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Introduction

Amorphous and amorphous-nanocrystalline metal alloys 
have a great potential for practical use. The unique proper-
ties of such alloys are in demand in metallurgy, mechanical 
engineering, aviation, nuclear engineering, etc. [1–3]. Such 
materials are used in various fields of technical electronics, 
are part of structural composites, corrosion-resistant equip-
ment elements, and so on. 

The practical use of amorphous alloys is expanding. 
Unfortunately, a significant part of the new amorphous al-
loys, especially bulk amorphous alloys, has a high cost. In 
this regard, amorphous iron-based alloys are of particular in-
terest, since in addition to good performance properties [4], 
such alloys are relatively cheap. The creation of new methods 
for forming the properties of amorphous iron-based alloys 
will expand the scope of their practical use.

Common and standardized methods for optimizing the 
properties of conventional metal alloys are constantly being 
improved, but they can rarely be applied to amorphous-
nanocrystalline structures [5–9]. The attempt to apply 
standard processing methods leads either to the mechani-
cal destruction of such materials, or to the destruction of 
their structural state.

As a rule, in amorphous nanocrystalline materials, the 
plastic characteristics significantly decrease with an in-
crease in the microhardness index HV. For example, in the 
process of thermostatic, the material passes into the na-
nocrystalline/crystalline state, and the main factor affecting 
the reduction of the plastic characteristic is a decrease in 
the proportion of the amorphous phase and formation of 
nanocrystals [1–3, 10]. Superhard amorphous-nanocrys-
talline materials are usually brittle. Additional processing 
by classical methods of influencing the structure of the 
material dramatically reduces the useful properties, and in 

©  Ushakov I. V. , Safronov I. S., 2021

some cases provokes a complete transfer of the sample to 
the crystalline state. 

Modern technologies for the production are actively in-
troducing methods of high-energy surface treatment of parts. 
These include the impact of the laser impulse, electricity 
plasma methods, etc [5, 11–13]. With the optimal selection 
of laser exposure modes, it is possible to create a thin layer 
on the surface with a certain change in the structural state 
of the material. It is usually accompanied by an increase in 
the mechanical characteristics of the sample as a whole. 
Experimental data confirm the possibility of the formation 
of certain properties in local areas under the influence of 
a given number of laser impulses, lasting several nanosec-
onds. Laser processing can affect not only the properties of 
amorphous-nanocrystalline metal alloys, but also to be effec-
tive for metals and alloys based on iron, cobalt, etc [11, 14]. 

Thus, the study of the possibility of controlling the physi-
cal properties of amorphous-nanocrystalline metal alloys by 
laser treatment of nanosecond duration is the goal of this 
work.

Laser treatment of steel and metal alloys in metallurgy

The laser treatment is the most effective and high-quality 
method of cutting steel and metal alloys in metallurgy and 
mechanical engineering (Fig. 1). The laser cuts well any met-
als with various coefficients of heat conductivity. The high 
energy power of the laser beam ensures that the steel melts in 
the cutting area [14]. Advantages of laser treatment of steel: 
there is no mechanical deformation of the steel billet com-
pletely, since the thermal impact zone is very limited; the 
high accuracy and speed of treatment; the edge in the laser 
cutting zone of steel is very smooth, without influxes and 
burrs. The most demanding laser technologies in metallurgy 
and mechanical engineering are: the direct laser sintering, 
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the laser and laser-mechanical bending, the laser cutting, 
the laser drilling and the laser welding. With help of the laser 
beam we can cover surfaces and change the properties of 
steels and metal alloys.

The technology of direct laser sintering of metals allows 
you to make samples of steel and metal parts of any geomet-
ric shape. Using the laser beam, you can uniformly fuse the 
metal powder on the surface of the steel billet or along its 
contour. 

At laser bending steel, the laser beam heats the treatment 
area of the steel sheet. Under the influence of the appearing 
thermomechanical stresses, the steel sheet bends. At laser-
mechanical bending, the bending place of the steel sheet is 
first heated by the laser beam, and then mechanical bending 
is performed, which allows us to get a larger bending angle 
at smaller radius of curvature. 

