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Abstract. The problem of differences in surface quality exists in the production of amorphous alloy (AA) ribbons by ultra-fast single-roll melt spin-
ning. Structural inhomogeneities that can disrupt the isotropy of properties occur on the side of the ribbons adjacent to the quenching drum. In this
regard, there is a need to develop a promising surface modification technology of AA which will not only eliminate roughness, but also controllingly
manage the structure along the ribbon depth, as well as selective processing of its individual sections to improve mechanical, magnetic and catalytic
characteristics. Application of short-pulse laser systems has great potential for achieving these goals. In this research work, the effect of an excimer
ultraviolet laser operating in nanometer wavelength range on the structural evolution, mechanical behavior and morphological changes of the surface
of Fe,; ,Ni, B, , AA with varying the pulse number and their frequency were comprehensively studied using profilometry, indentation, optical and
transmission electron microscopy methods. It is shown that laser irradiation of the contact matte side of the studied AA ribbon according to the selected
mode (100 pulses, /=20 Hz, E = 150 mJ, W= 0,6 J/cm?) effectively acts upon the surface relief and smoothes out production irregularities (pores, gas
lines, scratches, etc.). In addition, the laser processing parameters are established that contribute to the AA structure softening, and therefore improve
workability for possible forming, as well as the mode of transfer AA to an amorphous-nanocrystalline state with increased hardness and preservation
of the ability to flow shear.
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AnHomayus. ITpu U3roToBIeHNH IEHT aMOP(HBIX cI1aBoB (AC) METOOM CBEPXOBICTPOrO OZHOBAIKOBOIO CIIMHHUHTOBAHUSA CYIECTBYET podieMa
pa3nuuMs KadecTBa UX roBepxHocteid. Ha cropone sieHT, npuiieratoniel K 3akajJoqyHoMy O0apabaHy, BOSHUKAIOT CTPYKTYpPHbIE HEOJHOPOIHOCTH,
KOTOpPBIC MOTYT HapyIIaTh H30TPOIHIO CBOUCTB. B CBA3M ¢ 3THM cyliecTByeT NOTPeOHOCTh B pa3paboTKe MEPCHEKTUBHON TEXHOIOIHH MOBEPX-
HocTHOro Moxuduimposanus AC, KOTOpast HO3BOJIUT HE TOJIBKO YCTPAHATH ILIEPOXOBATOCTH, HO M KOHTPOJIMPYEMO YNPABISATh CTPYKTYPOH 110
DIIyOUHE JICHTBI, a TAKKe CEJICKTHBHO 00pa0aThIBaTh OTACIBHBIC €€ YYACTKU I IOBBIIICHHUS MEXaHUYECKUX, MATHUTHBIX U KaTaJUTHYCCKUX
XapakTepucTuk. [IpuMeHeHne KOpOTKOUMITYJILCHBIX JIa3€PHBIX YCTAaHOBOK MMEET OOJIBILON MOTEHLMAN Ul pealn3aluy 3THX 1eneil. B pabore
C IpHBJICYEHHEM NPOGHIOMETPHH, HHACHHUPOBAHUS, ONTHYECKOH M IPOCBEYHMBAIOIICH 3IEKTPOHHOH MHKPOCKOIHH KOMIUIEKCHO H3YyYECHO
BIIMSIHAE BO3JCHCTBUSL 9KCHMEPHOTO YIbTPa(HONIETOBOrO Ja3epa, padoTaloIero B HAHOMETPOBOM JAMANa3oHe JJIMH BOJIH Ha CTPYKTYPHYIO

