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Abstract. Increasing the duration and quality of human life requires solving a number of 
medical and materials science problems, in particular, the creation of materials designed for 
long-term work in contact with the biological environment. When creating such materials for 
medical devices, it is necessary to take into account that they must meet strict requirements, 
namely, be biologically compatible with tissues, have corrosion resistance to various 
biological fluids and have increased wear resistance. The study of the effect of Ti 
microstructure on microhardness and its corrosion resistance in physiological environments is 
necessary to create implants designed for long-term work in contact with the biological 
environment of the body. In accordance with this, the purpose of this work was to establish 
the nature of the relationship between the structural properties of ultrafine-grained Ti with 
different sizes of crystallites (grains) obtained using equal-channel angular pressing (ECAP) 
of different intensity, namely with a different number of processing cycles, on the 
microhardness and stability of Ti in a corrosive environment. 
Keywords: ultrafine-grained titanium; corrosion resistance; microhardness; intense plastic 
deformation; implants 
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Introduction 
Currently, titanium is widely used as a material for dental implants. This is explained by a 
number of physical and mechanical properties of both pure Ti and its alloys, such as: high 
elasticity modulus, tensile strength, fatigue strength combined with low cytotoxicity. At the 
same time, Ti, due to the presence of a natural 2-6 nm thick oxide layer, is passive to most 
existing corrosive media under standard (e.g. physiological) conditions. A number of 
studies [1,2] have shown how the thickness and protective properties of the oxide film  
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on the Ti surface depend on the external conditions of the physiological environment. Our 
research was aimed at identifying the relationship between the nano- and microstructure of Ti 
and its corrosion resistance in the physiological environments. Mechanical processing of 
metals makes it possible to obtain nanostructured Ti with a reduced crystallite size in order to 
enhance its physical and mechanical characteristics. In particular, severe plastic deformation 
(SPD) of Ti and its alloys is used for the production of ultrafine-grained titanium (UFG-Ti) 
with a tensile strength above 1000 MPa [3–6], which is significantly higher than the usual 
values of the tensile strength of coarse-grained (CG) Ti.   

The main studies devoted to the corrosion stability of Ti with a reduced crystallite size 
were aimed at identifying the relationship between corrosion resistance in acidic media (HCl, 
H2SO4) and the microstructure of samples [7–9]. A number of studies are devoted to Ti 
corrosion in artificial physiological media (simulated body fluid) [10–12]. The conducted 
studies show that the corrosion resistance of UFG-Ti is explained by a combination of the 
effects of grain size reduction and the basic surface texture [11,13,14]. 

It is known that electrochemical corrosion of Ti in saliva-type physiological media can 
trigger allergic reactions [15], in addition, the presence of Ti ions can have a negative effect 
on the survivability and differentiation of osteoblasts [16], which certainly affects the 
feasibility and prospects of using dental implants. It is also known that prophylactic agents 
often contain fluorides in their composition, which lead to the destruction of the passivation 
film on the Ti surface and its further dissolution [17]. A comprehensive analysis of the 
mechanical and corrosion properties of UFG-Ti will expand the scope of application of this 
type of materials in implantology [18,19]. In accordance with this, the purpose of this work 
was to establish the nature of the relationship between the mechanical and structural 
properties of UFG-Ti with different sizes of crystallites (grains) obtained using Equal channel 
angular pressing (ECAP) of different intensity (with different number of processing cycles), 
and its resistance in a corrosive environment. As a corrosive medium, an environment was 
chosen that, in terms of salt composition and temperature regime, is close to physiological 
body fluids and at the same time enriched with fluoride ions. The results will contribute to the 
development of methods for synthesizing materials for implantology with specified 
mechanical and corrosion properties. 
 
Experimental 
Microhardness measurements. Square-shaped Ti samples were made from rods of 
commercially available Ti ASTM Grade 4 alloy of nominal composition (wt. %) Fe 0.10 %, 
Si 0.12 %, O 0.04 %, N 0.01 % H and 0.3 % other elements. The samples were subjected to 
severe plastic deformation (SPD) on an ECAP unit with a channel intersection angle of 105° 
at 400 °C. Depending on the number of repeated passage cycles in the ECAP channel, the 
samples are designated UFG 2, UFG 4, UFG 6, UFG 8, UFG 10, UFG 12, respectively. The 
sample designated "(CG) coarse grained" was used without deformation treatment as a 
reference. 

Thick (3 mm) samples were cut transversely from the rods of the material on an electric 
erosion machine, filled with epoxy resin into the slice, and then their surface was 
mechanically polished on carbide-silicon sandpapers of grades 320, 600, 800, 1000 and 1200, 
and then sequentially polished on a Buehler Automet 250 grinding and polishing machine 
using polishing suspensions based on corundum and silicon oxide (5, 1 µm, 200 and 50 nm), 
respectively. At the end of the mechanical processing, the samples were extracted from the 
fillings, washed in an ultrasonic bath in isopropanol and deionized water and dried. 

Transmission electron microscopy. TEM studies of the structures were performed on 
transmission electron microscopes JEM 2000EX and JMX200CX at accelerating voltages of 

https://www.sciencedirect.com/topics/materials-science/equal-channel-angular-extrusion
https://www.sciencedirect.com/topics/materials-science/equal-channel-angular-extrusion
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200 and 120 kV, respectively. Foils for electron microscopic studies were prepared by 
standard methods on a jet electropolishing device. 

Measurement of microhardness. Microhardness was measured on a HMV-2T 
microhardometer manufactured by Shimadzu Corporation, which allows stepwise application 
of loads from 250 mN to 20 N. The Vickers method of the recovered print was used. The 
indenter was a regular four-sided diamond pyramid with an angle of 136° between opposite 
faces. The correctness of the microhardness determination was checked by reference samples 
with hardness 278 HV, 467 HV and 768 HV. Hereafter, the hardness is given in 
conventional HV units in accordance with the standards; the implied physical dimension is 
[kgs/mm2]. For each material, 10 hardness determinations were carried out on 2 separate 
samples, the values were averaged, indentation was carried out near the geometric center of 
the grinds with the application of a load for 15 seconds. 

Electrochemical measurements. All electrochemical measurements were carried out 
using a Solartron 1287 potentiostat/galvanostat with a Solartron 1260 impedance meter 
(Solartron Analytical) with native software. An original electrochemical cell was made 
according to the classical three-electrode scheme with a sponge Pt counter electrode, a AgCl 
electrode with a saturated KCl solution connected to the cell via a salt bridge (Luggin 
capillary) served as a reference electrode, a Ti sample was the working electrode. The 
potentiodynamic measurements were carried out with a standard sweep speed of 
0.1667 mV/s. During measurements in the cell, the solution was maintained at 35 ± 0.5 °C 
using an external thermostat. 15 minutes before and during the measurement, the solution was 
stirred with a mechanical stirrer and bubbled with nitrogen (purity 99.999, 100 mL/min). A 
working solution of 0.15 M NaCl and 0.05 M NH4F was prepared from chemically pure 
reagents using deionized water (25 MOhm∙cm, Millipore Simplicity UV). 500 mL of the 
solution was used for each measurement. The pH was maintained at 7.2 with a pH electrode 
control on the Hanna Instruments meter. 
 
Results and Discussion 
Microstructure of samples. To determine the microstructure of samples subjected to SPD, 
their high-resolution EBSD maps were obtained, fragments of which are shown in Fig. 1. 
These maps show a complex grain structure, grain size and grain boundaries in Ti samples: 
small-angle (SA), large-angle (LA), as well as double grain misorientation.  

Already after the first two ECAP cycles (sample UFG 2), the transformation of the 
initial titanium grains led to a microstructure complication (Fig. 1(b)). In Russian 
publications, it is also known as fragmentation [9]. During the further increase of accumulated 
deformation, intensive formation of equiaxed grains of submicrocrystalline size took place in 
the structure of UFG 4 and UFG 6 samples (Fig. 1(b,c)). Note also the almost complete 
disappearance of the twin boundaries from the microstructure (Fig. 1(c)) as the deformation 
increases.  

A further increase in deformation in UFG 8 - UFG 12 samples did not lead to significant 
changes in the microstructure morphology, but only contributed to a gradual increase in the 
small grains fraction (Fig. 1(g)).  

Figure 2 shows the dependences of the density of small-angle and large-angle grain 
boundaries, as well as the total density of the boundaries on the number of ECAP cycles. It is 
possible to note an increase in the proportion of large-angle grain boundaries as a result of 
SPD after 1-12 cycles of ECAP and a decrease in the proportion of small-angle grain 
boundaries after 8 cycles of ECAP. 
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Fig. 1. Fragments of high-resolution EBSD maps of the material after various ECAP 

stages: coarse grained (CG) (a), 2 cycles (b), 4 cycles (с), 6 cycles (d), 8 cycles (e),  
10 cycles (f), 12 cycles (g). On the SD cards SA, LA, and disorientation 85° <2110> and 

74° <2110> are indicated by red, black, blue and green lines, respectively 
 

 
 

Fig. 2. Dependences of grain boundary density (a) and the proportion of large-angle 
boundaries (b) on the number of ECAP cycles 
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The crystallite sizes in the samples measured using the scattered electrons diffraction 
are shown in Table 1. These values indicate that SPD of Ti samples led to a significant 
decrease in the grain size. 

 
Table 1. Average size of CG-Ti crystallites and SPD-subjected Ti samples 

Sample Size of crystallites, µm 
CG-Ti 30-60 

UFG-Ti 2 5.0-10.0 
UFG-Ti 4 1.0 
UFG-Ti 6 0.5-1.0 
UFG-Ti 8 0.4-0.6 

UFG-Ti 10 0.2-0.3 
UFG-Ti 12 0.2 

 
Microhardness measurements. When measuring hardness using the Vickers method, a 

well-known difficulty is the dimensional effect – the dependence of the measured hardness on 
the magnitude of the applied load or the depth of indenter insertion (indentation size effect). 
Therefore, to determine the load boundary at which this effect influences the results, 
microhardness was measured on the samples of CG and UFG-Ti 10 at loads 0.01, 0.025, 0.05, 
0.1, 0.2, 0.3, 0.5, 1 and 2 HV (98.07, 245.20, 490.30, 980.70 mN, 1.960, 2.942, 4.903, 9.807 
and 19.614 N, respectively), see Fig. 3.  

The resulting hardness values become almost constant at loads above 0.3 HV (Fig. 3). 
As a result, we selected a load of 0.3 HV as the operating value. The obtained microhardness 
data of the samples are shown in Fig. 4. 
 

  
 

Fig. 3. Dependence of microhardness (at 15-
second exposure) on the applied load for the 

CG-Ti comparison sample and for UFG-Ti 10 
sample subjected to 10 cycles of ECAP 

 
Fig. 4. Change in the microhardness 

measured at a load of 0.3 N for 15 seconds 
for Ti, depending on the ECAP cycles 

number 
 

It can be seen that, in general, UFG-Ti samples exceed CG-Ti samples in microhardness 
by more than 1.5 times, while the microhardness dependence on the number of SPD 
treatments is much weaker. 

Apparently, the increased hardness of UFG-Ti is mainly a consequence of a grain size 
decrease. The grain size decrease, in turn, is associated with high shear deformations that 
occurred in the material during processing. According to ECAP along the BC route, Ti 
samples were subjected to SPD when passing through the matrix from 2 to 12 times. 
Estimating the Vickers microhardness values, we can conclude that the main increase in the 
mechanical properties of Ti is achieved already at the first 2–4 passes. Compared with Ti of 
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the initial grain size, the microhardness increases by more than 1.5 times. During further 
processing, no significant changes in microhardness are observed: 12 passes increased the 
hardness by only 6.5 % relative to the sample subjected to 4 passes. 

Corrosion measurements. The difference in the corrosion behavior with a decrease in 
the size of Ti crystallites is demonstrated by measurements of the linear polarization 
resistance (Fig. 5). 
 

 
Fig. 5. Polarization curves of Ti subjected to SPD treatment 

 
By approximating the linear sections of the polarization curves of Ti samples, the values 

of current and corrosion potential were obtained. The data are presented as dependencies on 
the number of passes through the ECAP device in Fig. 6. 
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Fig. 6. Dependences of the potential (on the left) and the corrosion current of Ti on the 

number of ECAP cycles 
 

Note the non-monotonic nature of the dependencies, which manifests itself in an 
increase in the corrosion resistance of titanium samples in the range from 0 to 8 cycles, 
followed by its decrease. This is expressed in the potential increase and the current decrease at 
the start of the dependence, followed by a potential decrease and the corrosion current 
increase. At the same time, if the dependence of the Ti corrosion current on the number of 
ECAP cycles has a pronounced minimum at 8 cycles, then the corrosion potential dependence 
has a plateau area between from 2 and 10.  

Taking into account the extremely high values of Tafel slopes at the anode site and 
anode exchange currents (Fig. 5), it can be assumed that the corrosion current is most limited 
by the depolarization process speed (reduction of components of the corrosive medium on the 
corroding metal surface). This can be verified by comparing the dependence in Figure 6 with 
the dependences of the Tafel slope of the cathode section and the cathode exchange current on 
the number of ECAP cycles (Fig. 7). 
 

 
Fig. 7. Dependence of the Tafel slope of the cathode section (a) and the cathode exchange 

current (b) on the number of ECAP cycles 
 
Despite the fact that the dependence of the absolute value of the Tafel slope of the 

cathode section has a maximum in the same region in which the minimum dependence of the 
corrosion current is detected, the presence of a minimum exchange current leads to the 
formation of a minimum corrosion current in this region. 
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Thus, it can be confidently assumed that the factor largely determining the corrosion 
rate of ECAP-subjected Ti is the cathodic exchange current. This means, that the process 
speed is limited by the depolarization. This may be due to the depassivation of the TiO2 film 
when interacting with a medium containing fluoride ions, in relation to the semi-reaction of Ti 
oxidation. At the same time, the preservation of the oxide film leads to difficulties in the 
process of electron transfer through the electrode-electrolyte surface, as a result of which the 
depolarization reaction becomes limiting.  

At the same time, the depolarization rate can be limited not only by the oxide film 
thickness, but also by the degree of saturation of the Ti (electrode) surface with hydrogen, 
including also the areas of grain boundaries reaching the surface. This statement is true for all 
samples, regardless of the number of ECAP cycles. 

Based on these statements, the following explanation of the observed dependencies can 
be put forward. As follows from the EBSD data (Fig. 2), the use of 2 to 8 ECAP cycles leads 
to an increase in the density of large-angle grain boundaries in the Ti bulk. The increase in 
corrosion resistance may occur due to the disordering of the surface of the sample slice in the 
area of the existence of the LA, in particular, as a result of hydrogen saturation of the grain 
interface. With an increase in the proportion of areas of the LA output to the electrode (Ti) 
surface, the degree of hydrogen saturation of the metal surface increases due to the increased 
rate of hydrogen diffusion in disordered regions. In addition, the influence of the preferential 
orientation of crystallites is possible, but the discussion of this effect requires more 
experiments. With further (> 8 cycles) ECAP of Ti, the factor of reducing the grain size and 
the proportion of grain boundaries begins to play an important role.  The subsequent changes 
in the texture of the slice and an increase in the reaction surface area of the grains, as well as 
the disordering of the oxide film, lead to an increase in the corrosion current, which leads to a 
sharp drop in the corrosion resistance of Ti.  

 
Conclusion 
Thus, this paper demonstrates the relationship between the microstructure, mechanical 
properties and corrosion resistance of Ti samples subjected to equal-channel angular pressing 
(ECAP). 

The microhardness data of the samples demonstrate an increase in the hardness of fine-
grained titanium due to a decrease in the grain size in the Ti bulk.  Analysing the Vickers 
microhardness values, we can conclude that the main increase in the mechanical properties of 
Ti (more than 90 %) is achieved already after the first 2-4 cycles of ECAP processing. 
Compared with the initial Ti, the microhardness of SPD-treated Ti samples increases by more 
than 1.5 times. 

It was shown that the electrochemically determined corrosion resistance of Ti subjected 
to ECAP, varies non-linearly depending on the structure of Ti. The non-monotonic nature of 
the dependencies, which manifests itself in an increase in the corrosion resistance of titanium 
samples in the interval from 2 to 8 cycles, followed by its decrease, may occur due to the 
disordering of the surface of the sample section in the region of the existence of the 
proportion of large-angle grain boundaries in the volume of titanium, in particular, as a result 
of the With further Ti ECAP, more than 8 cycles, a significant role in the corrosion resistance 
of titanium begins to be played by the factor of reducing the grain size in the bulk sample and, 
as a consequence, an increase in the reaction surface area of the grains, which leads to a sharp 
drop in the Ti corrosion resistance. Therefore, to create Ti implants with improved strength 
characteristics and at the same time resistant to corrosion in physiological body fluids, it is 
necessary to use Ti blanks subjected to 4 to 8 ECAP cycles.  
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Abstract. In the present research, Cu-Sn alloy with 7.5 wt. % of Si3N4 particles reinforced 

composites were fabricated by using conventional stir casting method. As-cast Cu-8 %Sn 

alloy and Cu-8 %Sn alloy with 7.5 wt. % of Si3N4 reinforced composites were evaluated for 

microstructural studies using SEM and EDS, density, tensile properties and wear behaviour as 

per ASTM method. Cu-Sn alloy with 7.5 wt. % of silicon nitride particles reinforced 

composites shown lesser densities as compared to the base Cu-Sn alloy. Further, these 

composites were exhibited superior tensile strength with slight reduction in the ductility. Pin 

on disc wear apparatus was used to conduct the wear tests at varying loads and speeds. The 

wear resistance of Cu-Sn alloy increased with the incorporation of Si3N4 particles. Further, 

applied load and speeds were impacted in the wear behaviour of Cu-Sn alloy composites. As 

load and speed increased, there was more material loss in as-cast alloy and its composites. 

Tensile fractured surfaces indicated various fracture modes in Cu-Sn alloy and composites. 

Keywords: Cu-Sn alloy; Si3N4; tensile behaviour; wear; fractography 
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Introduction 

The requirement for lightweight composites with certain features over conventional materials 

increased as advanced science and technology. This opened the door for additional study into 

metal matrix composites (MMCs). To enhance the properties of the base metal, materials are 

reinforced with carbides or organic compounds. MMCs are primarily used in the automotive, 

aeronautical, and aviation industries [1]. Excellent electrical and thermal, corrosion resistance, 

and ease of alloying are some highly valuable characteristics of copper. Because of these 

properties, it is a promising option for most electrical and thermal applications [2]. On the 

other hand, its subpar mechanical performance prevents its use in many applications. 

However, this problem can be overcome by incorporating hard ceramic particles like carbides, 

borides, oxides, and nitrides. These elements increase strength and hardness at the cost of a 

negligible reduction in electrical conductivity [3].  

Many studies illustrate the addition of reinforcements like carbon nanotube, graphite, 

fly-ash, rice-husk ash, Al2O3, Cr2O3, TiO2, TiC, B4C, SiC, etc., can increase the mechanical 

properties of copper matrix [4–6]. With high thermal conductivity and less thermal expansion 

coefficient, Si3N4 (silicon nitride) has drawn significant attention because of its superior wear, 

corrosion thermal shock resistance, and good mechanical properties. Si3N4 is an interesting 

https://orcid.org/0000-0002-8248-7603
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and potential option due to its chemical and mechanical stability at high temperatures for 

high-temperature applications. Less work is carried out on the effect of Si3N4 on copper 

matrix [7,8].  