The technology of laser cutting of steel allows us by using 
a laser beam to perform thermal cutting of steel sheets, pipes 
and profiles. The laser drilling of steel is carried out without 
removing chips. In the zone of laser influence, the steel is 
ionized, turns into plasma and evaporates. The laser welding 
of steel is used to connect steel workpieces and details. It is 
differed by great depth and high speed. As a result, we obtain 
the thin and high-quality weld.

Experimental procedure

Studies on the formation of certain mechanical charac-
teristics were carried out using an amorphous-nanocrystalline 
metal alloy. This material was obtained from an amorphous 
metal alloy 82K3HSR with cobalt and iron. The amor-
phous alloy was a thin film (thickness 30 µm), from which 
rectangular samples of 25×30 mm were cut. The prepared 
samples were transferred to the amorphous-nanocrystalline 
state by thermostatic, after which they were applying in a 
polymer substrate with a metal base. The substrate material 
is a polyester putty with a micro-glass fiber additive, which 
has the necessary physical and chemical characteristics and 
mechanical strength (microhardness 3.6×108 Pa). 

Laser treatment of thin film surface was performed on 
the ELS–01 unit. Pumping energy of single impulse was 
50–100 mJ with a wavelength of 1064 nm. Exposure time 
of laser impulse is 15–20 nanoseconds. The reflow regions 
were formed in the form of a band from sequentially super-
imposed rounded regions with a step between their bounda-

ries of 40–50 µm (sample velocity 10-2 m/s) with a width of 
450–500 µm at an impulse repetition frequency of 50 Hz. 

Mechanical characteristics were determined using a 
Vickers pyramid on a modernized PMT–3 microhardness 
tester. The reference point was considered to be the center of 
the reflow zone — a straight line dividing the reflow strip into 
two equal parts. To assess the viscosity of micro-destruction the 
load on the indenter was carried out with a force of up to 3 N.

Experimental results

Experimental studies of samples of amorphous-nanocrys-
talline metal alloy were based on the method of determining 
the microhardness and viscosity of micro-fracture. The me-
chanical characteristics were evaluated using well-known and 
generally accepted mathematical calculations [15–21]. In ac-
cordance with the obtained data, a graph of the dependence of 
the microhardness on the distance to the center of the reflow 
zone was plotted. The selected temperature range of furnace 
annealing of 803–993 K was divided into groups according to 
the known data of X-ray images of this metal alloy [10]. X-ray 
images of the temperature range include several structural-
phase transitions. The initial amorphous metal alloy is con-
verted to the amorphous-nanocrystalline state at temperature 
of more than 550 K. The second metastable phase is observed at 
temperatures of  825–840 K. The third metastable phase corre-
sponds to the temperatures of  850–940 K. Most of the material 
undergoes changes, which can be traced by an increase in the 
crystal peaks on X-ray images [10]. A further increase in the 
temperature exposure, above 970 K, leads to an almost com-
plete transfer of the amorphous matrix to the crystalline state. 
As the destruction of the amorphous-nanocrystalline structure 
of the material is in a great measure loses its unique properties. 

Fig. 2 shows the obtained experimental data on the de-
pendence of microhardness on the distance to the center of 
the laser reflow zone for furnace annealing temperatures 
of 803–993 K. Changes in microhardness, depending on 
the distance to the axis of the laser reflow area, occur quite 
smoothly for samples annealed at temperatures of 803–838 K.  
The microhardness inside the fused zone decreases slightly 
in relation to the initial sample, then increases in the bor-
der area (the fourth group of points) and does not change 
as it moves away from the border of the laser exposure zone. 

Fig. 1. Laser welding of the steel pipe’s ends (left) and laser 
cutting of steel sheet (right)

Fig. 2. The nature of the change in the microhardness of samples 
of an amorphous-nanocrystalline metal alloy depending 
on the distance to the center of the laser processing band 
at a load on the indenter of 0.98 N
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The microhardness inside the processing zone and on the 
initial material differs on average by 2–2.5 GPa. In the two 
dependences, the peak value of microhardness is observed 
in the boundary region of laser processing and approaches 
the maximum value (Fig. 2). Inside the reflow band, the 
microhardness decreases by 4 GPa, compared to the initial 
material. Such changes can be determined by the processes 
of recrystallization or repeat surface amorphization of the 
material as a result of laser processing. The temperature 
range of furnace annealing 853–883 K is characterized by 
the predominance of the amorphous phase.