SBOJIIONUI, MEXAaHHYCCKOEC IIOBCACHHUE H MOp(bOIIOI‘I/I‘{BCKI/IC BUJJOU3MCHCHHUS ITOBEPXHOCTU AC F€53 3Ni26 5B202 IIpu BapbUpPOBaHUU HHCIIA
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UMITYJILCOB U MX 4acToThl. [lokazaHo, 4TO J1a3epHOE OONyueHUEe KOHTAKTHOM, MaTOBOI CTOPOHBI HccienyeMoit enTsl AC 1o nogoOpaHHOMY
pexumy (100 umnynseos, f=20 T, £ =150 Mk, W = 0,6 JIx/cm?) 5GdeKTUBHO BO3IEHCTBYET HA PeNbed) MOBEPXHOCTH, CIIAXKUBAET MIPOH3-
BOJICTBEHHBIE HEPOBHOCTH (TIOPBI, TA30BBIE CTPOUKH, LAPANUHEI U T. J1.). KpoMe Toro, ycTaHOBIICHBI ITapaMeTpsl Jla3epHoi 00paboTKH, criocodCT-
BYIOIINE Pa3MATYCHUIO CTPYKTYphl AC, a 3HAYUT YTydIIeHHIO 00pabaThIBAEMOCTH UL BO3MOXKHOTO (hOPMOBAHUS, a TakKe pexuM nepesona AC
B aMOP(HO-HAHOKPUCTAIUINUECKOE COCTOSHUE C TOBBIIICHHONH TBEPAOCTBIO U COXPAHEHUEM CIIOCOOHOCTH K IIIACTHYECKOMY CJIBUTY.

Katoyesvle c108a: amopbHbIii cIIaB, Ja3epHoe 00IydeHHE, TIOBEPXHOCTD, TBEPAOCTh, CTPYKTYPa, aMOP(HHO-HAHOKPUCTAIUTHICCKOE COCTOSIHHE, HAHO-
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- INTRODUCTION

Amorphous alloys (AAs) are deeply supercooled
materials characterized by a glass transition temperature,
below which an energetically unstable non-crystalline
state prevails [1;2]. This structural feature provides
a combination of ductility with excellent strength, hard-
ness, and an elastic limit of up to 2 % due to the absence
of long-range order [3 — 5]. In addition to their outstan-
ding mechanical characteristics, a number of AAs exhibit
high magnetic properties, corrosion resistance, and bio-
compatibility, which makes them attractive for various
applications [6 —9]. Existing fabrication methods for
AAs, such as copper mold casting and melt spinning,
are effective in retaining the glassy state but are subject
to significant limitations in terms of scalability, critical
dimensions, and geometric complexity. Moreover, AAs
are difficult-to-machine materials with a narrow range
of thermal stability and a tendency to become brittle
at elevated temperatures [10; 11]. These challenges drive
the search for more advanced technologies for the pro-
duction and processing of AAs in order to expand their
engineering applications. In recent years, research has
increasingly focused on the fundamental study of struc-
tural modification, phase formation, and property response
in AAs under laser irradiation [12 — 14]. The introduc-
tion of selective laser melting with ultra-high cooling
rates is a highly promising method for producing bulk
AAs [15—18]. Laser-induced periodic surface structu-
ring of AAs makes it possible to:

— produce color through the formation of oxide films
of different thicknesses [19];

— tune hydrophobic/hydrophilic behavior in wettabi-
lity tests [20];

—control domain structure and magnetic beha-
vior [21];

—reduce friction and wear in tribological applica-
tions [22];

— fabricate precision diffraction gratings for sensor
devices and related applications [23].

Surface functionalization of AAs therefore has
the potential to broaden their application range and
to introduce new functionalities into AA-based compo-
nents.

Pulsed laser processing offers such advantages as high
peak power and energy density, controlled thermal effects,
rapid heating and cooling, high precision, and minimal
deformation of the material compared with continuous-
wave lasers [14;24]. The pulse duration determines
the degree of thermal diffusion, which plays an important
role for nanosecond lasers, in contrast to femtosecond
lasers that primarily induce phonon relaxation [25; 26].
Nanosecond laser treatment, characterized by larger
affected zones and greater penetration depth, makes it pos-
sible to tune the magnetic behavior of AAs and to modi-
fy their mechanical properties by changing the surface
microstructure [27 —30]. However, several important
questions remain to be addressed, for example:

— how to develop adequate physical models describing
the interaction of short-pulse laser irradiation with AAs
in the absence of a detailed understanding of the under-
lying mechanisms;

— whether improved material properties can be achie-
ved by forming gradient amorphous—crystalline compos-
ite structures through pulsed laser treatment;

—how to design the structure of AAs in a controlled
and efficient way and which laser parameters should be
considered optimal.