Several fabrication techniques can produce MMCs, including friction stir, compo-

casting; squeeze casting, ultrasonic-assisted casting, spray deposition, powder metallurgy, and 

diffusion bonding. Stir casting is the most practical and effective for mass production [9,10]. 

The size, shape, characteristics, proportion, dispersion of the reinforcements, matrix and 

reinforcement bonding, heat treatment process, and manufacturing method are factors to 

determine the characteristics of MMC. Decreasing the dislocation motion in the crystal lattice 

by adding nanoscale reinforcements to the matrix helps to avoid wear [11,12]. It was observed 

that adding MoS2 reinforcements to the Al-Si10Mg successfully reduced wear by 

approximately 65 % [13]. Graphite particles were added as reinforcement to the aluminum 

alloy to improve its tribological characteristics. These MMCs are capable of self-healing and 

self-lubrication [14,15]. When sliding distance and velocity increased, the wear rate and 

specific wear of epoxy/cenosphere syntactic foams dropped, according to a study [16]. 

According to a study, 5 %, Al2O3 added as one of the reinforcements that can improve the 

composite's wear properties [17]. The composite's hardness and tensile strength are enhanced 

by enhancing the weight percentage of reinforcement [18]. 

Machine parts with copper alloy are used where the part experiences significant friction, 

for example, bearings. Cu-Sn alloys employed in bearings need grease as lubricants, which is 

more eco-friendly than copper-lead alloys, which constantly use at high temperatures and 

cause damaging gas releases [19]. Bearings are desired for their higher thermal conductivity, 

which dissipates heat through friction, excellent wear resistance, compressive strength, 

fatigue, tensile, shear, and corrosion resistance, and their capacity to handle shocks and 

vibrations. Higher compressive and tensile strengths boost the bearing material's capacity to 

withstand the development of cracks and spreading under higher contact pressures and to stop 

extrusion or other long-term deformation of the bearing [20].  

Therefore, this work makes an effort to develop Cu-Sn alloy with 7.5 wt. % of Si3N4 

particles reinforced composites using stir cast method. Thus prepared composites were 

evaluated for density, tensile and wear behaviour as per ASTM standards. 

 

Experimental Details 

Materials used and composites preparation. In the market today, copper-tin, copper-zinc, 

and copper-aluminum alloys are the most common bearing materials available. Wear 

performance is crucial in some applications, especially when exposed to higher loads.  

Cu-Sn alloys are used in various mechanical and electronic industrial applications because 

they have outstanding characteristics. Alloys rich in Sn are lead-free solder materials, whereas 

alloys with rich Cu are used as structural materials. Due to safety and environmental 

concerns, researchers have become interested in the later application because it eliminates 

lead toxicity [21]. 

For the preparation of the composite, a commercially available Cu-Sn alloy was 

considered. Table 1 shows the elemental composition of Cu-Sn alloy. 

 

Table 1. Chemical composition of Cu-Sn alloy. 
Element Weight, % 

 Sn 7.85 

Al 0.47 

Si 0.06 

Others 0.20 

Cu Balance 
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In the current investigation, Si3N4 particles with a diameter of 25-30 µm were used as 

reinforcement material to improve the mechanical behaviour of the Cu-Sn alloy. Cu-Sn/Si3N4 

composites were fabricated using the liquid stir casting process. Figure 1 shows the Si3N4 

particles used in the present study. 

 

 
 

Fig. 1. SEM micrograph of Si3N4 particles 

 

The Cu-Sn alloy with micro Si3N4 composites was made using a stir process based on 

the liquid metallurgy method. Metal ingots of a specific amount of Cu 8 % Sn alloy are 

loaded into an electric furnace and heated until they melt. In this case, the molten metal is 

heated to a superheated temperature of 1150 °C, whereas the typical melting point of copper 

tin alloy is 1070 °C. The melting point and the superheated temperature are measured and 

recorded using thermocouples selected for their accuracy over the relevant temperature range. 

For about three minutes, solid hexachloroethane (C2Cl6) [22] is used to degas the superheated 

molten metal in the crucible. The molten metal is stirred by a rotor with steel blades, mounted 

on a shaft and coated with zirconium ceramic. The stirrer is submerged to a depth of about 

60 % within the crucible, and the molten metal is agitated to the point of vortex creation by 

rotating the stirrer at a speed of about 300 rpm. While the molten metal is being stirred, a 

separate heater is used to heat micro silicon nitride particulates to temperatures of up to 

500 °C; these are then slowly poured into the molten metal vortex in stages, amounting to 

7.5 % by weight of charged copper tin alloy. Interfacial shear strength is established by 

continuing to stir until the CuSn alloy matrix and Si3N4 reinforcement particulates are 

completely wet. In order to create Cu-Sn and 7.5 wt. % of Si3N4 composites, the molten metal 

mixture of CuSn alloy matrix and Si3N4 composites were poured into the cast iron moulds. 

Figure 2 shows the Cu-Sn alloy with 7.5 wt. % of Si3N4 composites after casting. 

 

 
Fig. 2. Cu-Sn alloy and Si3N4 composite 
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Testing of prepared composites. Cu-Sn base alloy and Cu-Sn 7.5 wt. % Si3N4 

composites were used for the microstructural study. Using a 200–320 grit size abrasive paper, 

the specimen's surface was initially made flat, and then finer lines were added by using  

600–1200 grit size. Using Keller's reagent for an etching process, the last layer is removed 

chemically, and an SEM is employed to inspect it. 

The displacement method and density measurements per ASTM D792-66 were used to 

determine measured density values, and the rule of mixture was utilized to calculate 

theoretical density. The specimen is initially submerged in a known volume of distilled water. 

Physical, digital balance equipment calculates the specimen's mass after it has been immersed 

in water. After the sample is submerged, the volume is determined by the amount of displaced 

water. The mass and volume data were collected for both copper-tin alloy and copper-tin alloy 

with 7.5 wt. % of Si3N4 composites. Then theoretical and experimental densities were 

compared. 

Tensile tests were conducted on the composites to look into their mechanical properties. 

Round test specimens made of Cu-Sn base alloy and Cu-Sn with 7.5 wt. % of Si3N4 

composites are employed for tensile testing based on standard ASTM-E8 at room temperature 

using a computerized UTM with a 400 kN capacity. Three samples were used to compute 

yield strength, UTS (ultimate tensile strength), and elongation %, three samples were taken 

and calculated average value for results. Figure 3 shows the schematic diagram of tensile test 

specimen and machined tensile test specimen as per standard respectively. 

 

 
                                   (a)                                                       (b) 

Fig. 3. Schematic diagram of tensile test specimen (a) and machined tensile test specimen (b) 

 

Wear is removing material from one or more solid surfaces that are in friction. The 

standard wear test estimates the amount of material removed under specific circumstances. A 

wear test was performed on numerous specimens using pin-on-disc equipment. The samples 

hold the counter head of a revolving circular disc firmly with a 120 mm circumference wear 

track by a pin holder. Dead weights were put to the pin on the other side of the circular disc to 

calculate the wear. 

 

 
Fig. 4. Wear test specimen 

 

The specimens are fabricated based on standard ASTM-G99, and the disc is cleaned 

using acetone. Samples prepared for the wear test collect information about wear from 

electronic sensors. The pin's surface was initially flawed. The rotating disc is meticulously 

cleaned to provide precise readings. The next step is to fix the samples to the chuck. The track 



Tribological and tensile behaviour of Si3N4 reinforced Cu-Sn matrix composites 15 

 

has a diameter of 120 mm. Figure 4 shows the samples that were used in the wear test, having 

8 mm in diameter and 30 mm length. Wear test were carried out at varying loads and speeds. 

Varying loads of 1 to 3 Kg at 300 rpm and varying speeds of 100 to 300 rpm at 3 Kg load at 

2500 m sliding distance were used. 

 

Results and Discussion 

Microstructural study. The microstructural characterizations of specimens are examined by 

SEM with EDS attachment. Figure 5 demonstrates the SEM micrographs of Cu-Sn alloy and 

micro Si3N4 reinforced composites. Figure 5(a) shows the SEM of CuSn alloy. Figure 5(b) 

shows the SEM images of Cu-Sn alloy with 7.5 wt.% of Si3N4 reinforced composites. It 

confirms that most of micro Si3N4 particles are mixed uniformly in Cu-Sn alloy. Further, 

these figures disclose the uniformity of the prepared composites.  

 

  
(a) (b) 

                                            (a)                                                               (b) 

Fig. 5. SEM micrographs of (a) As-cast Cu-Sn alloy (b) Cu-Sn alloy with 7.5 wt. %  

of Si3N4 composites 

 

As can be seen in Fig. 5(b), micro Si3N4 reinforcement particles are evenly dispersed 

throughout the CuSn matrix, as revealed by scanning electron micrographs. This also shows 

that there are no cracks, holes, or pores present. Micro Si3N4 reinforcement particles and the 

'CuSn alloy matrix are observed to form strong interfacial bonds. From the above SEM 

images, it is clear that the CuSn with micro Si3N4 particulate composite is extremely strong 

and has a significant impact on both mechanical and tribological properties due to the uniform 

distribution of reinforcement particles, the lack of defects in the casting process, and the good 

interfacial bonding between the different materials. 

Element detection by spectroscopy (EDS) is a powerful and useful technique for 

identifying elements and their relative abundance. While chemical analysis can identify which 

elements are present in a given sample, a more precise measure of their relative abundance 

requires EDS. Compositions of the aforementioned composites are shown in Fig. 6, and EDS 

is used for elemental analysis of both Cu-Sn alloy and Cu-Sn with Si3N4 reinforcement 

(Fig. 6(a,b)). 
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 (a) 

 
(b) 

Fig. 6. EDS spectrums of (a) As-cast Cu-Sn alloy (b) Cu-Sn alloy with 7.5 wt.% of Si3N4 

composites 

 

As can be seen from the preceding graphs, the Y axis represents the number of 

occurrences and the X axis represents the intensity of those occurrences. The EDS 

spectrograph of as cast Cu-Sn alloy is shown in Fig. 6(a). Copper is the most abundant 

element in the sample, with tin as an alloying element also confirmed by the spectrum. The 

presence of silicon nitride is confirmed with Si and N peaks in the EDS spectrum of Cu-Sn 

alloy with 7.5 wt.% of Si3N4 particles composites, shown in Fig. 6(b). 

Density measurements. Explanations of the theoretical and experimental values 

obtained for various samples are provided in Fig. 7. In this study, it is expected that 

experimental values will be similar to the calculated theoretical values. Since theoretical 

values are calculated using standardised formulas, it is extremely unlikely that the 

experimental values will match exactly.  

Figure 7 displays a comparison between the theoretical and experimental densities of an 

as cast Cu-Sn alloy and a Cu-Sn alloy reinforced with 7.5 wt. % of Si3N4 composites. The 

density of Si3N4 is only 3.17 g/cm3, while the density of Cu-Sn alloy is 8.80 g/cm3. Since 

Si3N4 has a lower density than CuSn alloy, adding 7.5 wt. % of Si3N4 to the alloy results in a 

lower composite density of 7.765 g/cm3. Furthermore, the difference between the theoretical 

and experimental densities can be seen to be smaller than expected. When Si3N4 is added, 
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density drops, which is consistent with the findings of other researchers [23]. The closeness of 

the experimental densities to the theoretical densities, as shown in Fig. 7, is further evidence 

of the high quality of the specimens prepared. 

 
Fig. 7. Theoretical and experimental densities of Cu-Sn alloy and its Si3N4 reinforced 

composites 

 

Tensile behaviour. The analysis of the tensile behaviour of base metal Cu-Sn and  

Cu-Sn 7.5 wt. % Si3N4 composites are shown in Figs. 8–10. These properties include UTS, 

yield strength, and percentage of elongation. 

Figures 8 and 9 represent the ultimate and yield tensile strength of Cu-Sn alloy and Cu-

Sn alloy with 7.5 wt. % of Si3N4 composites. Cu-Sn 7.5 wt. % Si3N4 composites demonstrated 

a 32.941 % increase in UTS, a 28.865 % rise in YS, and a 23.002 % decrease in elongation 

percentage when compared to Cu-Sn base metal. It is clear from Figs. 8 and 9 that Si3N4 

particles significantly increase the tensile strength of the Cu-Sn matrix. Dislocations occur 

through the matrix due to the application of a uniaxial tensile load. Plastic zones are created 

when they aggregate close to the reinforcement particle boundary. The difference in the 

thermal expansion coefficient between the matrix and the reinforcement phase determines the 

size of this plastic zone. The copper matrix-reinforcement interface acts as an effective barrier 

against the spread of dislocations across the interface. Si3N4 hard particles give the matrix 

strength, and as a result of this process of strengthening, the composite gives greater 

resistance to tensile force. 

 
Fig. 8. Ultimate strength of Cu-Sn alloy with Si3N4 composites 
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Fig. 9. Yield strength of Cu-Sn alloy with Si3N4 composites 

 

 
Fig. 10.  Elongation of Cu-Sn alloy with Si3N4 composites 

 

According to the results of the present study, the hard Si3N4 particles are directly 

responsible for the improvement in yield quality of the composite by delectating the Cu-Sn 

amalgam system and bringing greater quality obstruction of the composite against the 

associated pliability load. Miniaturized scale molecule reinforced composites have a 

redesigned quality because of the uniformly sized, hard fired particles in the lattice that act as 

an impediment to the plastic flow. 

Micro Si3N4 particles' influence on Cu-Sn alloy and composites' ductility is depicted 

in Fig. 10. When an axial load is applied to a specimen, the material stretches to 

accommodate the stress. The elongation of a tensile test specimen is calculated by dividing 

the gauge length it has at failure by the original gauge length. When describing the ductility of 

a material, the elongation of a specimen is typically expressed as a percentage and is greater 

the more the material can be stretched. Tensile testing results for as cast Cu-Sn alloy and  

Cu-Sn alloy reinforced with 7.5 wt. % Si3N4 particulates are shown in Fig. 10. When Si3N4 

particles are added to as-cast Cu-Sn alloy, the elongation percentage drops.  
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Fractography. This study analyses the materials fractured surface. Figure 11 depicts 

the SEM of the tensile fractured samples of base metal Cu-Sn and Cu-Sn 7.5 wt. % Si3N4 

composites. Figure 11(a) shows the ductile fracture of the Cu-Sn base metal. In SEM image, 

wrinkles are observed on the surface. Initially voids are observed, and these are developed 

because of plasticity, and at last cracks are observed that cause the material to ductile fracture. 

Figure 11(b) shows the cracked surface images of Cu-Sn 7.5 wt. % Si3N4 composites in 

comparison to its matrix, with more minor wrinkles visible. This demonstrates that the Cu-Sn 

7.5 wt. % Si3N4 composites have brittle fracture behaviour. The SEM images reveal large 

voids and crack propagation. The strong reinforcing particles trapped in the matrix material 

are essential in slowing the spread of cracks in the materials. Therefore, compared to the 

matrix material, these materials have greater tensile strength. 

 

(a) (b) 

Fig. 11. Tensile fractured surfaces SEM images (a) as-cast Cu-Sn alloy and (b) Cu-Sn alloy -

7.5 wt. % of Si3N4 composites 

 

Wear Properties. Wear tests were performed on the composites that were reinforced 

with Si3N4. Initially, castings are machined according to ASTM-G99 for wear testing. Six 

specimens were tested with various loads and constant speeds for each composition test, while 

another six samples were tested with different speeds and constant loads. The results of using 

pin-on-disc technology under different conditions. Based on this finding, the wear behaviour 

is examined. Here it is analysed how the loaded speed affects the wear loss. 

Influence of Load. The load is a key factor in the wear and tear that occurs. The effect 

of normal load in wear experiments has been the subject of extensive research in order to 

better understand the wear rate of copper alloys. Moreover, graphs for wear loss against 

different loads of 1, 2, and 3 kg at a constant distance of 2500 metres and speed of 300 rpm 

have been plotted to investigate the impact of load on wear. Load's influence on the wear 

behaviour of Cu-Sn alloy and Si3N4 reinforced composites is depicted in Fig. 12. 

When moving the load up from 1 to 3 kg, the graph 12 shows that wear increases for 

both the composites and the base Cu-Sn alloy. The temperature of the sliding surface and the 

pin rises above the critical value at a maximum load of 3 kg. Accordingly, wear loss of the 

matrix Cu-Sn alloy and Cu-Sn alloy with 7.5 wt. % of Si3N4 composites increases with the 

increase in pin load. As shown in Fig. 12, as cast Cu-Sn alloy experiences the greatest wear 

loss under all loading conditions. We can see that by incorporating reinforcement into  

the Cu-Sn alloy, the composites' wear loss is reduced. Some research suggests that the high 

hardness of Si3N4 particulates, which acts as a barrier for the wear loss, is responsible for the 
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improved wear resistance of the Cu-Sn alloy with 7.5 wt. % of Si3N4 composites. The 

increased wear misfortune as the load is increased from 1 to 3 kg is mainly due to the 

increased contact area between the pin and the steel plate. As the area of contact increases 

during a wear test, more heat is generated, eventually leading to the delamination of the 

compound or composite. 

 
Fig. 12. Effect of load on the wear behaviour of Cu-Sn alloy and its Si3N4 composites 

 

Influence of Speed. It is absorbed, that wear loss varies depending on speed. 

Experiment is conducted with a fixed weight of 3 kg and a variable speed disc revolving at 

100, 200, and 300 rpm. It is observed that the sliding speed increases with increase in wear 

rate, as shown in Fig. 13. Wear loss is more pronounced in base alloys than in composites 

reinforced with Si3N4. All wear loss in Cu-Sn matrix alloy and Si3N4 composites is 

determined by sliding speed. The Cu-Sn matrix alloy and generated composites experience 

significant wear as the speed is raised from 100 to 300 rpm. Composites degrade at high 

temperatures; therefore, wear happens as the sliding speed rises. 

 
Fig. 13. Effect of speed on the wear behaviour of Cu-Sn alloy and its Si3N4 composites 

 

It can be inferred from Fig. 13 that wear misfortune volume increases with velocity. 

When comparing Si3N4-enhanced composites to their base Cu-Sn counterparts, the effect of 

sliding rate is greater for the latter. The wear loss of the composites is much less than that of 

the Cu-Sn matrix alloy at all sliding speeds, and it is especially low in the case of the Cu-Sn 
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alloy with 7.5 wt.% of Si3N4 composites. Wear losses in the composite are reduced when 

Si3N4 powder is added to the mix. The wear loss of the composites is less than that of the Cu-

Sn alloy and the Cu-Sn compound with Si3N4 composites at all sliding velocities. Wear 

problems in the composite are fundamentally alleviated by the addition of Si3N4 particles. 

Additionally, wear loss increases as sliding rate increases due to the expansion of the 

composite at elevated temperatures caused by scouring activity. Temperature increases 

brought on by greater sliding rates also lead to plastic deformation of the test specimen. 

Therefore, increased wear problems are a direct result of widespread delamination. 

 

Conclusions 

A stir casting process was used to make Cu-Sn alloy with 7.5 wt. % of Si3N4 composites. The 

prepared composites were studied for microstructural characterization by using SEM and 

EDS. Scanning electron micrographs were shown the dispersion of Si3N4 particles in the Cu-

Sn alloy matrix. Further, Si3N4 particles in the Cu-Sn alloy matrix were confirmed by the EDS 

spectrums containing the Si and N elements. With the incorporation of micro sized Si3N4 

particles, various mechanical properties like, ultimate and yield strengths were improved. 

