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Laser induced structure transformation in
Co;0Fe;Mn; sMo; sB11Si;; amorphous alloy
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Laser induced structure changes in amorphous Co;pFezMn3 sMo; sB1Sij; alloy have been studied by means of X-ray
diffraction and magnetic properties measurements. Both three types of structural relaxations and a starting stage of crystalliza-
tion process are considered as main characteristics of structure transformation upon laser treatment. Results of investigation
of this amorphous alloy at different parameters of laser irradiation have shown that this alloy becomes partly crystalline after
irradiation with laser pulse fluence of about 1.8 J/mm? and pulse duration T = 2 x 107 sec. Increasing of laser pulse fluence

above 2.0 J/mm? leads to the destruction of ribbon, due to intensive evaporation.
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1. Introduction

During last few decades amorphous metallic al-
loys have attracted the attention of researchers ow-
ing to their unique properties, which permitted us-
ing those materials in various areas of industry. A
major feature of amorphous alloys, making them
different from the crystalline ones, is the lack of
long-range order in atomic arrangement. Thus, they
have only short-range order structure, which deter-
mines the most of physical and chemical properties
(mechanical, electrical, magnetic, etc.).

In order to improve the properties of amor-
phous alloys, which are responsible for their appli-
cation, various methods are commonly employed
and one of them — thermal treatment is most
widely used. Over last few years by means of this
method, a lot of nanocrystalline and amorphous
composites with improved properties have been
produced. Less attention was paid to laser treat-
ment of amorphous alloys. Available are only few
works, in which the influence of laser irradiation
on the structure and physical properties of amor-
phous metallic alloys are studied, most of which
are devoted to Fe-based [1-5] and some to Co-

*E-mail: k-nik-julia@yandex.ru

based alloys [6—8]. The aim of this work is to study
the change of structure after laser irradiation of
Coy9FesMns sMoj 5B;;Sij; amorphous alloy.

2. Experimental

AmOI‘phOUS CO70F63MH3_5M014531 1 Si] 1 alloy
was prepared by spinning method and the thickness
of obtained ribbons was about 25 pum and the width
of 0.020 m.

Laser treatment has been carried out using
Laser Graver equipment (Alpha R&M, Russia).
Wavelength of laser radiation A was equal to
1.06 um; pulse frequency, f = 50 kHz; pulse dura-
tion, T=2x 107 s; scanning step = 20 um; laser
pulse fluence, Q = 1.15 — 2.0 J/mm?.

Features of structural transformations of ir-
radiated samples were studied by X-ray diffrac-
tion method (Fe-Ka radiation, = 1.9373 A).
Scattered intensities obtained at various angles of
diffraction were corrected by polarization and ab-
sorption factors taking incoherent scattering into
account. The corrected intensity values were used
in this procedure to calculate the structure factors
(SF). Pair correlation functions (PCF) were calcu-
lated from the SF’s using the integral Fourier trans-
formation. The first peak position of this function
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has been interpreted as the most probable inter-
atomic distance rq [9].

For the analysis of the structural changes, the
experimental diffraction peak has been reproduced
by means of approximation by Lorentz function us-
ing a program Origin 6.1. The volume fraction of
the nanocrystalline phase X, was calculated using
the relation [10]:

Xcr - cr/(Icr +Iam) (1)

where 1, and I., are total intensities of the max-
ima for amorphous and nanocrystalline phases,
respectively.

Cluster size L has been calculated using formula
L = 27/As, where As — is half-peak width. Cer-
tainly, the width of the diffraction peak, which is
used for determination of clusters size, is related
also with internal stresses. However, the influence
of the stresses on the diffraction pattern is propor-
tional to tg0 (0 — half of scattering angle) and is
not large enough for principal peak. For that reason,
the influence of inner stresses on determination of
structural units size was neglected in this work.