At present, numerous studies are underway on pulsed
laser processing of bulk AAs based on zirconium, tita-
nium, and copper. In contrast, for rapidly quenched iron-
based amorphous ribbons, the available data are limited,
fragmented, and call for further exploratory investigation.
It should be emphasized that iron-based AAs deserve par-
ticular attention due to the low cost of raw materials, their
outstanding mechanical and soft magnetic characteristics,
and excellent catalytic activity. Optimization of laser
irradiation parameters to improve the functional proper-
ties of such alloys and to control their structure therefore
remains an important research objective.
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The purpose of this study is to investigate the effect
of excimer ultraviolet laser irradiation operating in
the nanometer wavelength range on structural and phase
transformations, mechanical response, and morphologi-
cal changes at the surface of Fe—Ni—B amorphous alloy
under variation of pulse number and frequency.

[l MATERIALS AND METHODS

The object of study was a rapidly quenched
Feg, ;Ni,, B, , amorphous alloy produced by the melt-
spinning method in the form of a ribbon 10 mm wide and

25 um thick.

Laser irradiation of the AA samples was per-
formed using an excimer ultraviolet (UV) KrF laser
of'the CL-7100 series (Optosystems, Russia) with a wave-
length of A =248 nm and a pulse duration of t =20 ns.
The irradiation was applied through a circular diaphragm
with an area of §=7 mm? at two pulse modes 100 and
500 pulses — while varying the repetition frequency f from
2 to 50 Hz. In both cases, the pulse energy £ was 150 mJ,
and the energy density W was 0.6 J/cm?. The contact
matte side of the AA ribbon, i.e., the side that was in con-
tact with the copper quenching drum during fabrication,
was subjected to laser treatment.

Hardness H,, was measured usinga DUH-211S dynamic
ultramicrohardness tester (Shimadzu, Japan). Indentation
was carried out in accordance with ISO 14577, employ-
ing a Vickers diamond indenter under a load of 10 mN in
a loading—unloading mode at a rate of 70 mN/s.

Structural characterization of the AA was performed
by transmission electron microscopy (TEM) using
a JEM-2100 microscope (JEOL, Japan).

The surface morphology of the laser-irradiated
areas was examined with a GX51 inverted metallo-
graphic microscope (Olympus, Japan). Surface rough-

Fig. 1. Morphology of non-contact (a) and contact () sides of the ribbon of Fe

ness was evaluated according to GOST 2789 — 73 using
a NewView 7300 profilometer (Zygo, USA).

[l RESULTS AND DISCUSSION

Figure 1 shows the appearance of both sides
of the Feg, ;Ni,, B, , amorphous alloy ribbon in its as-
fabricated state. Unlike the non-contact side, which has
a mirror-like surface (Fig. 1, a), the contact side exhi-
bits extended surface irregularities such as dimples,
cavities, and gas streaks elongated along the ribbon axis
(Fig. 1, b). The formation of this microrelief is associated
with the interaction of the melt puddle with the boun-
dary gas layer on the non-ideal surface of the cop-
per quenching drum [31]. These defects create inter-
nal stresses that adversely affect the magnetic response
of the alloy [32 —34]. Therefore, developing a laser
modification technique and selecting an effective mode
for smoothing the rough surface of amorphous ribbons,
while improving their wear resistance and maintaining
the amorphous structure, are essential research tasks.