Ultimate tensile strength of as-cast Cu-Sn alloy was 170 MPa, with 7.5 wt. % of Si3N4 

particles it was found 225.96 MPa. Addition of hard nitride particles decreased ductility of 

Cu-Sn alloy, the lowest ductility was observed in the case of Cu-Sn alloy with 7.5 wt. % of 

Si3N4 particles. Tensile fractured surfaces of as-cast `Cu-Sn alloy indicated the ductile mode 

of fracture, whereas composites shown brittle fracture. Wear resistance of Cu-Sn alloy 

improved with the addition of silicon nitride particles. Further, as load and speed increased, 

wear loss increased in the base Cu-Sn alloy and its composites. 
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Abstract. Al-based hybrid metal matrix composites were prepared through stir casting 

method by reinforcing aluminium oxide or alumina (Al2O3) and boron carbide (B4C) particles 

into Al matrix with their varying proportions. The wear analysis of prepared hybrid MMCs 

was performed using the Pin-on-disc method and wear parameters were also optimized with 

objectives of minimizing the weight loss (WL) and coefficient of friction (COF) through 

integrated Grey-Taguchi techniques. Morphological analysis was also performed to explain 

the wear mechanism through a Scanning electron microscope (SEM). The maximum 

improvement in the weight loss of 71.33 % and in coefficients of friction of 35.35 % was 

found for the hybrid composites as compared to that of Al-alloy matrix. Further, the ANOVA 

results suggested that compositions has the maximum contribution of 94.47 %, sliding speed 

has 1.06 %, sliding distance has 1.04 %, and load has 3.16 % on the wear performance of the 

present hybrid composites. 

Keywords: metal matrix composites; hybrid composites; aluminium; wear analysis; 

optimization; scanning electron microscope 
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Introduction 

In recent decades, the demand for metal matrix composites (MMCs) has been increasingly 

increased in different sectors of automobile, aerospace, sporting goods, and other industries 

on account of  their excellent properties of specific stiffness and strength, desirable coefficient 

of thermal expansion, and superior wear and corrosion resistance [1]. Among the available 

MMCs, Al is more preferred matrix material because of its low density, ease of fabrication 

ability and good engineering properties [2]. Aluminium-based MMCs have been utilized as 

newer materials in the field of high-performance tribological applications because of their 

improved mechanical properties, good wear resistance, higher thermal conductivity, and low 

coefficient of thermal expansion [3]. The aluminium based MMCs have been found to be 

utilized in the following parts: brake drums, pistons, connecting rods, drive shafts, cylinder 

liners, cylinder blocks, gears, valves, and suspension components etc. [4]. These composites 

can be fabricated by the following methods such as powder metallurgy, stir casting 

techniques, chemical vapour deposition, physical vapour deposition, and spray deposition. In 

https://orcid.org/0000-0001-6174-364X
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stir casting, the particles are mechanically well distributed with the help of a stirrer in the 
liquid – particles mixture before the solidification [5]. 

Wear is one of the important material interface phenomenons that occur at an interface 
MMCs with hard particle reinforcement that offers superior wear resistance [6,7].  
Zhang et al. [8] reported that wear resistance of MMCs varies linearly with an increase in 
concentrations of reinforcement. Yu et al. [9] worked on Al6061-SiC composites and found 
that wear rate decreased with increasing applied load. A. Martin et al. [10] suggested that a 
characteristics physical mechanism involved in the wear process for 6061- Al2O3 composites. 
Kumar et al. [11] prepared Al6063-10 % Si3N4 MMCs by the stir casting and found  
that the MMCs had a higher wear resistance in comparison to the base alloy. A similar  
type of observations was reported by Anand et al. [12] for the composite  
(Al6061-5SiC-4.5Porcelain). Zheng et al. [13] worked on TiB +TiC/ Ti6Al4V composites and 
suggested that if the reinforcement content of composites is increased the main wear 
mechanism is changed. Cygan et al. [14] observed a considerable change in wear rate of the 
composites due to changes in applied loads. A similar observation was also reported by Xiao 
et al. [15]. 

Abbas et al. [16] worked on CNTs/AZ31 composites fabricated by the stir casting 
process and found that the wear rate decreased substantially with rising CNT weight fraction 
as in both cast and aged materials because of their interfacial peeling effect of a magnesium 
alloy of AZ31. Ambigai and Prabhu [17] investigated the tribological behaviour of 
Al−Gr−Si3N4 hybrid composite under dry sliding conditions and they concluded that the 
sliding distance was significant parameters followed by the applied load. In another research 
work, it was suggested that the sliding velocity was found to be the most significant parameter 
followed by the reinforcement percentage, sliding distance, and contact stress [18]. 
Muthu [19] worked on LM25-SiC-Cu hybrid MMCs and observed that the sliding velocity 
was more dominating parameter than the load and sliding distance. It was also reported that 
wear rate could be significantly affected by types and concentrations of 
reinforcements [20,21].  

From the above discussion, it is clear that a good number of works are reported on wear 
analysis of MMCs, and wear resistance was found to be significantly affected by 
concentrations and types of reinforcements, wear parameters, temperatures and fabrication 
process of composites. It was also observed that hybrid MMCs exhibited better wear 
resistance than single reinforced MMCs. However, study on the effect of variations in 
proportions of reinforcements on wear resistance of hybrid MMCs is not attempted so far. 
Therefore, wear analysis and optimization of process parameters using hybrid GRA-Taguchi 
method for hybrid Al-based MMCs reinforced B4C and Al2O3 particles are presented in this 
work.  
 
Experimental details 
Materials. For the development of Al alloy (6061) based hybrid MMCs, two types of 
reinforcement were as such: Al2O3 (purity 99 % and 100-325 mesh size) and B4C (purity 
99 % and 400 mesh size).  All the consumable materials were purchased from UMA Scientific 
traders, Prayagraj, India. 

Fabrication of composites. The present hybrid MMCs containing a constant wt.% of 
reinforcement of 6 with varying proportions of Al2O3 and B4C particles were prepared by two 
stages of stir casting process. The small pieces of Al alloy were placed into a graphite crucible 
for melting inside an electric coil furnace heated to 750 °C. Then, Al2O3 and B4C particles 
along with empty crucible were preheated to 400 °C. Thereafter, preheated powders were 
mixed into molten Al alloy using a stirrer (600 rpm) in two consecutive steps of 3 wt. % each 
for half of 10 min. For the duration of the mixing process, there was a temperature crash of 
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around 15–20 °C. Eventually, the mixture of reinforcements and molten Al alloy was poured 
into the cast iron finger die in order to prepare the specimens for wear analysis. Nomenclature 
given for prepared hybrid composites is provided in Table 1. Figure 1 represents the casted 
samples. 
 

 
 

Fig. 1. Casted samples 
 
Table 1 Nomenclature used for hybrid metal matrix composites 

Composites Types of composites 
Boron 

carbide, % 
Alumina, % 

Total 
reinforcement, 

wt. % 
B0A0 Cast Al alloy (6061) 0 0 0 

B100A0 Single B4C reinforced 100 0 6 
B75A25 Hybrid 75 25 6 
B50A50 Hybrid 50 50 6 
B25A75 Hybrid 25 75 6 
B0A100 Single Al2O3 reinforced 0 100 6 

 
Wear test. The pin on disc test was employed for the analysis of dry sliding wear 

behaviour of prepared hybrid Al (6061)-Al2O3-B4C composites in order to determine the 
weight loss and coefficient of friction (COF). The specification of wear test set up is given in 
the Table 2. Tests were conducted using 18L  orthogonal array under dry sliding condition as 
per ASTM G99-95 at a temperature of 28 °C. The samples for wear test shown in the Fig. 2. 
 
Table 2. The specifications of wear test setup for hybrid metal matrix composites 

Specifications Values 
Specimen, Pin, mm Dia-3, 4, 6, 8, 10, 12 and  length- 25 to 32 
Sliding speed, m/s 0.5 to 10 
Normal load, N  Min–5 and Max-200  
Wear disc material  EN-31 Hardened,60 HRC  
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                                    (a)                                                                 (b) 

Fig. 2. Samples for wear test: (a) aluminium alloy and (b) hybrid composite 
 

Table 3. The input factors for a wear test of hybrid metal matrix composites 

Input parameters 
Level 

1 2 3 4 5 6 

Sample code 
M1 

(A0B0) 
M2 

(B100A0) 
M3 

(A100B0) 
M4 

(B25A75) 
M5 

(B75A25) 
M6 

(B50A50) 
Rotation, rpm 150 200 250 - - - 

Sliding distance, m 1500 2000 2500 - - - 
Load, N 15 25 35 - - - 

 
Table 4. Experimental results of wear rate and coefficient of friction for hybrid metal matrix 
composites                                 

S. No 
Samples 

code 
Rotation, 

rpm 
Sliding 

distance, m 
Load, N 

Weight 
Loss, g 

Wear rate, 
mg/m 

COF 

1 1 1 1 1 0.1756 0.117 0.595 
2 1 2 2 2 0.2141 0.107 0.586 
3 1 3 3 3 0.2333 0.093 0.584 
4 2 1 1 2 0.0612 0.041 0.399 
5 2 2 2 3 0.0772 0.039 0.396 
6 2 3 3 1 0.0403 0.016 0.4 
7 3 1 2 1 0.1215 0.061 0.521 
8 3 2 3 2 0.1231 0.049 0.509 
9 3 3 1 3 0.1323 0.088 0.506 

10 4 1 3 3 0.1627 0.065 0.406 
11 4 2 1 1 0.1296 0.086 0.44 
12 4 3 2 2 0.1473 0.074 0.415 
13 5 1 2 3 0.1054 0.053 0.372 
14 5 2 3 1 0.0559 0.022 0.392 
15 5 3 1 2 0.0782 0.052 0.377 
16 6 1 3 2 0.0416 0.017 0.343 
17 6 2 1 3 0.0749 0.05 0.337 
18 6 3 2 1 0.0311 0.015 0.348 

 
Initially, the test specimens are polished metallographically to make sample in the form 

of flat. The preliminary weight of specimen was measured by an electronic balance 
(Shimadzu Corporation, D307032807) with a precision of 0.0001 g. After the test, the 
specimens were removed, cleaned with acetone, dried and again specimen was weighted to 
find its final weight. The WL was calculated by using the equation (1). 
Weight loss = Initial weight of sample – Final weight of sample.                                           (1) 

The COF was calculated by getting a ratio of frictional force (F) and normal force (FN) 
of equation (2):  
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F
= .                                                                                      (2) 

The experiments are conducted on the prepared composites with various input 

parameters sample’s composition, rotation (rpm), sliding distance (m) and load (N) with an 

objective to minimize 
LW  and COF. The following input parameters were used for wear test 

as shown in Table 3. The experiments were designed by Taguchi method and L18 array are 

used for conducting the experiments. The experimental results are shown in Table 4. 

Grey Relational Analysis (GRA). It is a multi response optimization process to find 

the optimum combination of process parameters and the influence of each input parameters 

on the responses. The outputs/responses such as WL and COF are minimized so that the 

following the criteria “smaller the better characteristics”, for signal to noise ratio can be found 

by the given equation (3): 

   

                  (3) 

 

where n = no of observations, yij = observed response/outputs, I = 1,2,3, …, n, and  

j = 1, 2, 3, …, k, performance characteristics/ outputs responses. 

It is required to normalize the output responses prior to analyzing them with the grey 

relation theory. The normalization for every experimental result is performed by using 

equation (4): 
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where yij is the jth performance characteristics and min yij and max yij values of jth performance 

characteristics for the ith experiments respectively. 

The grey relational coefficients for the individual output can be found from the 

normalised values by using equation (5) and coefficient constant is assumed to be 5.0= : 
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where  

a) i = 1, 2, 3,. ..., n, k  = 1, 2, ..., m, n is the number of experimental data items and m is the 

number of responses; 

b) y0(k) is the reference sequence (y0(k) = 1, k = 1, 2, ..., m), yj(k) is the specific comparison 

sequence; 

c) )()(00 kyky jj −= , the absolute value of the difference between y0(k) and yj(k). 

d) )()(0min kyky j−=  , the smallest value of yj (k). 

e) )()(0max kyky j−=  , the largest value of yj (k).  

f)   is the coefficient constant, which is defined in the range 0 ≤   ≤ 1. 
The grey relational grade (GRG) for combined multi-objective can be obtained from 

grey relational coefficient of the responses. The grade which decides the rank or performance 

characteristics was obtained by using the equation (6). 

                                                                                                                                                                                                        

,                                                                                                        (6) 

 

where  j is the values of GRG for the jth experiment and k is the number of performance 

characteristics.  
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Results and Discussion 
Multi-objective-GRA. The experimental results are normalised using equation (4) and the 
normalised results are converted into grey relational coefficient to represents the correlation 
between desired and actual data. At last, the grey relational grades are calculated by the 
equation (6). The S-N ratio and its normalised values for WL and COF are tabulated in the 
Table 5.  

 
Table 5.  The signal to noise ratio and the normalized value of weight loss and coefficient of 
friction for hybrid metal matrix composites 

S. No S/N ratio (Wl) S/N ratio (COF) 
Normalised value 

(WL) 
Normalised value 

(COF) 
1 15.1095 4.50966 0.285361 0 
2 13.3877 4.64205 0.094955 0.034884 
3 12.6417 4.67174 0 0.042636 
4 24.2650 7.98054 0.851137 0.75969 
5 22.2477 8.04610 0.772008 0.771318 
6 27.8939 7.95880 0.9545 0.755814 
7 18.3085 5.66325 0.552918 0.286822 
8 18.1948 5.86564 0.545005 0.333333 
9 17.5688 5.91699 0.499505 0.344961 

10 15.7722 7.82948 0.349159 0.732558 
11 17.7479 7.13095 0.512859 0.600775 
12 16.6359 7.63904 0.425321 0.697674 
13 19.5432 8.58914 0.632542 0.864341 
14 25.0518 8.13428 0.877349 0.786822 
15 22.1359 8.47317 0.767062 0.844961 
16 27.6181 9.29412 0.948071 0.976744 
17 22.5104 9.44740 0.783383 1 
18 30.1448 9.16842 1 0.957364 

 
Table 6. The grey relational coefficient and grey relational grade value for hybrid metal 
matrix composites 

S.No 
Deviation 

sequence (WL) 

Deviation 
sequence 

(COF) 
GRC (WL) GRC (COF) 

GRG 
 
 

RANKS 

1 0.714639 1 0.411645 0.333333 0.372489 16 
2 0.905045 0.965116 0.355861 0.34127 0.348565 17 
3 1 0.957364 0.333333 0.343085 0.338209 18 
4 0.148863 0.24031 0.770579 0.675393 0.722986 6 
5 0.227992 0.228682 0.686821 0.68617 0.686495 8 
6 0.0455 0.244186 0.916591 0.671875 0.794233 4 
7 0.447082 0.713178 0.527937 0.412141 0.470039 14 
8 0.454995 0.666667 0.523563 0.428571 0.476067 13 
9 0.500495 0.655039 0.499753 0.432886 0.466319 15 
10 0.650841 0.267442 0.434465 0.651515 0.54299 11 
11 0.487141 0.399225 0.506513 0.556034 0.531274 12 
12 0.574679 0.302326 0.465255 0.623188 0.544222 10 
13 0.367458 0.135659 0.576397 0.786585 0.681491 9 
14 0.122651 0.213178 0.803018 0.701087 0.752053 5 
15 0.232938 0.155039 0.682186 0.763314 0.72275 7 
16 0.051929 0.023256 0.905914 0.955556 0.930735 2 
17 0.216617 0 0.697723 1 0.848861 3 

18 0 0.042636 1 0.921429 0.960714 1 
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In the next section, the grey relational coefficient is calculated by equation (5) to present 
association between the ideal (best) and specific normalised experimental results. Finally the 
grey relational grades are calculated by equation (6) to represent the level of correlation 
between the reference sequence and the comparability sequence. The higher value of GRG 
indicates  that the comparability sequence has a stronger correlation to reference sequence. In 
other words, the higher the value of GRG corresponds to better performance. Here, the 
reference sequence was selected as “smaller the better” characteristics and the comparability 
sequence with larger value of GRG gives smaller WL and COF. The GRC, GRG values and 
their ranks are shown in the Table 6.  

Taguchi Method. It is an integrated approach to discover the best range of designs for 
quality, computational cost and performance. The traditional experimental design procedure 
focuses on the average process performance characteristics but this method concentrated on 
the effect of variation of the process quality characteristics rather than on its averages. It used 
a statistical measure of performance called signal to noise ratio (S/N) which is logarithmic 
function of outputs/ responses. The S-N ratio considers both mean and variability and is 
defined as the ratio of the mean (signal) to the standard deviation (noise). The ratio (S/N) 
depends on the quality characteristic of the product/ process to be optimized. Here, the 
Taguchi optimization technique is employed on the basis of GRG values. The outcome of this 
optimization is presented in the Table 7. Generally, a higher GRG value offers better output/ 
response. The multi-objective (minimum weight loss and coefficient of friction) optimum 
condition could be found from the response table: sample code of level 6, rotation of level 3, 
sliding distance of level 3 and load of level 1.   
 
Table 7. Response Table of wear test for hybrid metal matrix composites (Means) 

Level Samples code Rotation, RPM Sliding distance, m Load, N 
1 0.3531 0.6201 0.6108 0.6468 
2 0.7346 0.6072 0.6153 0.6242 
3 0.4708 0.6377 0.6390 0.5941 
4 0.5395    
5 0.7188    
6 0.9134    

Delta 0.5603 0.0305 0.0283 0.0527 
Rank 1 3 4 2 

 
Analysis of Variance (ANOVA). ANOVA is performed using a Minitab version 17 to 

find which parameters significantly affect the quality/ multi-objective/responses. The mean 
data of overall grey relational grade is used to analyse the effect of sample code, rotational 
speed sliding distance and load on the total variance of the results. The result of the ANOVA 
is tabulated in the Table 8. The ANOVA table shows the percentage contribution of each and 
every parameter. The percentage contributions of parameters were found 94.47 % for sample 
code, 1.06 % for rotation, 1.04 %, for sliding distance, and 3.16 %, for the load. The main 
effect plot for grey relational grade values for means are given in the Fig. 3. The optimal 
combination of factors and their levels is abbreviated as SC6R3SD3L1 based on the mean 
effect plot. Sahoo and Pal [22] performed similar work on the tribological performance on the 
electroless Ni-P coatings and found that the three test parameters, load, speed and time have a 
significant influence on the friction and wear behaviour at the confidence level of 95 % within 
the specific test range. Paranthaman et al. found that the applied load is significant parameter 
and wt % of reinforcement and sliding distance are insignificant for studying tribological 
behaviour Al metal matrix composites [23]. 
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Fig. 3. Main effect plot for means- wear rate of hybrid metal matrix composites  

(higher is better) 
 
Table 8. ANOVA results for hybrid metal matrix composites  

Source 
Degree of 
freedom 

Sum of square Mean square 
Percentage 

Contribution 
P Value 

Sample code 5 0.626851 0.125370 94.47 0.0 
Rotation (RPM) 2 0.002817 0.001409 1.06 0.968 

Sliding distance, m 2 0.002770 0.001385 1.04 0.968 
Load, N 2 0.008402 0.004201 3.16 0.906 

Residual Error 6 0.002002 0.000334 0.25  
Total 17   100  

 
Confirmation Tests. After the optimum level of wear behaviour parameters is 

identified, a confirmation test was performed for checking the accuracy of the analysis. The 
predicted grey relational grade γpre value may be found by the following equation: 

 
,                     (7) 
 

where, m  is the total mean of the grey relational grade, 
_

  is the mean of grey relational grade 

values at the optimum level and n is the number of main parameters that significantly affect 
the overall quality characteristics.  

