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The activation energies of the crystallization of
amorphous Nig, P9 alloy films
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In situ transmission electron microscopic observations were carried out to study the crystal growth
kinetics of amorphous Nig, P, alloy films prepared by vacuum deposition. In the first stage of
crystal growth a metastable NiyP phase with hexagonal symmetry appeared. The growth rates
were independent of time at a given annealing temperature. The activation energies along [1 00]
and [1 1 0] directions were estimated to be 3.12 eV for the 55 nm thick and 3.22 eV for 20 nm
thick film samples. Similar measurements for the stable and the metastable phases of thin foil

samples were also carried out. The smaller activation energies for the foil samples than the
film samples are explained by assuming that the compositional requirement at the
crystalline—amorphous interface and the jumping of atoms to the crystal sites occur in series.

1. Introduction

Amorphous metallic alloy is well known as a new
material which has a high magnetic permeability and
excellent resistance to corrosion. Since these technolo-
gical applicabilities of amorphous alloys deteriorate
drastically on crystallization, the crystallization kin-
etics have been extensively studied. Further attention
has been paid to the appearance of metastable crystal-
line phases during crystallization of the amorphous
materials. This is because such metastable phases
could not be obtained by the usual crystal growth
technique.

The crystallization of an amorphous Ni-P alloy
was studied first with a transmission electron micro-
scope (TEM) by Bagley and Turnbull [1]. Although
the Ni-P alloy is the simplest and most typical
metal-metalloid system, its crystallization process is
rather complex and the crystal growth kinetics has not
been well understood. In the binary alloy phase dia-
gram of the Ni-P system [2], the eutectic reaction
occurs at a temperature of 880 °C and a composition
of 19 at % P. When the amorphous alloy has a com-
position near this eutectic point, a two-phase mixture
of nickel and Ni;P may appear by annealing. This
stable Ni,P phase has a body-centred tetragonal
(bct) crystal structure with lattice constants of
a = 0.8954 nm and ¢ = 0.4386 nm [3].

Three metastable hexagonal phases were observed
by TEM measurements in the crystallization process
of amorphous Ni-P electrically or chemically depos-
ited alloys with 14 to 25at% P compositions [4].
They are identified as o, (a = 0.672, ¢ = 0.952 nm),
o, (@=0672, ¢=1428nm) and o, (a= 0672,
¢ = 3.808 nm). Since the parameters a of these meta-
stable phases are the same but ¢ values differ in the
ratio of 2:3:8, these form a family of hexagonal poly-
types. However, no investigations have so far been
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carried out on the crystal growth kinetics of these
metastable phases.

In this paper, we report on the results of in situ
TEM observation of the crystallization of amorphous
Nig, P, vacuum-evaporated thin films by isothermal
annealing. The activation energy of the crystal growth
rate is measured for the metastable phase and the
crystal growth kinetics will be discussed. Similar
measurements on foil samples with the same composi-
tion were also carried out for comparison.

2. Experimental procedure
The thin film samples were prepared by vacuum evap-
oration of amorphous Nig, P4 ribbon on to glass
microscope slides held by a large heat sink made of
a copper metal block. Splat-quenched ribbon (Japan
Amorphous Metal Co., Metglas MBF60) was used as
an evaporation source. The temperature of the evap-
oration source was 1300 to 1400 °C and the pressure
was of the order of less than 10~ 3 Pa. The deposited
film thicknesses were 20 to 50 nm and the depos-
ition rate was typically 20 nm min~'. The evaporated
films were uniform and the phosphorus composition
was determined by an electron probe X-ray micro-
analyser as 19 at %. Selected-area electron diffraction
(SAD) patterns of the thin films always showed halos.
These experimental results indicate that the evapor-
ated thin film is an amorphous one whose composi-
tion is the same as that of the Nig, P4 ribbon. Similar
uniform amorphous films were also prepared by flash
evaporation. In this case, however, films of sufficient
thickness could not be obtained because of degrada-
tion of the tungsten heating wires.

Thin foil samples were prepared from amorph-
ous Nig,P,, ribbon with a thickness of 40 pm.
Polishing was done with a jet electrolyte of
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CH,;COOH(7): HCIO, (3) solution kept at —10°C to
control the polishing rate accurately. Since the jets
were operated from both sides of the specimen, the
initially parallel-sided specimen became dish-shaped
and finally perforated. The specimen then had a wedge
shape around the hole. Bright-field images of the foil
showed that quenched-in nuclei of diameter about 2 to
3 pm were involved. These were identified by SAD as
stable bct NiyP crystals. Insufficient quenching from
the melt to obtain the amorphous ribbon may cause
these inclusions.