After excimer UV laser irradiation under the first
mode, surface transformations of the AA were examined
(Fig. 2).

The results show that laser processing contributes
to the elimination of surface roughness on the contact
side of the ribbon. However, at a frequency of 2 Hz,
the process proceeds unevenly. In the center of the irra-
diated circular area, a distinct “healing” of irregulari-
ties is observed (Fig. 2, a), while toward the periphery,
large surface defects often remain unaffected by the laser
(Fig. 2, b).

At frequencies ranging from 10 to 50 Hz, the laser
impact becomes more uniform across the entire irradia-
ted zone (Fig. 2, ¢ — e), although the degree of reduction
in surface height irregularities (parameter R ) varies.
Fig. 3 presents profilometry results for the ribbon in both

533156 5B, , amorphous alloy before irradiation

Puc. 1. Mopdornorust HEeKOHTaKTHOH (a) 1 KoHTakTHOM (b) cTopoH neHTsl AC Fe
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Fig. 2. Dependence of morphology of irradiated surface

Ni, .B,,, amorphous alloy at 100 pulses on the pulse frequency:

a — 2 Hz (center of irradiation zone), b — 2 Hz (edge of irradiation zone);
c¢—10Hz,d—-20 Hz,e— 50 Hz

of Fe, ,

Puc. 2. Mopdonorus o6nyuennoii nosepxuoctu AC Fe,, Ni) B, ,

rpu 100 nmmysbcax B 3aBUCHMOCTH OT U3MEHEHHUS YaCTOTHI
UX CIIEZ0BaHUS:
a— 2 T'u (ueHTp 30HBI 00my4eHus); b — 2 Iy (kpaii 30HbI);
c—10Tw; d—20Tw; e— 50 I'n

the initial state and the laser-irradiated regions shown in
Figs. 1 and 2. The surface topography was scanned per-
pendicular to the ribbon axis.

The best smoothing effect, including the collapse
of volumetric accumulations of gas streaks, was achieved
at a pulse repetition frequency of 20 Hz (Fig. 2, d; curve 6
in Fig. 3).

The calculated surface-relief data are summarized in
the Table, confirming that 20 Hz is the optimal frequency
for laser modification aimed at leveling the contact
side of the ribbon and bringing its quality closer to that
of the ideally smooth non-contact side, which corre-
sponds to the highest (13'%) surface roughness class.

Subsequently, the mechanical response of the alloy
was evaluated by measuring hardness after laser irradia-
tion. Under 100-pulse irradiation, an increase in pulse
frequency leads to material softening (Fig. 4, curve /).
At f=20 Hz, the hardness H,, decreases by approxi-
mately 35 % relative to the initial value (H,,, = 6 GPa)
of the untreated alloy. At /= 50 Hz, H, slightly increases
to 5.4 GPa.

When the number of pulses increases to 500,
the dependence H,,(f) exhibits a more complex behavior,
with two pronounced maxima at 2 and 20 Hz (Fig. 4,
curve 2). At f=50 Hz, a softening effect is observed —
the hardness decreases to 5.8 GPa, approaching the value
obtained for 100-pulse irradiation at the same frequency.
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Fig. 3. Surface profilograms of the ribbon of Fe,, ,Ni . .B
amorphous alloy before and after laser irradiation:
1 and 2 — non-contact and contact sides (without treatment);
3 —2 Hz (center); 4 — 2 Hz (edge); 5 — 10 Hz; 6 —20 Hz; 7 — 50 Hz

20.2

Puc. 3. Ilpodunorpamms! noepxHoctH JeHTEI AC F 653’3Ni26’5B20’2
JI0 ¥ TIOCIIE JTa3ePHOTO 00Ty eHHSI:
1 ¥ 2 — HeKOHTAaKTHAsI ¥ KOHTAKTHas CTOPOHEI (Oe3 00paboTku);
3—2T'u (uentp); 4 — 2 I'u (xpait); 5— 10 I'y; 6 —20 'y 7— 50 '
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Surface profilometry parameters of Fe_, \Ni, B