Table 9 shows the comparison between predicted value of grey relational grade and 
experimental value of grey relational grade obtained by combination of optimal parameters. 
The confirmation test was performed and it was found that the experimental GRG value for 
response characteristics increased by 0.063656. The WL and COF were decreased by 0.0061 g 
and 0.021 respectively from the initial to optimal parameters. Hence, the integrated Grey 
Taguchi approach improved the multiple performance characteristics in terms of WL and COF 
by 8.05 % and 6.18 %, respectively.  
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Table 9. Results of the confirmation test for hybrid metal matrix composites 

Sources 
Initial testing 
parameters 

Optimum testing parameters 
Prediction Experimental 

Combination of testing 
parameters 

SC6R2SD1L3 SC6R3SD3L1 SC6R3SD3L1 

Weight loss 0.0749  0.0688 
COF 0.337  0.316 
GRG 0.84886 0.970814 0.912516 

 
Parametric effect on the outputs/ responses (weight loss and coefficient of friction). 

Figure 4 represents the weight loss at different wear parameters, whereas variations of 
coefficient of friction and wear rate with load at different rotations and sliding distances for 
hybrid composites in presented in Figs. 5 and 6 respectively. It can be observed that  
the Al-alloy A0B0 has the highest weight loss in comparison to all the hybrid composites 
samples of B100A0, A100B0, A75B25, B75A25 and B50A50 for all the variable wear 
parameters. The phenomenon is happened due to lower asperities to asperities contact 
between two counter surfaces or particles of reinforcements (i.e. Al2O3 & B4C) are harder, 
and unreinforced al alloy (6061) is softer than the reinforced composites which causes heavy 
plastic deformation on the surface also. Bardeswaran et al. [24] found that COF decreases on 
increases the B4C particles content and wear resistance of the composites increased on 
increasing the contents of B4C particles in the matrix materials. 

 

 
Fig. 4. Variations of weight loss with load at different rotation and sliding distance for hybrid 

composites 
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Fig. 5. Variations of coefficient of friction with load at different rotation and sliding distance 

for hybrid composites 
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Fig. 6. Variations of wear rate with load at different rotation and sliding distance for hybrid 

composites 

 

The weight losses were found to be increased with increase in loads for all the 
composites due to increased plastic deformation of asperities to asperities contact between the 
contacting surfaces at wear parameters. Also the similar trend was followed by weight loss 
with rotation of disc or sliding distance for all the composites at different wear parameters. 
For B50A50 sample, the weight loss was the lowest among all the composites due to 
contribution of hard ceramic particles as reinforcements and its better interfacial bonding 
between the matrix of al alloy 6061 with dispersed particles of alumina and boron carbide. 
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For the samples A0B0 and A100B0, the weight loss was increased with increasing 
rotation of disc or sliding distance due to softening of materials. The composites B100A0 and 
B50A50 showed lower weight loss at higher rotation of disc or sliding distance due to 
formation of tribo-layer between the sample and counter surface body. Also, for the 
composites A75B25 and B75A25, the weight loss was higher at lower speed than the other 
speed due to delimitation of particles taking place for all particular wear parameters. On 
comparing with Al alloy A0B0, all the composites offer a higher coefficient of friction at all 
the conditions. This happened due to addition of dispersed particles of alumina and boron 
carbide in the matrix material. For all the composites including alloy, initially the coefficient 
of friction was high because of sharp asperities on the counter face that deformed the material 
then decreased with increasing load (15N-35N) due to deformation of asperities, which also 
causes work hardening of matrix material. 

The wear rate of Al alloy A0B0 is highest in comparison to all the composites B100A0, 
A100B0, A75B25, B75A25 and B50A50 due to softer nature of matrix materials of Al alloy 
or higher asperities to asperities contact between counter surfaces or presence of harder Al2O3 
and B4C powder particles in the composites for all wear parameters.  

For Al alloy A0B0 (at all the wear conditions), B100A0 (200 rpm, 2500 m) and 
A100B0 (200 rpm, 2500 m), there is formation of oxides which spreads and form a layer on 
the pin surfaces. Once, the oxide later are formed there were spalling, distortion and fractures 
of that layer may be happened between mating surfaces during sliding but all the oxides are 
not dislodge from the mating surfaces. Hence, it may prevent metal to metal or particles to 
metal contacts leads to reduction in wear rate.  

For A75B25 composites, the wear rate is decreased with increasing load from 15-35 N 
because of better interfacial bonding between reinforcing and matrix materials for all wear 
conditions. The wear rate of composites B75A25 and B50A50 are increased with increasing 
applied load from 15 to 35 N due to increasing temperature leads to no longer formation of 
mechanically mixed layer. A larger load produces large uncertainties in the formation of 
mechanically mixed layer. Similar trends followed by the composites B100A0 and A100B0. 

Morphological study of wear surfaces. Figure 7 shows the micrographs of worn 
surfaces for hybrid metal matrix composites at different loads:  A0B0 at 15 N, A50B50 at 
35 N, B100A0 at 25 N, and A100B0 at 25 N. It was seen that longitudinal grooves and some 
pits are present in each of the specimens. The grooves refer to the occurrence of plastic 
deformation. The fine scratches were visible along with the sliding direction for hybrid 
composites A50B50, B100A0, and A100B0. However, the grooves and scratches have been 
reduced to a relatively finer form for hybrid composite A50B50. The presence of grooves 
indicates the micro-cutting and micro-ploughing effect. It is the indication of abrasive wear. 
From the SEM images, the pits and heavy flow of material along the sliding direction could 
also be observed, so there is adhesive wear. Severe abrasive wear along with adhesive wear 
was observed for the hybrid composites. The present result was found in line with the 
reported result by Zhu et al. [25].  
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                         Fig. 7. Micrographs of worn surfaces for hybrid metal matrix composites:  
                      (a) A0B0 at 15 N, (b) B100A0, (c) B0A100 at 25 N, and (d) B50A50 at 35 N  

         for different rotation of the disc and sliding distance 
 

 
The degree of the grooves formed for a specimen (A0B0) at a load of 15 N was higher 

than the specimens A50B50 at a load of 35 N, B100A0 and A100B0 at a load of 25 N. The 
grooves formed in composites were reduced with the addition of hard alumina and boron 
carbide particles, indicating lower material loss for hybrid composite. At the beginning of the 
wear test, the material may be subjected to abrasive wear. Later, when the sliding distance 
increases, the adhered reinforcements may come out from the composites material and act as 
abrasive between pin and disc material (EN-31, hardened), leading to three-body abrasion 
behaviour. The EDS analysis of worn surfaces of Al-Al2O3/B4C composites is shown in 
Figure 8. The presence of Si, Mn, Cu, Cr, Fe, B, C, O and Mg particulates can be seen by 
EDS analysis. The EDS images of fabricated Al6061-Al2O3/B4C composites show the 
presence of B, C, O along with monolithic Al alloy constituents (Al-Mg-Si). Thus, it can be 
confirmed about reinforcements in the samples by the EDS analysis.  
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Fig. 8. EDS spectrum of Al-Al2O3/B4C metal matrix composites 
 

Conclusions 
The wear analysis of the prepared hybrid MMCs was performed using the pin-on-disc method 
and wear parameters were also optimized with objectives of minimizing the weight loss and 
coefficient of friction through integrated Grey-Taguchi techniques. The main findings are as 
follows: 
1. In comparison with Al alloy matrix and single reinforced MMCs, the minimum values 
of weight loss and coefficient of friction were seen for the hybrid composite with equal 
percentages of reinforcements.  
2. The optimum values of weight loss and coefficient of friction through an integrated 
GRA-Taguchi analysis were reported as such: sample composition of B4C= 50 % and  
Al2O3 = 50 %, rotation (sliding speed) of 250 RPM, the sliding distance of 2500 m and the 
load of 15 N. 
3. The results of the ANOVA indicated the percentage contribution of each input factor as 
such:  compositions of 94.47 %, rotation (sliding speed) of 1.06 %, sliding distance of 1.04 %, 
and load of 3.16 %.  
4. The abrasive along with adhesive wear mechanism was found in the composites through 
SEM analysis.  
5. Based on experimental outcomes from wear analysis of hybrid metal matrix composites, 
it can be concluded that better wear resistance was offered by hybrid composites than Al 
matrix and single reinforced composites which makes the hybrid composites more suitable for 
applications where economical and high wear resistance materials are required.  
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Abstract. The effect of friction stir processing treatment (FSP) on the microstructure and 
physical and mechanical properties of an aluminum alloy of the Al-Fe-Mg-Si system (AD31T 
alloy) has been studied. In particular, the influence of various processing modes on the 
formation of structural and bulk defects in the stir zone (SZ) was studied. The optimal 
technological parameters that ensure the formation of a tool with a relatively homogeneous 
defect-free structure for a given tool geometry is a tool rotation speed of 1120 rpm at a tool 
linear speed of 200 mm/min. It is shown that an increase in the linear speed of the tool in the 
range of 50–200 mm/min leads to a decrease of the heat-affected zone (HAZ), a smaller size of 
volume defects in the SZ, and more uniform deformation. The microstructure analysis data is 
confirmed by the microhardness and electrical conductivity measurement values. It is shown 
that the decrease in the electrical conductivity in the SZ does not exceed 2 % of the electrical 
conductivity of the base material. 
Keywords: FSP; Al-Mg-Fe-Si; aluminium alloy; fine-grained structure: microhardness; 
electrical conductivity 
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Introduction 
The aluminum in the modern industry plays a key role; aluminum production is one of the 
strategic directions in non-ferrous metallurgy [1]. Due to low density, high thermal 
conductivity, low electrical resistance, high ductility, corrosion resistance, good 
manufacturability, assimilation in metallurgical production, and a set of performance 
characteristics, aluminum alloys are the basic structural materials in the aerospace industry, 
construction, railway transport, automotive industry, and shipbuilding [2]. The application 
sphere of aluminum alloys is constantly expanding. The technologies of its production and 
processing are being improved - both new methods for obtaining aluminum and alloys based 
on it [3,4], as well as methods for obtaining products and prepacks from them do appear [5]. At 
the same time, tasks related to the development of new and the development of existing 
technologies are relevant for modern mechanical engineering [4]. Recently, the creation of 
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gradient structures in materials, including those based on aluminum, has been actively 
developed. The structure of such materials is characterized by a designed inhomogeneity, 
providing different properties in the material’s volume [6]. The most common method for 
obtaining gradient structures is surface treatment, due to the relative availability of the process, 
many ways of providing the treatment and the readiness of the product at the output. One 
approach to surface treatment to obtain a gradient structure is friction processing. Friction 
processing includes several methods, such as friction stir welding, friction stir processing, radial 
friction welding, friction soldering, etc. [7]. The most common of the methods listed above is 
friction stir processing (FSP). Processing by FSP [5] is a technology aimed at modifying the 
structure and properties of the surface of materials in the solid phase. Its difference from 
traditional methods is the absence of melting, which can lead to oxidation and overburning of 
the metal [8], and a decrease in its strength properties [9]. Studies on FSP have shown that this 
method, in addition to creating permanent joints, is able to modify the surface layer of the 
processed material, providing a different level of properties. It has been shown that FSP with 
superposition of tracks on aluminum surface makes it possible to achieve a reduction in the 
average grain size to 100–200 nm on a relatively large area, reaching an ultrafine-grained 
(UFG) state [10–12]. The authors propose a similar approach as one that makes it possible to 
obtain large-sized products with an UFG structure of the near-surface layer. The authors of [13] 
claim a more than 20-fold decrease in the average grain size because of one pass of FSP, which 
led to an increase in the yield strength of the material by 2.4 times. FSP has also found its way 
to modify surface chemistry and create aluminum-based composites. For example, application 
of FSP makes it possible to introduce reinforcing particles into the near-surface layer of a 
material without the formation of a liquid phase [14]. At the same time, the FSP itself 
contributes to the strengthening of the treated area. Thus, a combined effect on the product 
surface is achieved, which is unattainable by other approaches [15–17]. However, the published 
scientific results often lack precise data regarding tool configuration or processing mode details. 
Only approximate ranges of values for the speeds of movement and rotation of the tool, and the 
general configuration of the tool are given [18–20]. For further work, the exact values of these 
parameters are necessary, because their non-observance is fraught with the appearance of 
volumetric defects in the weld material [17,21,22]. The objective of this study is to analyze the 
microstructure and properties of AD31T aluminum alloy processed by FSP for four modes and 
to provide the recommendations on the exact geometry of the welding tool and processing 
conditions. The modes are tested on a model aluminum alloy, and the optimal mode will 
subsequently be applied to other aluminum alloys of the Al-Fe-Si system.   

 
Materials and Experimental Methods 
As a research material, hot-rolled aluminum alloy plates of 10 mm thick and 200x200 mm in 
size were used. The plates were obtained in the "T" state which means quenching and natural 
aging of the plate. This resulted in the inhomogeneity of the structure – there are coarse grains 
near the surfaces of the samples and finer grains closer to the middle of the sample. The 
chemical composition of the commercially produced AD31T alloy is given in Table 1.  
 
Table 1. Chemical composition of the AD31T alloy 

Concentration of the element, wt. % 
Al Si Fe Mg Mn Cu Zn 

Base material 0.410 0.390 0.390 ≤0.035 ≤0.035 ≤0.035 

 
The processing of the material was carried out on a vertical console milling machine  

FSS-400, adapted for FSP, in 4 different processing modes (Table 2). During FSP the shoulder 
penetration was 0.635 mm at a tool inclination angle of 3˚. The tool dwelling time after 
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immersion is 10 sec. Each mode provides 1 tool pass. During the FSP, the temperature in the 
treatment area was monitored using a TESTO 868 thermal imager. 

 
Table 2. FSP modes  

Sample marking for the X-Ray 
control 

Tool rotation speed, 
rpm 

Tool linear speed, 
mm/min 

Max. temperature of 
the tool, ˚С 

205 

1120 

50 600 

204 100 560 

206 160 470 

207 200 440 

 
A sketch of the tool is shown in Fig. 1. The tool is made of steel grade 20X13 (the closest 

analogue is AISI 420). Before use, the tool is hardened, after which its hardness is 580 HB. 
Most authors do not disclose the details of the geometry of the stirring tool, however, the general 
recommendations for aluminum alloys are that the tool pin should be a tapered cone or a 
threaded one [16,22]. However, the production of the threaded tool is more expensive and 
complex, than the production of the tapered cone tool [23]. Further it will be demonstrated that 
the simple tapered cone shape of the tool can provide the defectless structure, without having a 
need for the threaded tool. 

 

 
Fig. 1. Schematic of the stirring tool. Red rectangle indicates the location within the stirring 

tool, in which temperature measurements were conducted 
 
X-ray control was carried out on the hardware-software complex of digital radiography 

"Tsifrakon". Microstructure studies were performed on an Olympus Q15OR optical 
microscope. For metallographic analysis, microsections were made, cut in the middle of the 
length of the treated zone in the direction perpendicular to the processing direction. Surface 
finishing was carried out in a 3 % hydrofluoric acid solution to reveal the macrostructure. 
Microhardness (HV) was evaluated by the Vickers method on a Buehler MicroMet 5101 
instrument at a load of 1 N and a holding time under load of 10 s. The HV value was calculated 
using the Omnimet Imaging System software. Microhardness was measured on transverse 
sections of specimens along lines parallel to the surface of the original slab. The measurements 
were taken at the middle of the sample thickness, and ¼ of the height from the bottom and top 
surfaces of the slab. When measuring the microhardness of the stir zone, the line of 
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measurements passed through all sections of the cross section of the FSP sample at a 
measurement step of 0.5 mm (about 60 measurements per line). The specific electrical 
conductivity (ω) of the alloy samples was determined with a relative error of 2 % using a VE-
27NTs/4-5 eddy current electrical conductivity meter according to ASTM E1004-09. The 
electrical conductivity value of the samples relative to annealed copper (International Annealed 
Copper Standard) was calculated using formula (1): 
IACS = ω Al/ ω Cu × 100 [%],               (1) 
where ωAl is the experimentally determined value of the electrical conductivity of the aluminum 
alloy sample, ωCu is the electrical conductivity of annealed copper, equal to 58 MSm/m. The 
electrical conductivity was measured at 10 points on a line located in the middle of the sample 
thickness. 

 
Results and discussion 
Stir zone (SZ) assessment. The overview of the treated samples and their X-ray control images 
are presented in Fig. 2. 

 

  
(a) (b) 

 
 

(c) (d) 
Fig. 2. The overview of the treated samples (a,b) and X-ray control images (c,d) of the 

samples 205, 204, 206 and 207. Advancing side (AS) and retreating side (RS) are indicated 
for each sample 

 
X-ray quality control of the processed zone (PZ) showed that there are no macroscopic 

defects and discontinuities in the PZ in all four modes. The temperature in the PZ decreases 
with increasing linear speed of the tool (Table 2). With a decrease in the process temperature, 
both a decrease in the plasticity of the metal and an increase in the probability of the occurrence 
of bulk defects take place, as well as a decrease in the risks of melting, oxidation and the 
occurrence of recovery and recrystallization processes. Thus, the balance of the temperature 
should be maintained to prevent the abovementioned negative effects. 
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Macrostructure assessment. A stir zone (SZ), a thermomechanically affected zone 
(TMAZ), a heat-affected zone (HAZ) and a base material (BM) can be distinguished in the PZ. 
It should be noted that the width of the HAZ is small in all the samples, and only the SZ, HAZ, 
and BM are distinguished clearly. The width and geometry of the PZ (Fig. 3) directly depends 
on the parameters of energy input due to friction and is determined by two main parameters - 
the tool rotation speed and the linear speed of the tool movement. It should be noted that the 
TMAZ and HAZ decrease with an increase in the linear velocity of the tool (Table 2) and turned 
out to be the smallest for samples 206 and 207. 

 

 
 

Fig. 3. The results of optical metallography of transverse sections of the studied samples 
 

Figures 4 and 5 present the results of optical metallography of the structural features of 
the samples. Figure 4 shows the central part of the PZ of samples 204-207. The most uniform 
state of the material volume is observed in sample 207. Samples 205, 204 and 206 are 
characterized by the presence of volume defects in the central part of the SZ. 
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(a) (b) 

  
(c) (d) 

Fig. 4. The central part of the PZ in samples 205(a), 204 (b), 206 (c) and 207 (d), OM 
 

 
 

Fig. 5. Panoramic image of the microstructure of sample 207 after polishing and etching, OM 
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Figure 5 illustrates a panoramic image of the microstructure of sample 207. There is 
practically no transition layer between the SZ and the HAZ. The edge of the SZ is clearly 
visible. The slab of the base material is characterized by a heterogeneity of the structure over 
the cross section - at the surfaces (upper and lower) the grain size is large (522 ± 56µm), 
gradually decreasing towards the middle of the sample (from 324 to 53 µm with average size 
of 131±8 µm); in the middle layer - fine, not detectable by etching. The similar microstructure 
could be observed in samples 205 and 206 as well. The difference in grain size throughout the 
sample, observed in the initial metallic plate, is the results of the quenching and natural aging.  

Microstructure assessment. The sample 207 was previously characterized as the 
preferable from the absence of defects point of view. The microstructure of the sample 207 is 
presented on Fig. 6.  