In sity isothermal annealing was carried out by
using a heating stage in the objective chamber of the
TEM (Hitachi, H-800MU). The acceleration voltage
was set at 200 kV. To obtain the annealing temper-
ature dependence of the crystal growth rate, the tem-
perature of the heating stage was changed step-wise
and observations were carried out at each temper-
ature. TEM images were continuously recorded on
film at time intervals of about 1 min after the nucle-
ation occurred. The time intervals depended on the
annealing temperature. The crystallized phase grew
into the amorphous matrix with time. The crystal
growth rate was therefore estimated by measuring the
distances between the moving fronts of the crystal-
line-amorphous interfaces of successive images.

3. Results and discussion

3.1. Crystallization reactions

Fig. 1 shows a bright-field TEM image of an evapor-
ated thin film of 55 nm thickness annealed at 370°C
for 10 min after the nucleation occurred. Spherulitic
and rectangular phases are observed. A typical SAD
pattern of the spherulitic phase is shown in Fig. 2a.
Analysis of the SAD patterns indicates that the
spherulitic phase is a hexagonal metastable Ni,P
phase with a lattice constant of a = 0.656 nm. The
incident electron beam was set along the crystallo-
graphic [001] axis and the {110) reflection Is in-

Figure 1 Bright-field TEM image of film evaporated at 370 °C for
10 min. The thickness was 55 nm. Spherulitic and rectangular
metastable crystals are observed.

dicated by an arrow in the figure. The SAD pattern for
the rectangular phase shows that this phase is also
metastable Niy P, but in this case, the crystallographic
[001] axis is in the film plane and is along the shorter
side of the rectangular crystals. The lattice constant
¢ could be determined as 1.392 nm. This shows that
our metastable phase is the o, metastable phase re-
ported by Kuo et al. [4]. The o, and o, phases could
not be observed in the present investigations. For the
film of 20 nm thickness, only the spherulitic crystals
were observed.

Figure 2 SAD patterns of (a) metastable and (b) stable Ni; P crystals. The incident electron beam is along the [00 1] axis. The reflections for

the (110) plane are indicated by arrows.
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During isothermal annealing, the metastable phase
grows along the radial direction of the spherulitic
crystal. The growth length was measured by the move-
ment of the crystalline-amorphous interface on the
photographs. Since the crystals grow rapidly perpen-
dicular to the [00 1] axis and collide with each other
in the case of the rectangular crystals, only the growth
length along the [00 1] axis could be measured.

When the temperature of the thin film sample was
raised to 520°C, the metastable spherulitic crystals
transform to stable Ni P crystals. A typical SAD
pattern of a transformed stable Ni, P crystal is shown
in Fig. 2b. Fourfold symmetry is clearly observed. The
lattice parameters of the stable Ni,P crystals are
estimated as a =0.907nm and ¢ =0.438nm from
SAD patterns of different crystal orientations. These
agree with those reported by Kuo et al. [4] within the
experimental error. No systematic correlation of the
crystal orientations between the metastable and the
transformed stable phases could be observed.

We also investigated the crystal growth kinetics of
foil samples prepared from the Nig, P,, amorphous
ribbon. A typical bright-field TEM image of a foil
sample is shown in Fig. 3. The annealing temperature
was 290 °C. The crystal phase was identified as the
metastable hexagonal Ni;P phase from its SAD pat-
tern. The [1 1 0] direction is perpendicular to the edge
of the foil and the [00 1] axis is almost perpendicular
to the foil plane. The metastable phase grows from the
edge of the sample by annealing. Small precipitates of
diameter less than 5 nm appear from the initial stage

Figure 3 Bright-field TEM image of the metastable phase in a foil
sample annealed at 290 °C. The small precipitates are nickel crystals
of diameter less than 5 nm. The [110] direction is perpendicular to
the edge of the film.

of annealing and were identified as crystalline nickel
particles from the SAD patterns. The dark fringes in
the metastable phase are considered to be grain
boundaries which appear in the thicker part of the
sample. Metastable phases growing from the two sur-
faces of the foil collide with each other and may form
these grain boundaries.

The metastable phase in the foil sample transforms
to the stable Ni,P phase when the annealing tem-
perature exceeds 430°C, as in the case of thin film
samples. Furthermore, in the thicker part of the foil
sample, growth of stable Ni,P phases could be ob-
served below 430°C. Quenched-in nuclei of stable
Ni; P, which were observed in the bright-field TEM
images, act as seeds for the crystallization.