26.5720.2

amorphous alloy before and after laser irradiation

at 100 pulses, £ = 150 mJ, W = 0.6 J/cm? and varying frequency,
I and II — non-contact and contact sides of the ribbon

Iapamerpsl npodunomerpun nosepxHoctu AC Fe

53’3N126’5B20,2 J10 M TocJIe JIa3epPHOro 00Jy4eHus

100 umnynncamu, E = 150 m Ik, W= 0,6 [[:/cM? npu BApLUPOBAHUM YACTOTHI,
I u Il — HeKOHTAKTHASI 1 KOHTAKTHASI CTOPOHBI JIEHTHI

Before After
irradiation irradiation
Surface characteristic /. Hz
1 Vi 2
10 20 50
center | edge
Height of irregularities R_, um 0.08 | 1.60 | 0.19 | 1.00 | 0.39 | 0.10 | 0.78
Surface roughness class 13 9 12 9 11 13 10

Thus, it can be concluded that excimer laser treatment
at 100 pulses, =20 Hz, E=150mJ, W= 0.6 J/cm? is
an effective way to enhance the plasticity of the amor-
phous alloy. The mechanism underlying the hardness
decrease observed for curve / in Fig. 4 can be interpreted
as follows. During irradiation, short laser pulses with high
energy density propagate from the surface into the mate-
rial, generating an intense shock wave [12; 13]. When
the peak pressure of the shock wave exceeds the yield
strength, the amorphous alloy undergoes plastic deforma-
tion. The formation of a residual stress regions containing
shear bands and free volume form within the ribbon is
facilitated, resulting in improved plasticity [14].

In contrast, irradiation under the 500-pulse mode
(curve 2 in Fig.4) at E=150mJ and W =0.6 J/cm?
leads to optimal hardening within the amorphous state
at =2 Hz and to maximum hardening within the amor-

10

H,, GPa

0 10 20 30 40 50
1. Hz
Fig. 4. Laser frequency dependence of hardness of Fe; ,Ni,  .B

265202
amorphous alloy:
1 —100 pulses; 2 — 500 pulses

Puc. 4. 3aBucumocrts tBepaoct AC Fe,, (Niy( (B, ) oT yactoTsl nasepa:
1 — 100 ummynbcoB; 2 — 500 uMIynbcoB
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phous—nanocrystalline state at /=20 Hz, as confirmed
by TEM observations.

Figs.5 and 6 present TEM images illustrating
the structural evolution of the studied alloy as a function
of pulse number and frequency.

Under the first laser processing mode (100 pulses),
the amorphous structure is preserved within the fre-
quency range f=2—20 Hz (Fig. 5, a — d). The selected
area electron diffraction patterns show two diffuse halos
characteristic of the amorphous phase, while the TEM
images display a characteristic fine “salt-and-pepper”
contrast that remains essentially unchanged when switch-
ing from bright-field to dark-field imaging. However,
at =20 Hz, a slight disturbance of the homogeneous
contrast is observed (Fig. 5, ¢), accompanied by halo
broadening, which indicates the onset of structural rear-
rangement preceding crystallization. The amorphous
matrix locally reorganizes, facilitating plastic deforma-
tion processes. This structural relaxation manifests itself
as a decrease in the hardness parameter H,,.. At this irra-
diation frequency, the free volume undergoes rearrange-
ment and coalescence, promoting the formation and pro-
pagation of shear bands.

At f=50 Hz, nanocrystals of a-Fe with a BCC lattice
and y-Fe with an FCC lattice precipitate within the amor-
phous matrix, with a total volume fraction of about 40 %
(Fig. 5, e). The nanocrystal size ranges from 20 to 70 nm.
The coexistence of amorphous and nanocrystalline phases
leads to an increase in hardness.