Intermetallic particles, presented in the material, don’t have a significant impact on the 
structure and properties of the sample. According to Fig. 6(a-d) there is no notable difference 
in the size and morphology of the intermetallic particles before and after the FSP. The treatment, 
however, results in the decrease of the average grain/subgrain size within the PZ – from 
274 ± 22 nm to 173 ± 10 nm (Fig. 6(e,f)) 

The presented experimental results show that in the FSP there is a significant refinement 
of the average grain size in the central region of the PZ, with the formation of a fine-grained 
equiaxed structure. The average grain size in the SZ decreases by a factor of 4–5 compared to 
the initial structure of the alloy (decreasing is more notable in the edges of the sample, where 
the initial grains are the largest).  

The exact processes that occur during the FSP within the material structure are 
numerous and may happen simultaneously. Due to the combination of the high temperature and 
high deformation value within the SZ the dynamic recrystallization (both continuous and 
discontinuous), recovery, dislocation emission and annihilation, grain refinement take place. 
Usually, the structure of the material after FSP consists of the grain with the different degree of 
recrystallization and/or recovery place [13,24]. The exact combination of abovementioned 
mechanisms depends on the material and the FSP conditions, and to pinpoint each of them, the 
thorough structure analysis is required. However, in case of friction stir processing the 
processes on a microscale are not of an importance, since the presence/absence of macro defects 
has bigger value [8,25]. Since the recovery and recrystallization are inherent to the FSP, their 
presence might be used to an advantage – it is suggested that UFG materials could be subjected 
to FSP without loss of the UFG structure [9].  
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Fig. 6. Microstructure of the 207 sample: (a,c,e) – BM, (b,d,f) – SZ, SEM.  
Images a-d illustrate particles, e-f – grains/subgrains 
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Microhardness and electrical conductivity results. Figure 7 shows the obtained data 
on the distribution of microhardness over the cross section of the sample. For each sample three 
microhardness profiles were measured: at the bottom of the sample, in the middle and at the 
top.  

  
(a) (b) 

  
(c) (d) 

Fig. 7. Distribution of microhardness over the cross section of the samples 204 (a), 205 (b), 
206 (c) and 207 (d). On all images the AS is on the right 

 
The measurements showed that the microhardness values HV for all the samples under 

study are in the range of 40 – 65 HV. The middle profile is slightly higher for each of the 
samples due to the lower average grain size. Due to the uneven structure of the initial plate, 
there is no data for the microhardness of the BM, since it is different in different regions of the 
samples. At the same time, the microhardness profiles have tendency to rise (and even have a 
peak in sample 206) in the region of the PZ. The increase in microhardness is the result of grain 
boundary strengthening, which, in turn, is caused by a decrease in the average grain size in the 
SZ because of the thermomechanical treatment. It is noteworthy that the highest peak values of 
microhardness are observed in the sample obtained according to mode 206. Highest average 
microhardness values are demonstrated by the 205 sample. 

 
Fig. 8. Distribution of electrical conductivity over the cross section of the SZ in the samples 

204-207. AS is on the right 



47  A.E. Medvedev, V.V. Atroshchenko, A.S. Selivanov, A.R. Bogdanov, M.V. Gorbatkov, Y.V. Logachev,  
V.S. Lobachev, A.R. Sadrislamov 

 
Figure 8 shows the graphs of the distribution of the electrical conductivity of the 

investigated alloy after FSP. Since the electrical conductivity parameter is sensitive to structural 
defects, its change can be used to judge the homogeneity of the deformation. 

Although all samples are characterized by a decrease in electrical conductivity in SZ 
relative to BM, associated with an increased density of structural defects, the difference in 
electrical conductivity values is relatively small and lies within the error value. Still, electrical 
conductivity measurements present the trend of electrical conductivity changes. The scatter of 
electrical conductivity values in samples 205 and 204 is higher than in samples 206 and 207, 
indicating a greater structural inhomogeneity in samples 205 and 204. All four samples are 
characterized by a local decrease in electrical conductivity in the first third of the sample, 
exactly where the transition zone between the BM and the HAZ is. From the point of view of 
the formation of a homogeneous structure within the PZ, mode 207 is optimal, which makes it 
possible to recommend it for further research. 

The conducted studies of the relationship between the processing conditions of the FSP 
and the microstructure and properties of the obtained samples showed that with a decrease in 
the linear speed of the tool movement, the thermomechanical effect on the microstructure of 
the PZ increases noticeably. In the region of the PZ root, volumetric defects begin to be detected 
with a decrease in the linear speed of the tool. However, the size of these defects is relatively 
small, and continues to decrease with increasing linear speed of the tool. The importance of the 
macro defects within the stir zone cannot be overestimated – the presence of the crack or left 
by the FSP can led to a premature failure of the material, nullifying all the attempts to increase 
the material’s strength [8,17,25]. Thus, only after obtaining defectless structure, any further 
strength/performance attempts can be made. 

The revealed patterns of structure formation during FSP and the tests carried out made 
it possible to select the technological parameters of the FSP, which provide both a decrease in 
the number and size of bulk defects and local hardening in the core. The proposed FSP mode 
can be transferred to other aluminum alloys. 

The results obtained can be used for further work aimed at obtaining aluminum-based 
materials with modified structure and surface properties. Since the FSP conditions for the 
studied alloy were established, the different schemes of the FSP could be safely applied to this 
alloy. The further research is focused on providing the overlapping tracks [10–12], processing 
the material plate from both sides, doubling the processing routes [7].  

 
Conclusions 
1.  The optimal technological parameters that ensure the formation of PZ with a relatively 
homogeneous defect-free structure with a small grain size at a given instrument geometry is a 
tool rotation frequency of 1120 rpm with a processing speed of 200 mm/min for the AD31T 
alloy. 
2.  An increase in the linear velocity of the stirring tool leads to a decrease in the heating 
temperature of the tool and the surrounding material and leads to a decrease of the HAZ. Since 
it is important not to overheat the material (to avoid recovery, oxidation, formation of a liquid 
phase and other undesirable processes) the increase in linear velocity of the tool not only 
decreases the treatment time, but also provides absence of the aforementioned defects.  
3.  Suggested FSP conditions provide the decrease of the electrical conductivity within the 
SZ by 2 % of the BM conductivity level without the loss of the microhardness, making this 
technique applicable to the installation of electric conductors. 
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Abstract. The present study is focused on the protection of alloys against hot corrosion by 

burnishing the thermal spray coatings. The research study aims to appraise the hot corrosion 

behavior of WC-Co coatings deposited on boiler steel SA213-T11 using a High-Velocity Oxy-

Fuel process (HVOF) followed by a burnishing process. This study also aims to develop a 

suitable protective burnished-coated material system to enhance the life of metals and alloys 

operating under a hot corrosion environment. Therefore, the performance of the thermal spray 

coating followed by the burnishing process is required to be studied for the primary modes of 

degradation against oxidation and hot corrosion modes of material failure. Various 

microstructural and mechanical characterizations techniques such as X-Ray Diffractometry 

(XRD), Scanning Electron Microscopy (SEM), Optical Microscopy, and Microhardness tester 

were employed to evaluate coating properties. The performance of the thermal spray coating 

followed by the burnishing process is studied for the primary modes of degradation against 

oxidation and hot corrosion modes of material failure. 
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Introduction 

Hot corrosion. Presently, alloys are put forth to enhance the utility life span of steam 

generators, superheaters, etc primarily in the superheated zones of recently brewed ultra-

supercritical boilers. Combustion gases create an intemperate atmosphere, and hot corrosion is 

inevitable when metals are heated for long periods.. Deterioration of the properties of alloys 

while working under extreme temperature conditions and critical pressure leads to an untimely 

and premature degradation of metallic components with the cognate endangerment of plant 

shutdown resulting in the loss in economy, rise in environmental pollution and anticipating the 

human lives risk. The materials exercised for high-temperature purposes are subjected to high-

temperature wear and hot corrosion [1]. Hot corrosion results in the deterioration and 

subsequent catastrophe of mechanical components and their systems operating in both 

manufacturing and processing industries thereby affecting their service life expectancy [2]. Hot 

corrosion has become a very serious problem nowadays in the Power plant equipment industry, 

which cannot be neglected. Generally, it is observed in hot sections of boilers, gas turbines, 

coal gasification plants, diesel engines, and incinerators [3]. Many Ferritic sheets of steel are 

reported to endure high depletion rates under fluidized-bed conditions due to erosion-

corrosion [4]. Engineers and researchers have given more intension to this phenomenon when 

https://orcid.org/0000-0003-1118-7387
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very severe corrosion was observed in the gas turbine engines of military aircraft during the 
Vietnam conflict [5].  

Preventive measures. In many technical applications, alloy material components must 
withstand high temperatures, harsh chemicals, erosion, corrosion, and oxidation [6]. It is 
difficult to arrest corrosion entirely but it can be scaled down significantly using convenient 
and well-suited anticipatory protective measures. Surface modification and upgrades are needed 
to protect these components from various deprivations [7]. Protective coatings are the most 
effective, reliable, and economically possible way to avoid superheater and re-heater hot 
corrosion [8]. The enhancement in manufacturing technology alone is not enough to reduce the 
cost issue [9]. Koch et al. [10] reported that corrosion disbursements can be retained 
approximately by 25-30 % yearly with appropriate preventive measures by controlling hot 
corrosion. Efforts to reduce the maintenance costs of components employed under high-
temperature conditions have raised the awareness of shielding them with protective coatings 
among researchers [8]. Theemployment of protectivcoatings are the utmost effective, 
trustworthy, and economically feasible mode to curb or prevent the hot corrosion problems of 
superheater and re-heater boilers.  

High-velocity oxy-fuel process. Thermal spray coatings augment the lifespan of 
components that operate at extreme temperature conditions. The application of thermal sprayed 
coatings is found to be a unique, practical, reliable, and economically feasible way to control 
or avoid hot corrosion [11–13]. The high-velocity oxy-fuel (HVOF) process of coatings is 
regarded as the "most popular thermal spraying technology" [9]. HVOF spraying is a fast-
growing method for treating high-temperature corrosion, challenging the costly vacuum plasma 
spraying technique (VPS). The HVOF method of spraying has been adopted by several thermal 
spray industries because of its "cost-effectiveness", flexibility, and exceptional coating quality. 
The coatings generated by this process exhibit higher bond strength and hardness value along 
with low porosity as compared to other thermal spraying processes such as plasma spraying, 
flame spraying, and arc spraying [14]. The HVOF thermal spray method of coatings is widely 
employed in several applications including gas turbines, paper and pulp, petroleum, chemical, 
automotive industries, and energy-conversion [1,9]. These are also applied in manufacturing 
industries, boilers, superheaters, reheaters, pipe systems, and valve bodies [15,16]. HVOF 
thermal spraying deposits a coating with smaller porosity, better bond strength, greater 
hardness, and less decarburization [17]. HVOF is used in aviation, automobile, marine, and 
petrochemical process components. Sidhu et al. [9] reported that HVOF coating had lower 
roughness, porosity, and oxide content than conventional thermal coating methods. 

Burnishing process on the applied coating. The protection provided by the coating 
against hot corrosion depends upon many factors. But one very important factor is the porosity 
of thermal sprayed coating because corrosion species travel through these pores to the substrate. 
Still, even with the advancement in thermal spray technologies, it is impossible to attain pores-
free thermal spray coatings. Some voids are always formed at the splat boundaries during the 
thermal spray coating process and corrosion species penetrate through the voids [18]. Various 
researchers had employed the post-treatment process to deposit coatings to reduce their porosity 
value. A mechanical process known as ‘burnishing’ is used as a super finishing treatment for 
metallic components. In this process, a super-finished and hardened material in the form of a 
roller or ball is allowed to move over the surface of the component with the application of some 
pressure. This results in the elastic-plastic deformation of the component surface. The rolled 
surface gets finished and its porosity reduces to a greater extent. Luca et al. [19] opined that in 
addition to constructing a good surface finish, the burnishing process also improved the other 
properties of the material such as hardness, corrosion resistance, and fatigue life. The 
Burnishing process is used to achieve a high surface finish on metals resulting in a smooth 
hardened surface with some improved mechanical properties [20].  
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Burnishing as a novel approach can be employed in this research study to reduce the 
porosity of thermal spray coating. The research study aims to determine the effect of burnishing 
on thermal spray coatings against high-temperature aggressive environmental applications of 
boilers, gas turbines, waste-to-energy plants, etc. This study also aims to develop a suitable 
protective burnished-coated material system to enhance the life of metals and alloys operating 
under a hot corrosion environment.  

 
Materials and Methods  
Substrate Metal Alloys. The substrate base metal alloys selected for the present study are 
"ASTM-SA213-T-11" (T11). This alloy is utilized as a boiler tube material in the "Power Plants 
situated in North India". The substrate alloy was provided by "Cheema Boilers Private Limited" 
(India) in the rolled sheet form for research purposes to examine their protective behavior 
against high temperature corrosive environmental conditions. Nominal and actual chemical 
compositions of these alloys along with their applications are provided in Table 1. 
 
Table 1. Nominal and actual composition along with an industrial application of T11 alloy 

Alloy Composition 
Chemical composition, wt. % 

C Mn Si S P Cr Mo Fe 
SA213-

T11 
Nominal 0.15 0.3-0.6 0.5-1 0.03 0.03 1-1.5 0.44-0.65 Bal. 
Actual 0.1369 0.4292 0.3038 0.0065 0.0124 0.9114 0.5125 Bal. 

 
Feedstock Powders for Coating. The commercially available WC-Co feedstock material 

in a powdered form have been utilized as the coating powder to be deposited on base metal 
substrate alloys for appraising their hot-corrosion performance at high-temperature conditions. 
The chemical composition and size of particles of these feedstock materials are given in 
Table 2.  

 
Table 2. Composition of feedstock powders 

Feedstock alloy 
Chemical 

composition, wt. % 
Shape Nominal сomposition Weight percentage, % 

WC-Co powder 80WC- 20Co Spherical 
Tungsten carbide Base 

Total Carbon 5.3-5.4 
Cobalt 11-13 

 
Table 3. Spray parameters employed for HVOF coating 

Parameters Gun DJH 2600 & Nozzle DJH 2603 
Oxygen flow rate, SLPM* 14-16 

Fuel (LPG) flow rate, SLPM 26-31 
Air flow rate, SLPM 33 

Spraying distance, inch 9 
Fuel pressure, kg/cm2 8-10 

Oxygen pressure, kg/cm2 12 
Air pressure, kg/cm2 9 
Feed rate, gm/min 50-60 

* SLPM =Standard Liters Per Minute 
 

Development of Coatings. The boiler steel alloys were sectioned and specimens were 
cut to the dimensions of 20 × 15 × 5 mm The dimensioned specimens were abraded down with 
silicon carbide papers to 180 grit. Then, these specimens underwent sandblasting by alumina 
(Grit 45) preceding the application of coatings. This task is performed to obtain healthier 
adhesion between coating and substrate. The utmost attention was considered to evade any sort 
of structural changes in all physically formulated. The coatings were thermally sprayed at 
Spraymet Surface Technologies Private Limited, Bengaluru (India) utilizing High-velocity 
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oxy-fuel (HVOF) thermal spray systems. The spraying parameters engaged while thermal 
spraying are given in Table 3. 

Post-treatment of coating by burnishing process. In this study, the coated specimens 
underwent a burnishing process by high strength roller as the burnished tool was affixed to the 
Shaper machine. Burnishing is done with a force of 60 N at a constant speed of 200 rpm for 
50–60 passes at a feed rate of 0.05 mm/rev. Figure 1 depicts the specimens' burnishing. 

             
 

Fig. 1. Burnishing technique 
 

Experimentation. As-sprayed specimens and burnished-coated specimens were cold 
mounted in the cold-setting epoxy compound along their surface. Then the specimens were 
polished with 220, 400, and 600 grate silicon carbide emery papers having 1/0, 2/0, 3/0 and 4/0 
grades and subsequently polished on the wheel polishing machine with 1 μm alumina powder 
suspension. As-sprayed and burnished-coated specimens were then cross-sectioned through a 
low-speed diamond cutter (Buehler’s Precision Diamond Saw, Model: ISOMET 1000, Make: 
USA) for their cross-sectional analysis. The cross-sectioned specimens were cold-mounted 
using an epoxy cold-setting compound along their cross-section. Subsequently, these specimens 
were polished according to a similar procedure as explicated for surface preparation. These 
specimens were then cross-sectioned through a low-speed diamond cutter (Buehler’s Precision 
Diamond Saw, Model: ISOMET 1000, Make: USA) for their cross-sectional analysis. The 
cross-sectioned specimens were cold-mounted using an epoxy cold-setting compound along 
their cross-section. Subsequently, these specimens were polished according to a similar 
procedure as explicated for surface preparation. The formulated specimens were polished to 
expose their coating microstructure and their porosity is analyzed by an Image Analyser System 
using PMP3 Inverted Metallurgical Microscope (Make: Japan) incorporated with Material Plus 
software based on ASTM standards. The surface morphologies and cross-sectional 
microstructures of these specimens were obtained by an Inverted Optical Microscope (Model: 
Axiovert-200 MAT, Make: Carl Zeiss, Germany) conjugated with the Imaging software (Zeiss 
Axio Vision, Germany). The microhardness values of all specimens across their cross-section 
were assessed by a Microhardness Tester (Miniload 2, Make: Germany) equipped with Vickers 
Pyramidal Diamond Indenter. 

Specimen 
Valleys 

Asperities 

Hard Roller 

Burnishing Tool 

Normal Pressure 

Lateral Motion 
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Results 
Scanning electron microscopy (SEM) and X-ray diffractometry (XRD) analysis. SEM 
morphology of WC-Co feedstock powders shows  its spherical morphology as shown in Fig. 2. 
The diffraction patterns for the WC-Co powder is  shown in Fig. 3 on the moderated scale. In 
the W-Co-C system, WC and W2C double carbides, are the most stable phases. The principal phase 
comprising Co-based fcc for WC-Co powder specifies the formation of a solid solution. 
Reduction in the amount of carbon in WC-Co alloys causes the WC carbide to convert into 
W2C carbides.  
 

 
Fig. 2. SEM images of powder WC-Co 

 

 
Fig. 3. XRD patterns for the HVOF feedstock WC-Co coating powder  

 
Substrate alloys. The optical microstructures of substrate materials under the present research 

study are shown in Fig. 4. The microstructures of selected substrates have been characterized by 
assessing them with comparable international standard superalloys as presented in ASM and Metals 
Handbooks. These substrates steel are generally signified as ‘ferritic’ low alloy steels which exhibit a 
bainite microstructure [21]. This microstructure ensures the finest creep resistance, while its extensive 
period usage and assessing strength is governed by fine precipitates present inside that microstructure. 
Chromium presence in these substrates not only enhances the property of the resistance against 
oxidation but also retards the transformation on cooling from austenite i.e. martensite becomes the 
predominant microstructure. While tempering, Mo2C which is the most stable carbide gets formed 
having low nucleation energy. Mo2C configuration has needle-shaped fine particles which develop 
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gradually at normal servicing temperature as a result of a great coherency among the lattice 
configurations of carbide particles and enclosing ‘ferrite’ matrix [22]. 

 

  
Fig 4. Optical micrographs of SA213-T11 substrate 

 
Coated alloys. Visual Examinations. Optical micrographs of the as-sprayed specimens 

are shown in Fig. 5. It can be noticed that as-sprayed WC-Co coatings exhibit a shining silver-
grey color. After burnishing, the same specimens indicate a dull deep grey appearance. Visual 
observations also show that as-sprayed coating has smooth surfaces, whereas after burnishing 
the coated specimen has a rough surface. Further, no surface cracks were found on any coatings 
surface. A surface recorder of resolution 0.008 µm "SE-1200, Kosaka Laboratory Ltd., Tokyo, 
Japan" were used to measure surface roughness values which came in the range of 4-6 µm. 

