rings attenuate rather
quickly, the analyses were restricted to the first
few rings.

Fig. 1 shows the in site annealing results
of NiggAly, thin films with thickness of about
130 nm. The SAD pattern of the cotresponding
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. / shows only the fundamental f.c.c.
reflections (111), (200), (220) and (311), and
the same structure persists until the temperature
attains 500°C,

Although the film has the stoichicmetric
NiggAly, composition, it is still net surprising
from the previous XRD results that the ordered
L1, super lattice structure 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 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 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 afier increasing the
annealing time at 500°C, as shown in Fig. 1.

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 nanometers in the
as-deposited state. Table | summarizes the
lattice enlargement observed during the i situ
annealing experiment shown in Fig. [.

HRTEM was also performed on selected
samples. Fig 3 shows some HRTEM images
of NiygAly2 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(h), from the initia] a few nanometers
in the as-deposited state. The HRTEM image
in Fig. 3(c) shows that the abnormally grown
grains have a fringe width of 0.2 nm in the d
spacing of about 0.2074 nm which corresponds
to zma.u>mc.w ﬁw 1 Hv mummu.:u.
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Fio. 1: In situ TEM analysis of NigsAly; thin films showing the grain growth 300°C
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Fig. 2: TEM analysis of post deposition annealed Niggdl, , thin Jfilms showing the lattice
constant expansion

TABLE 1
Lattice parameter enlargernent of NigzAly; thin films as observed from in sifw TEM

anaealing. Lattice constant of bulk Ni;Al=

0.3572 nm. Camera length L = 80 em and A

=(,0025 nm for 200 keV.
NigeAly film Slope Lattice constant a (om) % Lattice enlargement
As deposited 1.8748 0.3765 5.40
Annealed 300°C 1.8379 0.369] 333
Annealed 400°C L8LED 0.3636 1.79
Annealed 500°C / 0 min [.7967 0.3608 1.01
Annealed 300°C/ 15 min [.779% 0.3574 0.06
Anneated 500°C / 30 min 1.7805 0.3575 0.08
Annealed 600°C 1.7812 0.3577 0.14
Annealed 700°C 1.7826 0.3579 0.20

During high-temperature annealing grain
coalescence was observed, and Fig. 3(cd) shows
the junction between two coalescing grains,
which themselves have grown abnormally out
from the nanocrystalline matrix. The abnormally

SrOWI grains are sometimes faulted; examples of
this are shown in Figs. 3(e) and (f). The faults
seen in these two figures may be nano-twins.
Fig. 4 shows a sequence of abnormal
grain growth and grain coalescence processes
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LA

Grain coalescence (d)

Fringes of
width ~ 0.2 nm {c)

.

Twin boundary (&)

Fig. 3: High resolution TEM azaoﬁ@. of
Nigsdly; showing the fringes and twin
boundaries in the annealed conditions

of 110 nm thick film (a) As deposited film
(B) — (f 700°C annealed NigzAl;; film.

Grain twin boundary (f)

recorded from a NiygAly, film in sity mna._mmra
at 500°C for different times. ,ﬂ,.o series of
images were taken at 15 minutes’ time interval,
Atendency can be observed from the figures .mon
the nanograins to coalesce to woﬂ._ larger grains
of a few tens of nanometers. Grain nom_mmomdom
was indeed observed to be the main Emo:m:_m_d
responsible for the accelerated grain growth
at high temperatures. After two grains have
grown to make an initial contact, the subsequent
merging process seems to be Eo<aBo.E.m of the
two grains towards each other, possibly by a
viscous flow process,

Annecaled at 500°C/ Annealed at 500°C /
0 min 15 min

% ‘” _ Sonm

.»bnnm_anm at 500°C / Annealed mn. 560°C/
30 min 45 min

m SaAm A J }
Annealed at 500°C / Annealed B.uoooo /
60 min 75 min

Fig. 4: TEM analysis of Niyzdl, )
showing the grain coalescence after in
situ annealing 500°C,

DISCUSSION

Planar TEM investigations were carried out to
exarnine the relationship between the &o.oﬂ_n&
transition and the microstruchures of Ea.z_,.,.w?_a "
films. TEM/SAD micrographs also E&nmﬁ.a
a trend of nano-siructurat and onwm:ovaw_o
changes upon annealing the NiggAlps mﬂ.g.
Although the films remain nano-crystalline
in nature, some crystals exhibit growih as the
deposition temperature m:c“..nmmna. The m%U
pattern of the corresponding isothermal heating
of nanocrystalline NipgAlg, thin film mroﬁ.ﬁ the
occurrence of a disordered f.c.c. structure in the
as-deposited state. Although ::.w .mm..a .rmm the
stoichiometric NiggAly, composition, it is yet
not surprising from the previous results that the
ordered L1, super lattice structure would not be
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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 samples 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 NigzAl,, 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 obsérved
(figure 4) and this can be the Imain reason for the
abnormal grain growth in these temperatures.

CONCLUSIONS

The normal grain srowth kinetics under in siti
isothermal heating in TEM was analyzed and
abnormal grain growth observed in the high
annealed films. The NipsAly, films have g
nanocrystalline structure 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 exXpansion
is observed in the NipsAly, films in the as-
deposited state with 5.4 9% expansion. However,
annealing the samples around 500°C make the
lattice size approach the corresponding balk
value. There is a general trending of grain
coalescence to happen in the NipgAly thin films
during in sity annealing above 500°C,
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