Under the second irradiation mode (500 pulses),
the transition from the amorphous (Fig. 6, @) to the amor-
phous — nanocrystalline state occurs at lower frequen-
cies, i.e., at f=20 Hz (Fig. 6, b). The coexistence of two
structural components, together with high hardness, pro-
vides conditions for the development of plastic shear.
In Fig. 6, b, the propagation of shear bands is visible,
including their looping, branching, and braking on nano-
crystals.
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Fig. 5. TEM images and the corresponding selected area electron diffraction patterns of Fe

Ni, B, , amorphous alloy structure

533

after laser treatment at 100 pulses:
a — 2 Hz, bright-field image; b — 2 Hz, dark-field image;
¢ — 20 Hz, bright-field image; d — 20 Hz, dark-field image; e — 50 Hz, bright-field image

Puc. 5. TIDM-n300paxeHus: 1 MUKpO3JIeKTpoHOrpamMMbl cTpyKTypsl AC Fe

533Nl 5By , TIOCIE MA3epHOlt 06pabotkn 100 nmiynbcamu:

a — 2 I'u, ceemnnoe mone; b — 2 I'm, TeMHOE TT0JI€;
¢ —20 T'u, ceernoe noine; d — 20 I'u, Temuoe mosne; e — 50 T, cBeToe moie

Fig. 6. TEM images and the corresponding selected area electron diffraction patterns of Feg; ,Ni . B, , amorphous alloy structure
after laser treatment at 500 pulses:
a — 2 Hz, dark-field image; b — 20 Hz, bright-field image; ¢ — 50 Hz, bright-field image

Puc. 6. IIDM-n300paxkeHus: 1 MUKpOdJIeKTpoHOrpamMMbl cTpyKTypsl AC Fe

533Nl 5By , TIOCIE MA3epHOl 06paboTkn 500 umiTynbcamu:

a — 2 T'u, remuoe none; b — 20 'y, ceemioe none; ¢ — 50 ', cBemioe mose

An increase in pulse repetition frequency to f= 50 Hz
stimulates crystallization processes in the alloy. Along
with the formation of crystalline a, y-(Fe,Ni), and eutec-
tic y-(Fe,Ni) + Fe,B phases, grain growth is observed
(Fig. 6, ¢), which leads to softening, i.e., a decrease in
H,, (curve 2 in Fig. 4).

- CONCLUSIONS

Nanosecond excimer UV lasers offer significant
advantages for low-cost, environmentally friendly, high-

precision, and selective processing of amorphous alloys
with minimal material loss. They ensure efficient energy
transfer and can achieve high laser energy densities. With
properly selected parameters, such treatment can activate
either structural rejuvenation of the amorphous alloy —
accompanied by loosening and softening that improve
workability and formability — or partial crystallization
aimed at achieving optimal strength combined with satis-
factory plasticity.

It has been demonstrated that excimer UV laser irra-
diation of the contact (matte) side of the rapidly melt-
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quenched Fe, ,Ni, B, , amorphous alloy ribbon under
the selected mode (100 pulses, f=20 Hz, £ =150 mJ,
W =0.6J/cm?) most effectively modifies the surface
relief, reduces roughness, and eliminates manufacturing
defects such as pores and gas streaks formed during melt

spinning.

A nonmonotonic dependence of the H,, hardness
of Fe,, ,Ni,, .B, , on the laser pulse repetition frequency
was established. Irradiation with 100 pulses at 20 Hz
produces a pronounced softening effect while preserving
the amorphous structure. Atomic rearrangements occur
without long-range diffusion. Increasing the pulse num-
ber to 500 leads to energy accumulation within the mate-
rial and intensified laser heating, resulting in a two-stage
hardening at 2 and 20 Hz followed by a hardness drop
at 50 Hz. This behavior is associated with a transition
from structural relaxation in the amorphous alloy (invol-
ving local topological and compositional ordering)
to crystallization processes characterized by nucleation
and emergence of crystalline phases and grain growth.
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