3.2. Crystal growth rate of the Ni;P phase
The measured crystal growth length as a function of
the annealing time is shown in Fig. 4 for typical cases.
The data for the metastable phases of film and foil
samples are indicated by (a) and (c), respectively. The
data in plot (b) were taken from measurements for the
stable phase in the foil samples. All the experimental
data fall on straight lines, and this fact indicates that
the crystal growth rate is constant at a given annealing
temperature. This is linear-growth crystallization as in
the case of Fe,sB,,[5] or (NiPd),,P,; [6] amorph-
ous alloys. This kind of transformation from amorph-
ous to crystalline phases involves only atomic jumps
across the crystallization front without any change in
composition, and does not require any long-range
diffusion [7].

The crystal growth rates were estimated from the
slopes of the straight lines in Fig. 4 and are shown in
Fig. 5 as a function of the inverse temperature. The
uncertainty of the growth-rate estimation is taking
into account by drawing error bars for each datum
point in Fig. 5. The crystal growth direction is desig-
nated by open and solid circles for the [110] and
[100] axes, respectively. The growth rates along the
[00 17 axis, indicated by triangles, were obtained only
for thin film samples of 55 nm thickness, where the
[001] axis is in the film plane.
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Figure 4 Crystal growth length as a function of isothermal anneal-
ing time for (a) the metastable phase in the foil, (b) the stable phase

in the foil and (c) the metastable phase in the film. The growth
directions are along the [110] axis.
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Figure 5 Crystal growth rate as a function of temperature for
(a) stable and (b) metastable phases in foil, and for the metastable
phase'in films of thickness (c) 55 nm and (d) 20 nm. The directions of
growth are (O) [110], (@) [100] and (A) [001].

Since the length of the growing crystals exhibits
a linear time dependence at all temperatures as
shown in Fig. 4, the growth rate V of crystals can be
expressed by the equation [7]

V = véexp(— E,/kT) 8}

where E, is the activation energy for growth, v is the
characteristic frequency and 6 the interface width. The
change in the chemical free energy accompanying
crystallization was assumed to be large compared with
the measured temperatures and E, and was neglected
in Equation 1. The observed straight lines in Fig. 5
show that the growth rates are well explained by
Equation 1. The estimated activation energies are lis-
ted in Table I. For the metastable phase observed in
the thin film sample, E, along the [110] and [100]
axes is 3.12 to 3.22 ¢V and slightly depends on the film
thickness. For the foil samples it is 2.28 eV. The
activation energy of the metastable phase along the
[00 1] axis is estimated to be 2.8 eV. Due to the scatter
of the data for the [00 1] direction, the growth rate is
somewhat uncertain. However, it would be reasonable
to consider that E, along the [00 1] axis is almost the
same as that along the [110] and [100] axes.

For the stable Ni, P phase of the bct structure, E,
along the [1 1 0] axis is 2.50 eV. No observation along
the [001] axis could be carried out, since the [00 1]
axis of the stable phase is always perpendicular to the
surface of the foil plane. As stated earlier, the crystal
growth length was proportional to the annealing time.
A similar time-independent crystal growth rate has
been observed for bcet FeyB crystals grown from
Fe.sB,s amorphous alloy [5]. The observed activa-
tion energy was then about 2.0 eV and had a weak
temperature dependence. The concept of multiple pro-
cesses of temperature-independent activation energies
could explain these experimental results. In the pres-
ent case of Ni; P, no such complex mechanisms would
be necessary to understand the crystal growth kinetics.

When a compositional requirement for the forma-
tion of Ni; P occurs in Nig, P, alloy, the long-range
diffusion of phosphorus atoms plays a role in crystal
growth [7]. However, in our case for the foil samples,
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TABLET The activation energies for crystallization of NijP
phases (estimated from the slopes in Fig. 5)

Sample Thickness  Direction E, (eV)
{nm)

Thin film 55 [110] and [100] 312

(metastable [001] 2.8

phase) 20 [110] and [100] 322

Foil (metastable

phase) [110] and [100] 228

Foil (stable

phase) [110] 2.50

this long-range diffusion is not likely to have occurred.
This is because the crystal growth rate is time-
independent at each annealing temperature. The defi-
cit of the phosphorus atoms forming an Niy P phase
may be partly compensated by the deficit of nickel
atoms due to precipitation in the matrix. A linear
dependence of growth length on time would therefore
be expected as shown in Fig. 4.