 

 
(a) 

 
(b) 

Fig. 5. Optical micrographs of as-sprayed coatings on substrate T11 with (a) WC-Co 
coating; (b) burnished WC-Co coating 

 
 

50 μm 

3 mm 3 mm 

Carbides 
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Measurements of Coating Thicknesses. The coating thickness was determined from 
Back scattered electron images (BSEI) obtained along the cross-section of coated specimens. 
The average thickness of the burnished coated specimen is 280 µm and WC-Co coated 
specimen is 290 µm  off. The BSE image for burnished WC-Co-coated WC-Co-coated 
specimen for representation is shown in Fig. 6. 

 
Fig. 6. BSEI micrographs showing cross-section morphologies of different HVOF coatings 

on: (a) burnished WC-Co coating on T11; (b) WC-Co coating on T11 
 

Porosity Analysis. The area of pores in a view field was analyzed with an analyzing 
software in which the grey area of pores transform into a red background while the rest 
microstructure persists in its primary color. The area of one feature is statistically interrelated 
to the overall area of the image, as the software reckons the number of pixels of one color type 
(red) and establishes that as a proportion of the over-all number of pixels in an image (entire 
area). Five readings of porosity values have been assessed for each specimen. The average 
porosity of burnished coatings and as-sprayed coatings of specimens are observed to be less 
than 1.2 and 2 % respectively. 

Microhardness measurements. Microhardness profiles along the cross-section of 
coatings as a function of distance from the interface of coating-substrate are shown in Fig. 7. 
The hardness value of substrate T11 is observed in the range of 310 to 400 HV. The hardness 
of the burnished WC-Co coated specimen is 919-999 HV, while the hardness of the WC-Co 
coated specimen is on the order of 630 HV.  

 
Fig. 7. Microhardness profiles for T11 substrate with WC-Co coating 
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Metallographic studies of WC-Co the coatings. Surface microstructure of coating. 
The optical micrographs of WC-Co coating and burnished coatings on T11 substrates selected 
for the present study are shown in Fig. 8. The irregularly shaped flat splats appear to be uniformly 
dispersed in the coating. The white globules distributed throughout the structure appear as melted 
regions. Some unmelted particles and limited voids are also observable in the coating structure. 
The un-melted particles in the coating structures are identified by their surface morphology 
including shape and size. 

 

                                                                  Carbides 

  
                                                                       

                                                                            Melted Regions 

 
Fig. 8. Optical micrographs displaying surface morphology of WC-Co coating on substrate: 

(a) T11 and (b) T11 burnished 
 

Cross-Section Microstructures. Optical micrographs displaying WC-Co coatings 
having cross-sectional microstructure are shown in Fig. 9. WC-Co coating has a relatively fine 
grain microstructure including white globules disbursed all over the structure. 

 

 
Fig. 9.Optical micrographs displaying cross-sectional microstructures of WC-Co coating 
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X-ray diffractometer study. XRD pattern on a reduced scale for the as-sprayed WC-Co 
coating is shown in Fig. 10. The presence of WC-based fcc as the principal phase for the selected 
as-sprayed coatings signifies the establishment of a solid solution matrix.  

 

 
Fig. 10.  Diffraction patterns for “WC-Co coatings” on T11 

 
SEM analysis. SEM morphologies for WC-Co and burnished WC-Co coatings deposited 

over the T11 substrates are shown in Fig. 11(a) and 11(b) respectively. As evident from the 
micrographic features, the coatings are homogeneous and substantial as well as free from cracks.  

 

  

Fig. 11. Surface morphology displayed by SEM micrographs for WC-Co coating on 
substrates: (a) T11; (b) T11 burnished 

 
A minimal number of unmelted particles are spotted in the structure of the coating. These un-

melted particles may adhere to the substrate surface due to high impact while HVOF spraying. The 
coatings exhibit the presence of certain oxide inclusions and very limited open pores. Further, some 
localized areas which have greater densities of open pores are also observed in some micrographs. 
However, the burnishing technique covers the open pores to a larger extent. Surface morphologies 
disclosed the crystalline structures of all coatings deposited on the substrates. The burnished coated 
specimen has small size splats, whereas medium-sized splats are noticed in the case of the applied 
coating. 
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Energy-dispersive X-ray analysis. Energy-dispersive X-ray (EDAX) analysis of the 
WC-Co coated specimen was done at selected spots, as shown in SEM micrographs shown in 
Fig. 12. The melted and partly melted regions as well as black areas are clearly distinguished 
in WC-Co coating. Partially molten state regions contain 87 % tungsten carbide and 11 % 
cobalt, which is nearby to the composition of WC-Co coating powder. The black regions visible 
in this coating seem to WC dominant. 

 
Fig. 12. Elemental composition (wt. %) at selected points analyzed by EDAX for WC-Co 

coating indicating elemental composition (wt. %) at selected points 
 
Cross-section analysis. Back scattered electron (BSE) images shown in Fig. 13 were taken 

across the cross-section of coated as well as a burnished-coated specimen for their cross-sectional 
investigation. In WC-Co coated specimen, the weight percentage of iron shows a slight drop i.e. 
from 43.9 to 41.49 % while the chromium weight percentage increases from 32 to 35.6 % which 
is slightly greater than the nominal composition of the substrate.. BSE Images and EDAX study 
at point 2 and point 4 indicate that the distinguish matrix phase has a similar composition as the 
coating powder. At location 3, the white phase of chromium-rich splat is observed. 

 
Fig. 13 Cross-sectional EDAX analysis (wt. %) of WC-Co coated specimens for:  

(a) T11 and (b) burnished-coated T11 
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Discussion 
Both the specimens i.e. under analysis have a solid suspension matrix. The consistent presence 
of carbides was noticed in all the selected specimens. The strength of these chromium-based 
specimens depends upon the mechanism of precipitation hardening, in addition to the solid 
solution hardening. The burnishing technique on the specimen also increases the surface 
hardness of the specimen comprehensively. Different types of carbides formed due to 
precipitation with the assistance of various elements present in the superalloy. WC has the 
greatest possibility of formation in all specimens since it is primarily promoted by the 
tungsten [23]. Further, W2C carbide tends to precipitate at the grain boundaries [24]. Some large 
globules observed in Fig. 4 signify the presence of the WC phase. Thicker coatings show better 
resistance against corrosion [25]. However, the self-disintegration of thicker coatings limits 
the thickness of the coatings [26]. Therefore, the deposition of 280-298 µm thick HVOF 
coating on substrates was selected in the present research study to certify the integrity of the 
coating [27]. The thickness of coating evaluated along the cross-section of specimens has 
been attained to the required extent of 280-298 µm as mentioned earlier in the study. HVOF 
coatings have a comparatively smooth as-sprayed surface finishing with surface roughness 
ranging between 4-6, as observed in Fig. 5. In HVOF coatings, high-impact energy is 
imposed upon the impinging particles. This cause a better mechanical bonding of sprayed 
particles for developing a homogenous structure thereby requiring less finishing compared 
to the other thermal spraying techniques. 

Porosity is regarded as the most significant property of the coatings tested under high-
temperature applications of hot-corrosion environments. Materials with larger porosity have 
lower mechanical strength because the connection between the particles and the matrix weakens 
as porosity rises. The corrosive species can penetrate through the porosities (preferred corrosion 
paths) to approach the surface of the substrate thereby resulting in a prompt attack of corrosion. 
Dense coatings have a very low value of porosity and therefore, impart better resistance against 
corrosion [28]. The as-sprayed HVOF coatings have lesser porosity because of the greater 
momentum of feedstock material powder particles. The uniformly flat disc powder particles 
tremendously adhere to the substrate surface producing a very dense coating structure. The 
appraised porosity values of the applied coatings are similar to the results of [29–34]. 

Hardness has been regarded as the most common mechanical property of the coating. The 
erosion-corrosion degradation conduct of coatings is generally affected by their hardness 
value [35]. Noteworthy observations have been made after examining the microhardness 
profiles in detail. As noticed in Fig. 7, the substrate region adjacent to the coating-substrate 
boundary indicated a higher hardness value than their core region. The augmented hardness 
value adjoining the coating-substrate interface is attributed to the "strain-hardening effect" due 
to the execution of abrasive blasting over the substrate surface before the deposition of [36]. 
The higher hardness value of coating is also contributed by the "high impact speed" of coating 
droplets while HVOF spraying results in superior density as well as better cohesive strength of 
distinct splats [34–37]. 

The microhardness of the applied coatings in a present research study is ascertained to be 
much better than the substrate alloy. The hardness value further gets improved after burnishing 
the coated specimens [38]. Certain variations in the hardness value of each coating along their 
cross-section of substrates have been also observed. These differences in the hardness values 
are due to the presence of permeability, melted, un-melted, and partly melted particles as well 
as oxide inclusions as shown in the cross-sectional micrographs of coatings in Fig. 9. The 
microhardness values of HVOF coatings assessed in the present research study are compatible 
with the outcomes of [39–45]. The insignificant diffusion of substrate elements to the coating 
also contributes towards the different microhardness values as specified by EDAX analysis. 



61   A. Agnihotri, S.B.S. Kalsi, H. Kansal 

The coatings micrographs on substrates along their cross-section are shown in Figs. 6 and 
9 respectively. Inference can be drawn from the observations that the applied coatings possess 
uniform dense structures. The coatings also exhibit the layered morphologies of distinctive 
splats as a result of re-solidification and accumulation of melted or semi-melted precipitations. 
The long axis of an "impacted splat is orientated parallel to the surface" of the substrate. As 
observed from the micrographs, the un-melted particles in microstructures are very less in 
number since the major proportion of the feedstock powders got melted completely or partly 
before their impact with the substrate. The microstructures have not shown any significant 
difference between individually applied coating on selected substrate. Microstructures 
examined in the current investigation are almost comparable to the results of HVOF-applied 
coatings [46–48]. 

SEM/EDAX analysis presented in Fig. 12 specifies that HVOF coatings employed under 
the research study meet the requisite composition. In Fig. 12, the region marked "M" which 
appears to be featureless, is established by the collision of completely melted feedstock material 
droplets. Consequently, these droplets got hardened at a high rate of cooling i.e. 107 K/s [49] . 
The microcrystalline structure developed due to a high cooling rate as also reported by [50]. 
These micro-crystalline grains undergo solidification precisely from the molten state by 
heterogeneous nucleation on already prevailing oxide granules [51].  

As shown in EDAX analysis in Fig. 13, point 4 exhibits the presence of little content of 
oxygen leading to the oxide phase which specifies that some inadequate oxidation has happened 
on the surface of the coating or onboard particles before the buildup of the subsequent layer. 
Similar outcomes regarding oxide growths in HVOF-sprayed coatings have been informed 
by [52,53]. Certain inclusions of oxides are also spotted in "SEM/EDAX analysis" (Fig. 11) 
where some inclusions were present consistently among all coatings at the interface of 
substrate and coating. EDAX analysis in Fig. 13, has indicated the existence of chromium 
oxide inclusions due to the presence of chromium and oxygen at these points [54].  

EDAX results for the HVOF sprayed coatings under research study (as shown in Fig. 12) 
indicate that there exists an "inter-diffusion of various elements between the substrate and 
coatings" as evident from Fig. 13. This inter-diffusion mechanism can affect the hot corrosion 
behavior of any particular coating on different substrates. Chromium and tungsten are observed 
as the most vulnerable elements to the phenomenon of diffusion. Mo, Fe, Co, and Mn are some 
of the elements which are susceptible to minor diffusion. The diffusion of elements between 
the coating and substrate can influence the performance of coating under high-temperature 
applications  [55–56]. 
 
Conclusions 
The burnishing force increases the wear resistance of the selected specimens. The continuous 
rolling of the burnishing tool over the surface of specimens leads to their plastic deformation. 
This results in the work-hardening effect on the surface and it becomes harder than the 
remaining surface of the specimen. The surface hardness of the material is directly 
proportionate to the applied strength i.e. an increment in the burnishing force surges the 
surface hardness of the material. The increment in hardness of the material is attributed to the 
increase of penetration depth and flow of metal which enhances the extent of deformation of 
voids present in the metal. The hardness of the disturbed layer of the surface improves 
significantly when the burnishing process is continuously applied for a longer period on the 
metal surface. Hence, the burnishing process decreases surface roughness by improving the 
smoothness of the surface. 
 
 
 



Study of burnishining effect on the thermal spray coatings 62 

References 

1. Hao E, Wang Y, Zhao X, Gao M, Chen J, An Y, Yan F. Influence of molten salt with or 

without V2O5 on hot corrosion and high-temperature tribological performance of HVOF-sprayed 

Ni-based self-lubricating composite coating. Surface and Coatings Technology. 2021;417: 127210. 

2. Yu Z, Chen M, Wang J, Li F, Zhu S, Wang F. Enamel coating for protection of the 316 

stainless steel against tribo-corrosion in molten zinc alloy at 460° C. Journal of Materials Science 

& Technology. 2021;65: 126–136. 

3. Abu-Warda N, López AJ, López MD, Utrilla MV. High temperature corrosion and wear 
behavior of HVOF-sprayed coating of Al2O3-NiAl on AISI 304 stainless steel. Surface and 

Coatings Technology. 2019;359: 35–46. 

4. Faes W, Lecompte S, Ahmed ZY, Van Bael J, Salenbien R, Verbeken K, De Paepe M. 

Corrosion and corrosion prevention in heat exchangers. Corrosion Reviews. 2019;37(2): 131–155. 

5. Rapp RA. Hot corrosion of materials. Pure and Applied Chemistry. 1990;62(1): 113–122. 

6. Binal G. Isothermal oxidation and hot corrosion behavior of HVOF sprayed 80Ni-20Cr 

coatings at 750° C. Surface and Coatings Technology. 2023;454: 129141. 

7. Singh S, Goyal K, Bhatia R. A review on protection of boiler tube steels with thermal spray 

coatings from hot corrosion. Materials Today: Proceedings. 2022;56: 379–383. 

8. Wang Q, Zhou D, Yu M, Shi L, Li X, Sun Q. Oxidation and hot corrosion behaviors of Mo-

doped NiMoAlY alloys at 750° C. Corrosion Science. 2022;201: 110262. 

9. Sidhu TS, Agrawal RD, Prakash S. Hot corrosion of some superalloys and role of high-velocity 

oxy-fuel spray coatings—a review. Surface and Coatings Technology. 2005;198(1–3): 441–446. 

10. Koch GH, Brongers MP, Thompson NG, Virmani YP, Payer JH. Corrosion cost and 

preventive strategies in the United States. United States: Federal Highway Administration; 2002. 

11. Zhou W, Zhou K, Li Y, Deng C, Zeng K. High temperature wear performance of HVOF-

sprayed Cr3C2-WC-NiCoCrMo and Cr3C2-NiCr hardmetal coatings. Applied Surface Science. 

2017;416: 33–44. 

12. Dzhurinskiy D, Babu A, Pathak P, Elkin A, Dautov S, Shornikov P. Microstructure and wear 

properties of atmospheric plasma-sprayed Cr3C2-NiCr composite coatings. Surface and Coatings 

Technology. 2021;428: 127904. 

13. Singh V, Singh I, Bansal A, Omer A, Singla AK, Goyal DK. Cavitation erosion behavior of 

high velocity oxy fuel (HVOF) sprayed (VC+ CuNi-Cr) based novel coatings on SS316 steel. 

Surface and Coatings Technology. 2022;432: 128052. 

14. Parker DW, Kutner GL. HVOF-spray technology: poised for growth. Advanced Materials & 

Processes. 1991;139(4): 68–74. 

15. Wu Q, Zheng H, Zhang Z, Hu P, Fan C, Zhong N, Liu Y. High-temperature wear and cyclic 

oxidation behavior of (Ti, W) C reinforced stainless steel coating deposited by PTA on a plain 

carbon steel. Surface and Coatings Technology. 2021;425: 127736. 

16. Luo K, Li S, Xu G, Hosseini SR, Lu J. Hot corrosion behaviors of directed energy deposited 

Inconel 718/Haynes 25 functionally graded material at 700° C and 900° C. Corrosion Science. 

2022;197: 110040. 

17. Kaushal G, Singh H, Prakash S. High-temperature erosion-corrosion performance of high-

velocity oxy-fuel sprayed Ni-20 Cr coating in actual boiler environment. Metallurgical and 

Materials Transactions A. 2011;42: 1836–1846. 

18. Kumar S, Kumar R, Singh S, Singh H, Handa A. The role of thermal spray coating to combat 

hot corrosion of boiler tubes: a study. Journal of Xidian University. 2020;14(5): 229–239. 

19. Luca L, Neagu-Ventzel S, Marinescu I. Burnishing of Hardened Steel Components-An 

Alternative Method of Finishing. Proceedings of Annual Meeting for American Society for 

Precision Engineering. 2001;27: 110–114. 

20. Vinitha M, Rao AN, Mallik MK. Optimization of speed parameters in burnishing of samples 

fabricated by fused deposition modeling. Int. J. Mech. Ind. Eng. 2012;2(2): 10–12. 

https://doi.org/10.1016/j.surfcoat.2021.127210
https://doi.org/10.1016/j.jmst.2020.04.079
https://doi.org/10.1016/j.jmst.2020.04.079
https://doi.org/10.1016/j.surfcoat.2018.12.047
https://doi.org/10.1016/j.surfcoat.2018.12.047
https://doi.org/10.1515/corrrev-2018-0054
https://doi.org/10.1351/pac199062010113
https://doi.org/10.1016/j.surfcoat.2022.129141
https://doi.org/10.1016/j.matpr.2022.01.219
https://doi.org/10.1016/j.corsci.2022.110262
https://doi.org/10.1016/j.surfcoat.2004.10.056
https://doi.org/10.1016/j.apsusc.2017.04.132
https://doi.org/10.1016/j.surfcoat.2021.127904
https://doi.org/10.1016/j.surfcoat.2021.127904
https://doi.org/10.1016/j.surfcoat.2021.128052
https://doi.org/10.1016/j.surfcoat.2021.127736
https://doi.org/10.1016/j.corsci.2021.110040
https://doi.org/10.1007/s11661-010-0587-6
https://doi.org/10.1007/s11661-010-0587-6


63   A. Agnihotri, S.B.S. Kalsi, H. Kansal 

21. Shibli A. Boiler steels, damage mechanisms, inspection and life assessment. In: Power plant 

life management and performance improvement. Woodhead Publishing; 2011. p.272–303.  

22. Yamasaki S, Bhadeshia HK. Modelling and characterisation of Mo2C precipitation and 

cementite dissolution during tempering of Fe–C–Mo martensitic steel. Materials Science and 

Technology. 2003;19(6): 723–731. 

23. Davis JR. (Ed.) ASM specialty handbook: tool materials. ASM International; 1995. 

24. Alhaji A, Shamanian M, Salehi M, Nahvi SM, Erfanmanesh M. Electroless nickel–phosphorus 

plating on WC–Co powders using HVOF feedstock. Surface Engineering. 2019;35(2): 120–127. 

25. Heath GR, Heimgartner P, Irons G, Miller RD, Gustafsson S. An assessment of thermal spray 

coating technologies for high temperature corrosion protection. Materials Science Forum. 

1997;251: 809–816.  

26. Sadeghi E, Markocsan N, Joshi S. Advances in corrosion-resistant thermal spray coatings for 

renewable energy power plants. Part I: Effect of composition and microstructure. Journal of 

Thermal Spray Technology. 2019;28: 1749–1788. 