The combined effect of a nanosecond laser impulse can 
lead to a number of effects. The pressure of the laser plasma 
leads to the hardening of the boundary zone due to the dis-
placement of the melted material from the irradiation area 
and its deposition on a solid nanocrystalline material. As a 
result, a composite is formed: a plastic surface layer and a 
solid nanocrystalline substrate. At a distance of 600 µm from 
the center of the reflow zone, a slight decrease in microhard-
ness is observed, which is associated with the recrystallization 
of the heated material. 

The annealing temperature group 893–943 K corresponds 
to the third metastable phase of an amorphous-nanocrystal-
line metal alloy. As can be seen from Fig. 2, a smooth increase 
in microhardness is observed on the fused region (the second 
and third points of dependence). 

For better understanding the nature of changes in the me-
chanical characteristics of samples under mechanical loading, 
an additional parameter was introduced — the parameter vis-
cosity of micro-fracture. Common techniques applicable to 
classical metal alloys cannot be fully applied to thin films of 
an amorphous-nanocrystalline metal alloy. The determination 
of this parameter will allow us to determine the possibility of 
increasing the microhardness and reducing the brittleness of 
destruction of an amorphous-nanocrystalline sample. This 
technique is based on the study of the nature of material de-
struction when loading local areas with a Vickers pyramid. 
Microcracks when penetration the indenter takes place, in 
most cases form symmetrical shapes in the form of nested 
squares on the brittle material. The absence of cracks indi-
cates a high viscosity. On the base of analysis of distances be-
tween parallel micro-cracks it is possible to calculate viscosity 
of micro-fracture [11, 16]. At the milli- and micro-level, the 

strength depends on both the microhardness and the micro-
fracture toughness. To estimate the viscosity of micro-fracture, 
a load of 2.94 N was used, which led to more than 80 % of the 
cases of crack formation. The nature of the change in the vis-
cosity of micro-fracture must be compared with the depend-
ence of the microhardness for the same loads. Fig. 3 shows the 
dependence of the microhardness on the distance to the center 
of the reflow zone with a load of 2.94 N.

In the center of the reflow zone, there is a slight decrease 
in the microhardness of the material (Fig. 3) for temperatures 
of 803–883 K and 953–993 K. As you move away from the 
laser exposure boundary, the hardness practically does not 
change. Starting from a distance of 360 microns, the hardness 
parameters are similar for all furnace annealing temperatures 
with minor differences. The minimum values that are typical 
for an amorphous material or a material that has passed into 
a crystalline state are also noted. This feature manifests itself 
in the temperature range of 893–943 K. The microhardness 
decreases within the reflow zone to the border areas. 

The viscosity of micro-fracture was calculated, com-
bined into temperature groups, averaged, and a graph of the 
dependence was plotted (Fig. 4). The exponential depend-
ences on the graph show changes in the parameter viscosity 
of micro-fracture ε. In general, the fracture pattern is similar 
for the temperature range 803–838 K. Significant differences 
in the parameter viscosity of micro-fracture begin at an an-
nealing temperature above 863 K. The following depend-
ence is typical for the furnace annealing temperature range 
of 853–883 K. A high parameter viscosity of micro-fracture 
is characteristic of the central part of the laser processing 
band, and then decreases to the initial level of the untreated 
sample. The plastic characteristic ε on the initial sample is 
the same for all temperature ranges of furnace annealing. 
This confirms high brittleness of the material as a result of the 
extensive destruction formation of micro and macro-regions 
in the indenter’s indentation zone.

The first two points (the fused region) are of primary impor-
tance on the graph of the temperature range 853–883 K (Fig. 4),  
where high microhardness values are maintained without re-
ducing the plastic characteristic. An increase in the viscosity of 
micro-fracture can be defined as an increase in the energy in-
tensity of the destruction of a material under mechanical action. 
In some cases, at annealing temperatures that are within the 

Fig. 3. The character of the change in the microhardness of 
samples of an amorphous-nanocrystalline metal alloy 
as a function of the distance to the center of the laser 
processing band under the load on the indenter of 2.94 N

Fig. 4. The exponential dependence of the viscosity of micro-
fracture on the distance to the center of the laser 
processing zone of samples annealed in the temperature 
range of 803–838 K and 853–883 K
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range of phase transitions, the microhardness increases in the 
center of the laser exposure band. This indicates the possibility 
of a simultaneous increase in the microhardness and viscosity 
of micro-fracture even at high loads on the indenter (2.94 N  
or more). The optimal selection of the processing modes of 
temperature control and laser exposure to local areas will in-
crease the mechanical characteristics of the material as a whole. 