The temperature dependence of the saturation
magnetization in a field of 800 kA/m was measured
using a vibrating magnetometer. Heating and cool-
ing was carried out at a rate of 30 K/min in the
temperature range of 300 K to 1000 K. These de-
pendences were used to estimate the Curie temper-
ature (7¢) of the amorphous and crystalline phases
and crystallization temperature (7).

3. Results and discussions

It is clear that laser irradiation induces the high
speed heating of ribbon surface in local area and
such local heating results in structural transfor-
mations which depend on laser fluence. Structural
changes for the alloy under investigation can be ob-
served in X-ray diffraction (XRD) patterns (Fig. 1),
which have been obtained for different laser pulse
fluences.

As is seen, the principal peaks of the inten-
sity curves at fluence values within an interval of
0 — 1.4 J/mm? reveal a typical amorphous struc-
ture whose parameters depend on the laser pulse
fluence. At low fluence values this peak shows a

symmetrical profile, but it should be noted that it
becomes narrower and its height increases with the
fluence increasing. Such behavior is an evidence of
topologic ordering increase, which is supposed to
be caused by atomic rearrangement due to diffusion
process as well as free volume decrease. Besides,
the decrease of half-peak width is also observed
indicating the increase of the size of zones of the
coherent scattering, which are commonly observed
as clusters. Therefore, we consider the cluster as a
correlated group of atoms, which has some struc-
tural ordering in atomic distribution, but atoms in
the clusters can change their positions more easily
in comparison to the ones in crystalline grains.
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Fig. 1. Diffraction patterns of amorphous alloy at differ-
ent pulse fluences compared with peak positions
of crystalline phases of — a-Co (1); -Co (2);

Co3B (3).

At higher values of laser fluence (about
1.5 J/mm?) the asymmetry and then the splitting of
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principal maximum occurs. All this is supposed to
be caused by formation of more complex structure,
consisting of two or more kinds of clusters. More-
over, the patterns that correspond to fluence values
within 1.5 — 1.8 J/mm? range show the small crys-
talline like peaks. Identification of these peaks has
shown, that they are close to diffraction maxima for
a-Co, B-Co and Co3B crystalline phases, which
usually crystallize during isothermal annealing of
amorphous alloys in Co—Si—B system [11, 12]. So,
at the laser fluence of about 1.5 J/mm? the for-
mation of clusters with the structure similar to
the structure of mentioned crystalline phases oc-
curs. Certainly, such clusters cannot reach the crit-
ical size to transform itself into stable nucleation
centers, from which at suitable thermodynamic
and kinetic conditions the formation of nanocrys-
tals occurs. Therefore, the formation of clusters
with another structure than the structure of amor-
phous matrix is caused by laser irradiation and this
process can be considered as pre-crystallization
process [13]. At more intensive laser pulse fluence
(Q >1.75 J/mm?) the peak, which is close to
diffraction maxima for B-Co phase rises up with
fluence increasing. Since the principal peak posi-
tions for o-Co and 3-Co — phases are close to each
other we have analyzed the next peaks in diffrac-
tion patterns, particularly more separated from the
second peaks that allowed us to conclude the for-
mation of 3-Co phase.

It is clear that the structure changes following
from the analysis of diffraction patterns, should
be accompanied by variation of such parameter as
most probable interatomic distance. This parame-
ter for amorphous phase (Fig. 2a) decreases with
increasing the pulse fluence, but at low fluences
this decrease is notably less than at higher fluence
values. The observed behavior allowed us to sug-
gest that small decreasing of ry is related to vol-
ume reduction at relaxation, whereas a more dras-
tic decreasing occurs due to formation of more or-
dered atomic distribution. Such structure transfor-
mation at low fluences, according to Egami classi-
fication [14], can be attributed to structural changes
of the first type, at which the distance between the
nearest neighbors decreases, whereas the structure
changes at higher fluence values can be attributed
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Fig. 2. Most probable interatomic distance versus laser

fluence for amorphous matrix (a) and 3-Co clus-
ters (b).

to structural changes of the second type — forming
topological short-range order, at which the forma-
tion of small crystalline clusters occurs [15].