27. Singh G, Bala N, Chawla V. Microstructural analysis and hot corrosion behavior of HVOF-

sprayed Ni-22Cr-10Al-1Y and Ni-22Cr-10Al-1Y-SiC (N) coatings on ASTM-SA213-T22 steel. 

International Journal of Minerals, Metallurgy and Materials. 2020;27: 401–416. 

28. Zhao S, Xie X, Smith GD, Patel SJ. The corrosion of INCONEL alloy 740 in simulated 

environments for pulverized coal-fired boiler. Materials Chemistry and Physics. 2005;90(2–3): 275–281. 

29. Gil L, Staia MH. Microstructure and properties of HVOF thermal sprayed NiWCrBSi 

coatings. Surface and Coatings Technology. 1999;120: 423–429. 

30. Guilemany JM, Fernandez J, Delgado J, Benedetti AV, Climent F. Effects of thickness 

coating on the electrochemical behaviour of thermal spray Cr3C2–NiCr coatings. Surface and 

Coatings Technology. 2002;153(2–3): 107–113. 

31. Faes W, Lecompte S, Ahmed ZY, Van Bael J, Salenbien R, Verbeken K, De Paepe M. 

Corrosion and corrosion prevention in heat exchangers. Corrosion Reviews. 2019;37(2):131–155. 

32. Palomino LM, Suegama PH, Aoki IV, Montemor MF, De Melo HG. Electrochemical study of 

modified non-functional bis-silane layers on Al alloy 2024-T3. Corrosion Science. 2008;50(5): 1258–1266. 

33. Guilemany JM, Dosta S, Miguel JR. The enhancement of the properties of WC-Co HVOF 

coatings through the use of nanostructured and microstructured feedstock powders. Surface and 

Coatings Technology. 2006;201(3–4): 1180–1190. 

34. Sidhu TS, Prakash S, Agrawal RD. Characterisation of NiCr wire coatings on Ni-and Fe-based 

superalloys by the HVOF process. Surface and Coatings Technology. 2006;200(18–19): 5542–5549. 

35. Meghwal A, Matthews S, Howse H, Berndt CC, Ang AS. Steam and air oxidation behaviour 

of thermal spray chromium carbide-based composite coatings. International Journal of Refractory 

Metals and Hard Materials. 2023;111: 106088. 

36. Khan MA, Sundarrajan S, Natarajan S, Parameswaran P, Mohandas E. Oxidation and hot 

corrosion behavior of nickel-based superalloy for gas turbine applications. Materials and 

Manufacturing Processes. 2014;29(7): 832–839. 

37. Sidhu HS, Sidhu BS, Prakash S. Mechanical and microstructural properties of HVOF sprayed 

WC–Co and Cr3C2–NiCr coatings on the boiler tube steels using LPG as the fuel gas. Journal of 

Materials Processing Technology. 2006;171(1): 77–82. 

38. Singh V, Singla AK, Bansal A. Influence of TiC Content on Slurry Erosion Behaviour of 

HVOF Sprayed Titanium Carbide and Cupronickel-Chromium Based Coatings. Journal of 

Thermal Spray Technology. 2023;6: 1–9. 

39. Uusitalo MA, Vuoristo PM, Mäntylä TA. High temperature corrosion of coatings and boiler 

steels below chlorine-containing salt deposits. Corrosion Science. 2004;46(6): 1311–1331. 

40. Agnihotr A, Kalsi SS, Kansal HK, Singh V, Singh H, Handa A. Critical Appraisal of 

Burnished HVOF Sprayed WCCrC-Ni Coatings against Hot Corrosion in Actual Environmental 

https://doi.org/10.1179/026708303225002929
https://doi.org/10.1179/026708303225002929
https://doi.org/10.1080/02670844.2018.1477558
https://doi.org/10.4028/www.scientific.net/MSF.251-254.809
https://doi.org/10.1007/s11666-019-00938-1
https://doi.org/10.1007/s11666-019-00938-1
https://doi.org/10.1007/s12613-019-1946-y
https://doi.org/10.1016/j.matchemphys.2004.04.006
https://doi.org/10.1016/S0257-8972(99)00494-6
https://doi.org/10.1016/S0257-8972(01)01679-6
https://doi.org/10.1016/S0257-8972(01)01679-6
https://doi.org/10.1515/corrrev-2018-0054
https://doi.org/10.1016/j.corsci.2008.01.018
https://doi.org/10.1016/j.surfcoat.2006.01.041
https://doi.org/10.1016/j.surfcoat.2006.01.041
https://doi.org/10.1016/j.surfcoat.2005.07.101
https://doi.org/10.1016/j.ijrmhm.2022.106088
https://doi.org/10.1016/j.ijrmhm.2022.106088
https://doi.org/10.1080/10426914.2014.901530
https://doi.org/10.1080/10426914.2014.901530
https://doi.org/10.1016/j.jmatprotec.2005.06.058
https://doi.org/10.1016/j.jmatprotec.2005.06.058
https://doi.org/10.1007/s11666-023-01613-2
https://doi.org/10.1007/s11666-023-01613-2
https://doi.org/10.1016/j.corsci.2003.09.026


Study of burnishining effect on the thermal spray coatings 64 

Conditions of Coal Fired Boiler. International Journal of Advanced Science and Technology. 

2020;29(2): 4420–4432. 

41. Kim HJ, Lee CH, Hwang SY. Superhard nano WC–12% Co coating by cold spray deposition. 

Materials Science and Engineering: A. 2005;391(1-2): 243–248. 

42. Chen L, Wang SQ, Zhou SZ, Li J, Zhang YZ. Microstructure and mechanical properties of 

Ti (C, N) and TiN/Ti (C, N) multilayer PVD coatings. International Journal of Refractory Metals 

and Hard Materials. 2008;26(5): 456–460.  

43. Zhao S, Xie X, Smith GD, Patel SJ. Research and improvement on structure stability and 

corrosion resistance of nickel-base superalloy INCONEL alloy 740. Materials & Design. 

2006;27(10): 1120–1127. 

44. Planche MP, Normand B, Liao H, Rannou G, Coddet C. Influence of HVOF spraying parameters 

on in-flight characteristics of Inconel 718 particles and correlation with the electrochemical behaviour 

of the coating. Surface and Coatings Technology. 2002;157(2–3): 247–256. 

45. Guo X, Planche MP, Chen J, Liao H. Relationships between in-flight particle characteristics 

and properties of HVOF sprayed WC-CoCr coatings. Journal of Materials Processing Technology. 

2014;214(2): 456–461. 

46. Kong G, Zhang D, Brown PD, McCartney DG, Harris SJ. Microstructural characterisation of high 

velocity oxyfuel thermally sprayed Stellite 6. Materials Science and Technology. 2003;19(8): 1003–1011. 

47. Sundararajan T, Kuroda S, Itagaki T, Abe F. Steam oxidation resistance of Ni-Cr thermal 

spray coatings on 9Cr-1Mo steel. Part 1: 80Ni-20Cr. ISIJ International. 2003;43(1): 95–103. 

48. Ma N, Zhang K, Yin D, Zhao D, Zhu Z, Ye F. Synthesis and Characterization of 

Nanostructured WC-Co/Al Powder Prepared by Mechanical Alloying. Journal of Nanomaterials. 

2016;2016: 9080684. 

49. Sidhu TS, Prakash S, Agrawal RD. Studies of the metallurgical and mechanical properties of 

high velocity oxy-fuel sprayed stellite-6 coatings on Ni-and Fe-based superalloys. Surface and 

Coatings Technology. 2006;201(1-2): 273–281. 

50. Kalsi SS, Sidhu TS, Singh H, Karthikeyan J. Behavior of cold spray coating in real 

incineration environment. Materials and Manufacturing Processes. 2016;31(11): 1468–1475. 

51. Kalsi SS, Sidhu TS, Singh H, Karthikeyan J. Analysis of material degradation for uncoated 

and NiCoCrAlY cold spray coated Superfer 800H in the secondary chamber of medical waste 

incinerator. Engineering Failure Analysis. 2014;(46): 238–246. 

52. Dent AH, Horlock AJ, McCartney DG, Harris SJ. Microstructural characterisation of a Ni-

Cr-BC based alloy coating produced by high velocity oxy-fuel thermal spraying. Surface and 

Coatings Technology. 2001;139(2–3): 244–250. 

53. Singh H, Sidhu TS, Kalsi SB. Behaviour of cold sprayed superalloy in incinerator at 900°C. 
Surface Engineering. 2015;31(11): 846–852. 

54. Singh H, Sidhu TS, Karthikeyan J, Kalsi SB. Evaluation of characteristics and behavior of 

cold sprayed Ni–20Cr coating at elevated temperature in waste incinerator plant. Surface and 

Coatings Technology. 2015;261: 375–384. 

55. Somasundaram B, Kadoli R, Ramesh MR. Evaluation of Thermocyclic Oxidation Behavior 

of HVOF Sprayed WC-CrC-Ni Coatings. Bonfring International Journal of Industrial Engineering 

and Management Science. 2015;5(2): 83–89.  

56. Selvam Kevin P, Tiwari A, Seman S, Beer Mohamed SA, Jayaganthan R. Erosion-corrosion 

protection due to Cr3C2-NiCr cermet coating on stainless steel. Coatings. 2020;10(11): 1042. 

 

 

  

http://sersc.org/journals/index.php/IJAST/article/view/26853
https://doi.org/10.1016/j.msea.2004.08.082
https://doi.org/10.1016/j.ijrmhm.2007.10.003
https://doi.org/10.1016/j.ijrmhm.2007.10.003
https://doi.org/10.1016/j.matdes.2005.03.015
https://doi.org/10.1016/S0257-8972(02)00158-5
https://doi.org/10.1016/j.jmatprotec.2013.09.029
https://doi.org/10.1179/026708303225004684
https://doi.org/10.2355/isijinternational.43.95
https://doi.org/10.1155/2016/9080684
https://doi.org/10.1016/j.surfcoat.2005.11.108
https://doi.org/10.1016/j.surfcoat.2005.11.108
https://doi.org/10.1080/10426914.2014.912319
https://doi.org/10.1016/j.engfailanal.2014.09.001
https://doi.org/10.1016/S0257-8972(01)00996-3
https://doi.org/10.1016/S0257-8972(01)00996-3
https://doi.org/10.1179/1743294414Y.0000000390
https://doi.org/10.1016/j.surfcoat.2014.10.060
https://doi.org/10.1016/j.surfcoat.2014.10.060
https://doi.org/10.9756/BIJIEMS.10413
https://doi.org/10.9756/BIJIEMS.10413
https://doi.org/10.3390/coatings10111042


65   A. Agnihotri, S.B.S. Kalsi, H. Kansal 

THE AUTHORS 

 

Atul Agnihotri        Kalsi S.B.S. 

e-mail: er.atul84@gmail.com     e-mail: kalsi_asr@yahoo.com 

 

Harmesh Kansal 

e-mail: harmeshkansal@gmail.com 

 

https://orcid.org/0000-0003-1118-7387


Materials Physics and Mechanics. 2023;51(4): 66-75   Submitted: May 11, 2023 

Research article   Approved: June 9, 2023 

http://dx.doi.org/10.18149/MPM.5142023_6   Accepted: July 6, 2023 

© S.A. Blokhin, R.V. Levin, V.S. Epoletov, A.G. Kuzmenkov, A.A. Blokhin, M.A. Bobrov, Ya.N. Kovach, N.A. 
Maleev, E.V. Nikitina, V.V. Andryushkin, A.P. Vasiljev, K.O. Voropaev, V.M. Ustinov, 2023. 

Publisher: Peter the Great St. Petersburg Polytechnic University  

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.org/li-censes/by-nc/4.0/) 

 

 

Peculiarities of the two-stage Zn diffusion profile formation from vapor 

phase into InGaAs/InP heterostructure for avalanche photodiode 

fabrication 

S.A. Blokhin  1 ✉, R.V. Levin  1, V.S. Epoletov  1, A.G. Kuzmenkov  1,  

A.A. Blokhin  1, M.A. Bobrov  1, Ya.N. Kovach  1, N.A. Maleev  1,  

E.V. Nikitina  2, V.V. Andryushkin  3, A.P. Vasiljev  4,  

K.O. Voropaev  5, V.M. Ustinov  4 

1 Ioffe Institute, St. Petersburg, Russia 

2 Alferov University, St. Petersburg, Russia 

3 Connector Optics LLC, St. Petersburg, Russia 

4 Submicron Heterostructures for Microelectronics, Research & Engineering Center, RAS, 

St. Petersburg, Russia 

5 JSC OKB-Planeta, Veliky Novgorod, Russia  

 blokh@mail.ioffe.ru 

 

 

Abstract. In this paper was presented the research results of the dependence of the InGaAs 

surface layer thickness on the process of Zn diffusion into InGaAs/InP heterostructures from a 

diethylzink source. One-dimensional distribution profiles of electrically active dopants were 

obtained by electrochemical volt-capacitive profiling. The influence of technological 

parameters (process time, temperature, and pressure in the reactor) on the hole concentration 

and the depth of the p-type dopant was studied. The principal possibility of simultaneously 

forming a highly doped InGaAs:Zn layer has been experimentally shown due to the higher Zn 

solubility limit in InGaAs compared to InP and to implement a two-stage p-type dopant profile 

in one Zn diffusion process by controlling the thickness of the InGaAs surface layer. 
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Introduction 

The most promising approach for the creation of compact telecommunication range single 

photon detectors is the usage of avalanche photodiodes (APDs) with a planar design based on 

InP-InGaAs heterostructures, where the photon absorption region in the InGaAs layer and 

multiplication of the photogenerated charge carrier region in the InP layer are separated [1,2]. 

The key point in the manufacturing of this type of APD is the formation of a two-stage p-type 

doping profile in the InP layer. For these purposes, a local Zn diffusion process into the InP 

layer through a dielectric mask [3,4] is used based on one of several technological approaches: 

Zn diffusion from a coated Zn3P2 or Zn3P2/Zn layer [5,6], diffusion in a sealed ampoule using 

a planar source based on Zn3P2 [7,8], Zn diffusion through a narrow gap using a planar source 

based on Zn3P2 [9,10], diffusion from the vapor phase in an open tube [4,11]. 

One of the main problems of the mentioned above approaches is the low level of p-type 

dopant concentration in the InP layer, which makes it difficult to form high-quality ohmic 

contacts to the p-InP layers. The simplest solution is the use of Zn-containing metal 

contacts [4,10]. However, the usage of Zn-containing metal contacts is associated with several 

new problems, such as low reliability, complex surface morphology and deep penetration of 

contact metallization materials into the p-InP layer during contact annealing, which 

significantly affects the final characteristics of the device. 

Another problem in the creation of effective single photon APDs is related to the 

formation of a two-stage p-type dopant profile with local diffusion of Zn, which is necessary to 

suppress the local edge electric breakdown in the single photon APD [12,13]. There are two 

main approaches. The first one is based on double Zn diffusion processes through two different 

dielectric masks [11,14] and requires high reproducibility of the process and uniformity of the 

Zn diffusion over the sample area. The implementation of this approach is potentially possible 

from the vapor phase using metal-organic chemical vapor deposition (MOCVD) 

reactors [15,16]. The second approach is based on the formation of the InP layer surface relief 

followed by a single Zn diffusion process through dielectric mask [4,5,10] and requires the 

formation of a flat bottom of the etching well with smooth walls to suppress undesirable local 

electrical breakdown on the roughness of the Zn diffusion front. It is difficult to ensure a flat 

bottom of the well using non-selective chemical etching, and the use of stop layers for the 

implementation of a selective chemical etching is associated with a lateral anisotropic etching 

under the mask [17]. A plasma chemical etching of the InP layer potentially allows to provide 

the necessary parameters of the well [10], however, a few studies have noted its negative effect 

on the dark counts of the single photon APD [18]. 

A potential solution to these problems is the use of the InGaAs surface layer, which makes 

it possible to achieve a p-type doping level above 1 × 1019 cm−3 due to a higher Zn solubility 

limit in InGaAs compared to InP layers [19] and to apply the selective chemical etching through 

InAlAs/InGaAsP stop layers to form the required surface relief. A few studies have shown the 

possibility of Zn diffusion into InP layers from the vapor phase through the InGaAs layer  

[20-23] and demonstrated the usage of such technology for creating high-speed photodiodes in 

waveguide geometry [23]. The technological parameters of the Zn diffusion process from the 

vapor phase and type of Zn atom source set the concentration and the depth of the Zn diffusion 

into the InP layer [4,11,15,16,19,25,26]. However, the difference between the Zn solubility 

limits in the InP and InGaAs layers leads to some features of the Zn diffusion process into InP 

through the InGaAs layer [20-22]. 

This paper presents a study of the InGaAs surface layer thickness influence on the Zn 

diffusion process into the InP layer through the InGaAs layer from the diethylzinc (DEZn) metal 

organic source. The dependences of the obtained distribution profile of the electrically active 

p-type dopant on the process time, temperature, and pressure in the reactor during the 

technological process are considered. 
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Experiment 

The investigated InGaAs/InP heterostructures were grown on the InP substrates and consisted 

of an undoped InP 3.5 µm thick layer, an undoped InGaAs 50 nm thick layer, an undoped 

InAlAs 10 nm thick stop layer and an undoped InGaAs 250 nm thick surface layer. The InGaAs 

surface layer thickness was varied by dry etching. 

The process of Zn diffusion from the vapor phase into InGaAs/InP heterostructures was 

produced at the MOCVD Aixtron AIX-200 system. DEZn was used as a source of Zn atoms 

and hydrogen (H2) was used as a carrier gas. The maximum flow of DEZn  

was ~2.55∙10-5 mol/min at a thermostat temperature of 17°C. A stabilizing flow of arsine 

(AsH3) was fed into the reactor to prevent surface degradation of the InGaAs layer at 

temperatures above 400 °C. The temperature range of the Zn diffusion process below 460 °C 
is limited by the precipitation of Zn compounds in the solid phase, and at temperatures above 

550 °C the temperature range is limited by the deterioration of the surface morphology of the 

InGaAs layer. The amount of electrically active p-type dopant in the InP layer also depends on 

the parameters of the thermal activation dopant process [21,26,27]. After the Zn diffusion 

process, InGaAs/InP heterostructure samples were subjected to ex-situ rapid thermal annealing 

(RTA) in a nitrogen flow at 450 °C for 5 min. 
The unidimensional distribution profiles of electrically active dopants in the studied 

InGaAs/InP heterostructures after Zn diffusion and RTA processes were determined by 

electrochemical capacitance-voltage profiling (ECV). 

To carry out local diffusion into InP through a thin InGaAs layer a SiNx dielectric mask 

with window topology was formed on the surface of InGaAs/InP heterostructures [28].  

To obtain a two-stage profile of a p-type dopant in a single Zn diffusion process recesses with 

a defined shape and depth were etched within the dielectric mask windows (which defined the 

photosensitive region) formed on the surface of InGaAs/InP heterostructures. The recesses were 

made by selective chemical etching of the InGaAs layer to the InAlAs stop layer, followed by 

selective removal of the InAlAs stop layer. 

Two-dimensional distribution profiles of electrically active p-type dopants in the studied 

samples were controlled by contrast on cross-sectional images obtained by scanning electron 

microscopy (SEM). SEM images were obtained in the secondary electron mode at low (<5 keV) 

accelerating voltages. 