In the case of similar plastic properties of a thin film of an 
amorphous-nanocrystalline metal alloy, it is possible to use 
common mathematical methods of calculations and mod-
eling [14–21]. The dependences of the viscosity of micro-
fracture on the distance to the center of the reflow zone shown 
in Fig. 4 are typical for one-sided processing of the material. 
However, there is a possibility of simultaneous improvement 
of mechanical characteristics during two-way processing of 
samples, as was discussed in some papers [11]. According 
to the data of X-ray diffraction analysis, as a result of laser 
processing, there is no change in the structural state. Such 
processing can significantly increase the required param-
eters while maintaining the unique physical properties of the 
amorphous-nanocrystalline metal alloy [11–13, 22]. 

Of great importance in determining the mechanical 
properties of the material is the nature of the fracture and 
the formation of cracks on the surface of the sample (Fig. 5).  
The region of an amorphous nanocrystalline metal alloy 
with a thickness of 30 microns is brittle when indented by 
the Vickers pyramid.

The Fig. 5 shows the characteristic micro-pattern of de-
struction, which is typical for a thin and brittle sample. The 
fracture micro-pattern is a system of cracks oriented along 
the faces of the indenter. There are also ring and trunk cracks 
there, which in most cases 
lead to the destruction of 
macroscopic sections of 
the sample. Microfractures 
crossing the laser-treated 
zone boundary were not ob-
served; their development 
was inhibited at the boundary 
of the melted region. There 
are practically no shear strain 
lines in these areas.

Inside the fused strip, on 
an amorphous-nanocrystal-
line metal alloy, the dam-
age is minimal or absent. 
Around the print from the 
indenter is the formation 
of lines of shear deforma-
tion. Cracks form only at 
maximum loads (3–4 N) 
and most of them are in-
hibited at the initial stages 
of development. Based on 
the experimental results 
obtained, based on the 
graphical dependences of 
the mechanical character-

istics of the samples, it can be concluded that it is possible to 
maintain the microhardness at an acceptable level with an 
increase in plasticity in the areas treated with a nanosecond 
laser impulse. 

The local treated areas retain the amorphous-nanocrys-
talline state as a whole without changes, which makes it 
possible to use the material for its intended purpose without 
problems [14]. Thus, it is possible to optimize the physical 
and mechanical characteristics of an amorphous-nanocrys-
talline metal alloy with subsequent treatment by nanosecond 
laser impulses.

Conclusions

1. The presented method of processing is effective for 
thin films of amorphous-nanocrystalline metal alloy. The 
processed material is able to withstand significant mechani-
cal loads without macro-destruction. The main advantage 
of the method of laser modification of the sample surface 
is the preservation of the structure of the metal alloy in the 
amorphous-nanocrystalline state. 

2. On samples corresponding to the central part of the 
metastable amorphous-nanocrystalline phase, a simultane-
ous increase in the microhardness and the viscosity of mi-
cro-fracture was determined. Thus, it is possible the effective 
control of the material properties under nanoseconds laser 
impulse processing. 

3. The method of selective laser processing has been 
successfully tested for various amorphous-nanocrystalline 
structures. The prospects for further development of this 
method are related to the development of technologies for 

Fig. 5. Micro-pictures of the destruction of local areas after loading a Vickers pyramid on the samples 
annealed in temperature range 803–993 K: a) the initial area, not subjected to laser impulse;  
b) border region (the black arrow marks the boundary of the reflow, and the white arrow 
marks the developed crack along the boundary); c) the center of the melted zone (annealing 
temperature range 853–893 K, the arrows indicate the region braking cracks); d) the center of 
the melted zone (annealing temperature range 803–838 K, the arrow marks the circular and 
main crack)
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its application to amorphous metal alloys with a different 
chemical composition. This is especially important for amor-
phous alloys based on iron, which is a common and cheap 
chemical element.
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