At pulse fluence Q = 1.7 — 1.9 J/mm? an in-
teratomic distance r; of already formed clusters
rapidly decreases (Fig. 2b). This process can be
attributed to the third type of structural changes
at which, according to Chen [16], phase separa-
tion and chemical short-range order are forming.
It is suggested [3] that the processes correspond-
ing to the 2 and 3 types precede the crystalliza-
tion process.

At higher fluence values (Q = 1.9 — 2.0 J/mm?)
parameter r; for crystalline clusters becomes closer
to such parameter of crystalline B-Co (2.506 A).
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It is clear that transition from a cluster struc-
ture to nanocrystalline one is accompanied by clus-
ter size increase. To nowadays the critical size
of clusters, when the transition from clusters to
nanocrystals occurs, has not been determined def-
initely. According to [17] the characteristic feature
of this transition at increasing of cluster size is an
appearance of symmetry in atomic distribution in
nanocrystals. Such symmetry can be revealed by
detailed analysis of diffraction patterns. In case of
cluster structure, we observe only one diffraction
peak, whereas in case of nanocrystals more peaks
should be pronounced. For that reason, we have
carried out the detailed analysis of diffraction pat-
terns in the vicinity of the first and second maxima
for crystalline 3-Co (Fig. 3).
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Fig. 3. Analysis of the first and second maxima in
diffraction patterns for crystalline 3-Co.

Cluster size versus laser pulse fluence of amor-
phous and 3-Co phases (Fig. 5) is in accordance
with the analysis of second maxima in diffraction
patterns. As can be seen from Fig. 5, cluster size
L of amorphous phase increases with fluence in-
creasing and its maximum value is 1.7 nm at a flu-
ence about 1.3 J/mm?. With further fluence increas-
ing the cluster size decreases, which is supposed to
be caused by degradation of amorphous phase. An-
other dependence is observed for crystalline clus-
ters, which reveal the increase over all fluence val-
ues. Therefore, for crystalline like structures we
have opposite tendency — the transition from small
cluster with slight topologic ordering to the larger
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Fig. 5. Cluster size versus laser pulse fluence for amor-
phous (a) and $-Co (b) phases.

ones with 3-Co atomic distribution phase. As an
origin of crystalline phase is the emergence of crit-
ical nuclei, their size can be considered as the lower
limit of the nanocrystalline state, i.e., as the small-
est possible size of nanocrystals that can be formed
by crystallization [18]. According to [17], the crit-
ical size L., of the crystal is the size at which it
still retains the all inherent to this type of crystal
elements of symmetry, and which, in the frame-
work of this approach, is equal to three coordina-
tion spheres. Thus, using the value of ry, the crit-
ical size of the nucleus of the crystalline phase of
B-Co has been determined as L., ~ 7.5 A. Since
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L of B-Co phase within the entire fluence values
(Fig. 4b) exceeds L., this phase can be considered
as nanocrystalline, and the process of its formation
as the beginning of crystallization.

The fraction of nanocrystalline B-Co phase
rises up to ~12 % at Q = 2.0 J/mm?. At laser pulse
fluence larger than Q = 2.0 J/mm? intensive melt-
ing and vaporization occurs that results in alloy de-
struction. Therefore, it is difficult to complete the
crystallization process with this kind of laser treat-
ment. This can be due to short time of heating,
caused by short pulse duration, and high speed of
cooling that is inherent for laser processing.

It is known that structure changes are associ-
ated with changes of many physical properties. For
Co-based alloys the magnetic properties are such
the ones that significantly depend both on atomic
and nanoscale structure. We suggest that structure
changes upon laser treatment can be used to im-
prove also the magnetic properties. In order to ver-
ify this suggestion a magnetization as a function
of temperature has been measured. Amorphous
CozoFesMn3 sMoj 5B Sij; alloy was heated to the
temperature of 1000 K with a rate of 30 K/s and
then cooled with the same rate.

s

J/J ,au.