The activation energies of the metastable phase for
the thin film samples are larger than for foil samples
(Table I). It has been argued that the crystallization
processes of Ni—P electrolyte-deposited film depend
on the thickness of the sample [8]. In the thin film
samples, the crystal growth may be partly limited by
the surface boundaries. Since the crystal growth rate
was time-independent, long-range diffusion of phos-
phorus atoms may not contribute to the crystal
growth kinetics, as discussed above. We consider here
two processes for the crystal growth kinetics.

The first process is considered to be as follows. Since
the amorphous phase has a different composition
from that of Ni,P, concentration fluctuations or off-
stoichiometry exist at the interface. Therefore, in order
to grow the metastable phase, diffusion of the con-
stituent atoms should occur to form the stoichiometric
composition. If long-range diffusion of phosphorus
atoms is not likely to occur, release of the nickel atoms
from the boundary would take place.

The second process is the usual jumping of constitu-
ent atoms from the crystalline—amorphous interface to
the crystal sites of the hexagonal lattice. We further
assume that these two processes operate in series to
form the metastable phase of Ni;P at the crystal-
line—amorphous interfaces.

Since the first process is followed by the second
process continuously, it is assumed that the crystal
growth rate still has a temperature dependence as in
Equation 1. In this case, the observed activation en-
ergy is the sum of these two processes. Based upon this
assumption, we consider first the case of foil samples.
The metastable crystal phase grows from the edge.
Since the sample is wedge-shaped, the volume of
the crystalline-amorphous interface layer increases
considerably as the crystallization proceeds. The
stoichiometric composition at the interface is there-
fore attained easier than in the case of the thin
film samples. Furthermore, the existence of nickel
precipitates (Fig. 3) results in a decrease of the off-
stoichiometry. In this case, the activation energy of the
crystal growth rate is determined by the jumping of



atoms across the interface layer, i.e. only by the second
process. It was 2.28 ¢V for the metastable phase.

In the case of thin film samples, a change of the
composition to stoichiometry should occur prior to
the jumping of constituent atoms. This is because the
film is uniform and there are no precipitates at the first
stage of crystallization. The observed activation ener-
gies of 3.12 or 3.22 eV are therefore larger than that of
the foil samples. The thinner the film thickness, the
larger the activation energy: E, for the 20 nm thick
sample is slightly larger than for the 55 nm thick
samples.

Similar arguments can be used for the stable phase
of Ni;P. The observed aciivation energy of 2.50 eV is
due to the jumping of atoms to the crystal sites in the
bcet structure. It is reasonable to consider that the
crystal growth rate may have its highest value for
crystallization from the stoichiometric amorphous
phase [5]. According to the above discussion, non-
stoichiometry at the interface was more significant in
the film sample than in the foil samples. This leads to
a decrease of crystal growth rate for thin film samples,
as shown in Fig. 5.

We have carried out measurements of the crystal
growth rate of metastable and stable NiyP crystals
derived from the amorphous phase. Future studies of
the phase transformation from the metastable to the
stable phase at higher annealing temperatures may
give us further insight into the crystal growth kinetics
from the amorphous phase. In addition to the study of
the crystal-crystal phase transformation, an estima-
tion of the nucleation rate in isothermal annealing
should also be done.

4. Conclusions

Crystallization of the metastable and stable Ni;P
phases from an Nig,P,; amorphous matrix was
studied by isothermal annealing under the transmis-
sion electron microscope. The samples were made by
vacuum evaporation and splat-quenching of the melt.
The hexagonal metastable phase grows as spherulites
and rectangular crystals in the thin film samples. They

are determined as o, hexagonal phase. Isothermal
annealing study shows that the crystal growth rate is
time-independent at each annealing temperature for
both metastable and stable phases. This linear de-
pendence indicates that the long-range diffusion of
phosphorus atoms is not likely to occur. For the thin
film samples, the activation energies of the metastable
phase are 3.12 and 3.22 eV for 55 and 20 nm thick
samples, respectively. The activation energies of the
foil samples are smaller than those of the thin film
samples. This is explained by assuming that a com-
positional change near the crystalline-amorphous
interface occurs in the thin film samples. This process
of compositional change is followed continuously by
the jumping of the constituent atoms. The precipita-
tion of nickel particles in the foil samples results in
a reduction of the activation energy. The observed
activation encrgy for the atomic jumping is 2.28 eV for
the metastable and 2.50 eV for the stable crystal phase.
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