004,
300

N T T
900 1000

T T
800

700
T,K

T T T T
400 500 600

Fig. 6. Magnetization versus temperature.

Magnetization along with the rise in temper-
ature is diminishing monotonically achieving the
Curie point (7¢) at temperature of 635 K, and then
shows the drastic increase at 788 K that is due to
the start of crystallization process (Fig. 6). In con-

trast to magnetization versus temperature curve for
alloys of Co-Si-B [19, 20], and Co-Fe-Mo-Si—
B systems [21], the obtained curve reveals a wide
paramagnetic region. The comparison of data re-
ported in [19, 20] and [21] with those, presented
in Fig. 6, displays that addition of Fe and Mo to
Co-Si—B alloy results in Curie temperature reduc-
ing, moreover, addition of Mn to Co—Fe—-Mo-Si—
B results in further reduction of Curie tempera-
ture but increase of the temperature at which the
crystallization process starts. The obtained value of
TC for CO70F€3MH3_5M01,5B118111 amorphous al-
loy is in well agreement with the value obtained
in [22] (638 K). The temperature at which crys-
tallization starts for investigated alloy is close to
the value obtained by DTA method for similar
C07].5Fez_5Mn2M018i9B14 alloy (789 K) [23].

Curie temperature for crystalline phases (7;5"),
obtained from thermo-magnetic curve is about
950 K. As it was noted above, phases that usually
crystallize during heating in Co-based alloys are o-
Co, B-Co and Co3B. Nevertheless, in [24] it was
reported the formation of &-Fe and CozMo phases
as well as small amount of Co;Mos3 [25]. As for -
Co, CosB, and «-Fe phases, their Curie tempera-
tures are 1400 K, 747 K, 1044 K, respectively [26].
These values are different from the value of 950 K,
obtained in this work. Such discrepancy can be
caused by various reasons, but most probably it is
due to formation of different magnetic phases, both
an amorphous and crystalline ones.

Next cooling at the same rate results in in-
creasing of magnetization, which is the proof of
crystallization of the phase with magnetic prop-
erties. As displayed in Fig. 6, the magnetization
value during cooling in temperature range below
500 K is lower than the corresponding value dur-
ing heating. Similar behavior was also observed for
CoggFesMo;Si35B 135 [21].

It should be noted that the magnetization ver-
sus temperature that is observed at cooling, is char-
acterized by two inflection points. Most probably,
such behaviour is caused by the formation of two
or more magnetic phases upon crystallization. Cer-
tainly, the magnetic characteristics of such phases
are different and for one of them, the Curie temper-
ature can be approximately estimated by means of
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fitting of two partial curves of magnetization to the
experimental one, as it is shown in Fig. 6.

Therefore, the significant dependence of mag-
netic properties of CoyoFesMn3zsMoj sB;;Siy;
amorphous alloy on temperature, observed at con-
ditions, which are close both to equilibrium heating
and cooling, allowed us to suggest that in the con-
ditions far from equilibrium such dependence may
also occur, offering the way to obtain magnetic ma-
terials with improved properties.

4. Conclusions

The process of laser-induced structural transfor-
mation of amorphous Co7oFesMnj3sMo; sB11Si;
alloy was investigated. Three types of structural
transformations that correspond to the process of
reducing the free volume, topological and chemi-
cal ordering have been observed. At the early stage
of structure changes the clusters with a structure
similar to the Co3B, a-Co and B-Co phase are
formed, but only 3-Co becomes a stable nucleus
at higher values of laser pulse fluence. The frac-
tion of B-Co nanocrystals in amorphous matrix
rises up proportionally to fluence within the inter-
val of 1.75 — 2.0 J/mm?, achieving 12 %, and the
crystal size rises up to ~22 nm. Further increase
of fluence leads to destruction of the ribbon due
to evaporation.

High sensitivity of magnetization to tempera-
ture permits using laser irradiation for optimization
of magnetic properties.
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