 

Results and discussion 

Figure 1 shows the distribution profiles of electrically active p-type dopants in InGaAs/InP 

heterostructures depending on the thickness of the InGaAs surface layer, which demonstrates 

the effect of the InGaAs surface layer thickness on the Zn diffusion process. The process 

temperature was 500 °C, the reactor pressure was 50 mbar, and the process time was 
60 minutes. In the direction from the surface of the structure the concentration of holes in the 

InGaAs layer monotonically decreases and its maximum value in the InGaAs layer reaches  

(3–4)∙1019 cm−3, which is sufficient for the formation of ohmic contacts [19,24]. In this case, 

the near-surface region (~ 10-30 nm) is excluded from consideration because it is affected by 

the depletion of the surface and/or the effect of reverse diffusion near the surface. The local 

decrease in the hole concentration to 6∙1018 cm−3 coincides with the position of the InAlAs stop 

layer. The first sharp decrease in the hole concentration to (1–3)∙1018 cm−3 coincides with the 

position of the InGaAs-InP interface [21]. The second sharp drop below 1∙1017 cm−3 is related 

to the Zn diffusion front [29]. There is a sharp increase in the depth of the p-type dopants  

(at the level of 1∙1017 cm−3) and an increase in the maximum concentration of holes in the InP 

layer to 3∙1018 cm−3 as the thickness of the InGaAs surface layer decreases. This is due to the 

existence of an initial transitional stage of Zn diffusion in the InGaAs/InP heterostructure when 

Zn diffusion first occurs only in the InGaAs layer. The demonstration of the hole segregation 
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effect in the InGaAs layer near the InGaAs-InP heterointerface is due to the higher limit of 

solubility of the Zn dopant in the InGaAs layer. 

 

 
 

Fig. 1. Distribution profiles of electrically active p-dopants in the InGaAs/InP heterostructure 

for different thicknesses of InGaAs surface layer measured by ECV profiling. Temperature: 

500 °C, pressure: 50 mbar, process time: 60 min 

 

 
 

Fig. 2. Distribution profiles of electrically active p-dopants in the InGaAs/InP 

heterostructure for different thicknesses of InGaAs surface layer measured by ECV profiling. 

Temperature: 500 °C, pressure: 50 mbar, process time: 180 min 
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Figure 2 shows the distribution profiles of electrically active p-type dopants in 

InGaAs/InP heterostructures with different thicknesses of the InGaAs surface layer for a 

process time of 180 min with other fixed technological parameters. An increase in the Zn 

diffusion process time made it possible to achieve saturation of the hole concentration at the 

level of (3–4)∙1019 cm−3 over the entire thickness of the InGaAs layer (with the exception of the 

InAlAs stop layer) and minimize the difference in the maximum hole concentration in the InP 

layer. Thus, Zn diffusion from an infinite solid-state source mode was realized (the 

concentration of the diffusant was constant). More detailed studies of the effect of the process 

time on the Zn diffusion in the InGaAs/InP have shown that in the case of saturation of the hole 

concentration in InGaAs, the difference in the depth of the Zn diffusion front in InP between 

samples with different thickness of the InGaAs surface layer remains constant. 

An important issue is the influence of the Zn diffusion process temperature with the other 

fixed technological parameters. According to Fig. 3 a decrease in temperature from 500 to 

475 °C leads to an increase in the maximum hole concentration in the InGaAs layer to 5.5∙1019 

cm−3 and to an increase in the maximum hole concentration in the InP layer to 5.5∙1018 cm−3 

and in the depth of the p-type dopant occurrence. This behavior is apparently due to an increase 

in the amount of diffusant due to a decrease in the desorption of Zn from the near-surface region 

with a decrease in the process temperature (similarly with the Zn diffusion into the InP layer 

[4,26] and into the InGaAs layer [19]). In addition, there is an increase in the effect of hole 

segregation in the InGaAs layer near the InGaAs-InP heterointerface and a sharp decrease in 

the difference of the Zn diffusion front depth in InP layer between samples with different 

thicknesses of the InGaAs surface layer, especially at thicknesses less than 200 nm. It should 

be noted that an increase in temperature during the Zn diffusion process leads to a drop of the 

near-surface diffusant concentration due to increased desorption and, as a result, to decreased 

hole concentration and depth of the Zn diffusion into the InP layer. 

 

 
Fig. 3. Distribution profiles of electrically active p-dopants in the InGaAs/InP 

heterostructure for different thicknesses of InGaAs surface layer measured by ECV profiling. 

Temperature: 475 °C, pressure: 50 mbar, process time: 180 min 
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The effect of reactor pressure on Zn diffusion in InGaAs/InP was analyzed depending on 

the thickness of the InGaAs surface layer. The process temperature was 500 °C and the process 
time was 60 minutes. According to Figure 4 an increase in pressure in the reactor  

from 50 to 200 mbar leads to a sharp increase in the maximum hole concentration in the InGaAs 

layer to 8∙1019 cm−3. Moreover, it leads to the disappearance of a local decrease of the hole 

concentration in the InAlAs stop layer and an increase in the effect of hole segregation near the 

InGaAs-InP heterointerface. The observed decrease of the hole concentration in the InGaAs 

layer near the surface is due to the process of reverse diffusion near the surface, for example, 

during sample cooling or thermal activation of a p-type dopant [4,21]. The high diffusant 

concentration in the InGaAs layer made it possible to reduce the depth spread and to obtain the 

Zn diffusion depth in the InP layer of more than 2.5 µm in a significantly shorter process time. 

At the same time, there is a sharp increase (compared with the results in Figs. 1 and 2) in the 

maximum hole concentration in the InP layer to 7∙1018 cm−3 which is comparable to the results 

of Zn diffusion from dimethylzinc into the InP layer [4,11,26]. This behavior is similar to the 

effect of the temperature decreasing and shows an increase in the diffusant concentration due 

to the suppression of Zn desorption from the near-surface region with an increase in pressure. 

At higher pressures in the reactor the solubility of the Zn dopants in the InGaAs layer is possibly 

limited, so the permeability of the InGaAs:Zn layer deteriorates, which negatively affects the 

Zn diffusion depth into the InP layer. 

 

 
Fig. 4. Distribution profiles of electrically active p-dopants in the InGaAs/InP 

heterostructure for different thicknesses of InGaAs surface layer measured by ECV profiling. 

Temperature: 500 °C, pressure: 200 mbar, process time: 60 min 

 

Thus, it can be concluded that during the Zn diffusion process from the vapor phase into 

the InP layer through the InGaAs layer the thickness variation of the InGaAs surface layer 

makes it possible to effectively control the Zn diffusion depth in the InP layer. 

Figure 5 shows a typical scanning electron microscope (SEM) cross-section image of a 

sample with local Zn diffusion through a SiNx dielectric mask. The Zn diffusion process 

temperature was 500 °C, the reactor pressure was 50 mbar, and the process time was 180 
minutes. The position of the Zn diffusion front in the InP layer was determined by the image 

contrast boundary between regions with different types of conductivity. It should be noted that 
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it is difficult to determine the absolute value of the diffused Zn depth by the contrast since the 

observed contrast is complexly related to the distribution of the electric field on the studied 

sample cross-section. Nevertheless, the relative distance ΔdZn between the first and second local 

Zn diffusion fronts can be estimated with relatively high accuracy (the measurement error does 

not exceed 10 %). At the etching depth Δdetch of the InGaAs surface layer of about 0.2 µm the 
difference in the depth of the p-type dopant was 0.45 µm which is less than the target difference 

ΔdZn ~ 0.8 µm, which was estimated from test processes of Zn diffusion into InGaAs/InP 

heterostructures without a dielectric mask. This effect can be caused both by an effective 

increase of the diffusant concentration in the near-surface region using a dielectric mask and by 

an inaccuracy of determining the depth of the p-type dopant in test processes by ECV profiling 

due to the curvature of the recesses bottom at large etching depths. 

 

 

 
Fig. 5. SEM cross-section image of a sample with local diffusion of Zn into InGaAs/InP 

through a SiNx dielectric mask with a variation in the thickness of the InGaAs surface layer 

within the central window. Temperature 500 °C, pressure 50 mbar, process time 180 min 

 

Conclusion 

The results of the Zn diffusion from the vapor phase into the InP layer through the InGaAs 

surface layer with various thicknesses are presented. The Zn diffusion process was carried out 

according to the open tube scheme in the MOCVD reactor, where DEZn was used as a Zn 

source. 

It was shown that a decrease of the InGaAs surface layer thickness leads to a sharp 

increase in the depth of the electrically active p-type dopant (Zn diffusion front at the level of 

1∙1017 cm-3). Additionally, an increase in the process temperature from 475 to 500 °C with other 
fixed technological parameters leads not only to a decrease of the hole concentration in the 

InGaAs surface layer and the depth of the p-type dopant but also to the increased difference in 

the depth of the Zn diffusion front with variations in the thickness of the InGaAs surface layer. 

An increase of the pressure in the reactor from 50 to 200 mbar with other fixed technological 

parameters leads to a sharp decrease in the difference of the Zn diffusion depth with variations 

in the thickness of the InGaAs surface layer. 

The revealed behavior is due to the existence of an initial transitional stage of Zn diffusion 

into the InGaAs/InP heterostructure when Zn diffusion first occurs only in the InGaAs surface 

layer until the full saturation of the hole concentration is reached in it. At the same time, an 
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increase of the effective hole concentration in the InGaAs layer due to a weakening of the Zn 

desorption from the near-surface region (with a decrease in temperature and/or an increase in 

pressure in the reactor) leads to a faster implementation of the Zn diffusion process from an 

infinite solid-state source. 

The studies have shown the principal possibility of controlled formation of a two-stage 

diffusion profile of a p-type dopant in a single Zn diffusion process from the vapor phase 

through the dielectric mask SiNx into the InP layers by controlling the thickness of the InGaAs 

surface layer. This approach makes it possible to simultaneously provide a high level of p-type 

doping in the InGaAs surface layer, which is important for the formation of an ohmic p-contact. 

The results are important for the creation of single-photon APDs for quantum communication 

systems. 

 

References  

1.  Zhang J, Itzler MA, Zbinden H, Pan JW.  Advances in InGaAs/InP single-photon detector 

systems for quantum communication. Light: Science & Applications. 2015;4(5): e286–e286.  

2.  Ceccarelli F, Acconcia G, Gulinatti A, Ghioni M, Rech I, Osellame R. Recent Advances 

and Future Perspectives of Single‐Photon Avalanche Diodes for Quantum Photonics 
Applications. Advanced Quantum Technologies. 2021;4(2): 2000102.  

3.  Tosi A, Calandri N, Sanzaro M, Acerbi F. Low-Noise, Low-Jitter, High Detection 

Efficiency InGaAs/InP Single-Photon Avalanche Diode. IEEE Journal of selected topics in 

quantum electronics. 2014;20(6): 192–197.  

4.  Jun DH, Jeong HY, Kim Y, Shin C-S, Park KH, Park W-K, Kim M-S, Kim S, Han SW 

Moon S. Single-step metal-organic vapor-phase diffusion for low-dark-current planar-type 

avalanche photodiodes. Journal of the Korean Physical Society. 2016;69(8): 1341–1346.  

5.  Kim MD, Baek JM, Kim TG, Kim SG, Chung KS. Characterization of double floating 

guard ring type InP-InGaAs avalanche photodiodes with Au/Zn low resistance ohmic contacts. 

Thin Solid Films. 2006;514(1–2): 250–253.  

6.  Chen Y, Zhang Z, Miao G, Jiang H, Song H. Optimized Selective‐Area p‐Type Diffusion 
for the Back‐Illuminated Planar InGaAs/InP Avalanche Photodiodes by a Single Diffusion 
Process. Physica Status Solidi (A). 2022;219(2): 2100577. 

7.  Lee K, Yang K. Analysis of InGaAs/InP Single-Photon Avalanche Diodes With the 

Multiplication Width Variation. IEEE Photonics Technology Letters. 2014;26(10): 999–1002.  

8.  Yun I, Hyun K-S. Zinc diffusion process investigation of InP-based test structures for 

high-speed avalanche photodiode fabrication. Microelectronics Journal. 2000;31(8): 635–639. 

9.  Preobrazhenskii VV, Chistokhin IB, Putyato MA, Valisheva NA, Emelyanov EA, 

Petrushkov MO, Pleshkov AS, Neizvestny IG, Ryabtsev II. Single Photon Detectors Based on 

InP/InGaAs/InP Avalanche Photodiodes. Optoelectronics, Instrumentation and Data 

Processing. 2021;57(5): 485–493.  

10.  Petrushkov MO, Putyato MA, Chistokhin IB, Semyagin BR, Emel’yanov EA, Esin MYu, 
Gavrilova TA, Vasev AV, Preobrazhenskii VV.  Zinc Diffusion into InP via a Narrow Gap 

from a Planar Zn3P2-Based Source. Technical Physics Letters. 2018;44: 612–614.  

11.  Acerbi F, Tosi A, Zappa F. Growths and diffusions for InGaAs/InP single-photon 

avalanche diodes. Sensors and Actuators A: Physical. 2013;201: 207–213.  

12.  Jiang X, Itzler MA, Ben-Michael R, Slomkowski K. InGaAsP–InP Avalanche 

Photodiodes for Single Photon Detection. IEEE Journal of Selected Topics in Quantum 

Electronics. 2007;13(4): 895–905.  

13.  Signorelli F, Telesca F, Conca E, Della Frera A, Ruggeri A, Giudice A, Tosi A. Low-

Noise InGaAs/InP Single-Photon Avalanche Diodes for Fiber-Based and Free-Space 

Applications. IEEE Journal of Selected Topics in Quantum Electronics. 2022;28(2): 1–10.  

https://doi.org/10.1038/lsa.2015.59
https://doi.org/10.1002/qute.202000102
https://doi.org/10.1109/JSTQE.2014.2328440
https://doi.org/10.1109/JSTQE.2014.2328440
https://doi.org/10.3938/jkps.69.1341
https://doi.org/10.1016/j.tsf.2006.02.019
https://doi.org/10.1002/pssa.202100577
https://doi.org/10.1109/LPT.2014.2312022
https://doi.org/10.1016/s0026-2692(00)00066-5
https://doi.org/10.3103/S8756699021050125
https://doi.org/10.3103/S8756699021050125
https://doi.org/10.1134/S1063785018070258
https://doi.org/10.1016/j.sna.2013.07.009
https://doi.org/10.1109/JSTQE.2007.903001
https://doi.org/10.1109/JSTQE.2007.903001
https://doi.org/10.1109/JSTQE.2021.3104962


Peculiarities of the two-stage Zn diffusion profile formation from vapor phase into InGaAs/InP  74 

heterostructure for avalanche photodiode fabrication 

14.  He T, Yang X, Tang Y, Wang R, Liu Y. High photon detection efficiency InGaAs/InP 

single photon avalanche diode at 250 K. Journal of Semiconductors. 2022;43(10): 102301.  

15.  Wada M, Seko M, Sakakibara K, Sekiguchi Y. Zn Diffusion into InP Using Dimethylzinc 

as a Zn Source. Japanese Journal of Applied Physics. 1989;28(10A): L1700.  

16.  Wisser J, Glade M, Schmidt HJ, Heime K. Zinc diffusion in InP using diethylzinc and 

phosphine. Journal of Applied Physics. 1992;71(7): 3234–3237. 

17.  Lee K, Lee B, Yoon S, Hong JH, Yang K. A Low Noise Planar-Type Avalanche 

Photodiode using a Single-Diffusion Process in Geiger-Mode Operation. Japanese Journal of 

Applied Physics. 2013;52(7R): 072201. 

18.  Lee K, Yang K. Performance comparison of wet‐etched and dry‐etched Geiger‐mode 
avalanche photodiodes using a single diffusion process. Physica Status Solidi (C). 2013;10(11): 

1445–1447.  

19.  Franke D, Reier FW, Grote N. Post-growth Zn diffusion into InGaAs/InP in a LP-

MOVPE reactor. Journal of Crystal Growth. 1998;195(1–4): 112–116.  

20.  Andryushkin VV, Gladyshev AG, Babichev AV, Kolodeznyi ES, Novikov II, 

Karachinsky LYa, Rochas SS, Maleev NA, Khvostikov VP, Ber BYa, Kuzmenkov AG, 

Kizhaev SS, Bougrov VE. Investigation of the zinc diffusion process into epitaxial layers of 

indium phosphide and indium-gallium arsenide grown by molecular beam epitaxy. Journal of 

Optical Technology. 2021;88(12): 87–92.  

21.  Van Geelen A, De Smet TMF, Van Dongen T, Van Gils WMEM. Zinc doping of InP by 

metal organic vapour phase diffusion (MOVPD). Journal of Crystal Growth. 1998;195(1–4): 

79–84.  

22.  D’Agostino D, Carnicella G, Ciminelli C, Thijs P, Veldhoven PJ, Ambrosius H, Smit M. 
Low-loss passive waveguides in a generic InP foundry process via local diffusion of zinc.  

Optics Express. 2015;23(19): 25143. 

23. Blokhin SA, Levin RV, Epoletov VS, Kuzmenkov AG, Blokhin AA, Bobrov MA, 

Kovach YN, Maleev NA, Andryushkin VV, Vasil’ev AP, Voropaev KO, Ustinov VM. Zn 
diffusion from vapor phase into InGaAs/InP heterostructure using diethylzinc as a p-dopant 

source. Materials Physics and Mechanics. 2023;51(3): 38–45. 

24.  Zhang L, La X, Zhu X, Guo J, Zhao L, Wang W, Liang S. High Speed Waveguide Uni-

Traveling Carrier InGaAs/InP Photodiodes Fabricated By Zn Diffusion Doping. IEEE Journal 

of Selected Topics in Quantum Electronics. 2022;28(2): 1–6. 

25.  Vanhollebeke K, D'Hondt M, Moerman I, Van Daele P, Demeester P. Zn doping of InP, 

InAsP/InP, and InAsP/InGaAs heterostructures through metalorganic vapor phase diffusion 

(MOVPD). Journal of Electronic Materials. 2001;30(8): 951–959. 

26.  Pitts OJ, Benyon W, Goodchild D, SpringThorpe AJ. Multiwafer zinc diffusion in an 

OMVPE reactor. Journal of Crystal Growth. 2012;352(1): 249–252. 

27.  Van Gurp GJ, Van Dongen T, Fontijn GM, Jacobs JM, Tjaden DLA. Interstitial and 

substitutional Zn in InP and InGaAsP. Journal of Applied Physics. 1989;65(2): 553–560. 

28.  Zou WX, Vawter GA, Merz JL, Coldren LA. Behavior of SiNx films as masks for Zn 

diffusion. Journal of Applied Physics. 1987;62(3): 828–831.  

29.  Hampel CA, Blaauw C, Haysom JE, Glew R, Calder ID, Guillon S, Bryskiewicz T, Puetz 

N. Metalorganic vapor phase diffusion using DMZn Part II: Determination of the interstitial 

zinc charge state from secondary ion mass spectroscopy measurements using the Boltzmann–
Matano technique. Journal of Vacuum Science & Technology A. 2004;22(3): 916. 

 

 

  

https://doi.org/10.1088/1674-4926/43/10/102301
https://doi.org/10.1143/JJAP.28.L1700.16
https://doi.org/10.1063/1.350969
https://doi.org/10.7567/JJAP.52.072201
https://doi.org/10.7567/JJAP.52.072201
https://doi.org/10.1002/pssc.201300178
https://doi.org/10.1016/S0022-0248(98)00681-2
https://doi.org/10.1364/JOT.88.000742
https://doi.org/10.1364/JOT.88.000742
https://doi.org/10.1016/S0022-0248(98)00628-9
https://doi.org/10.1364/OE.23.025143
http://dx.doi.org/10.18149/MPM.5132023_5
https://doi.org/10.1109/jstqe.2021.3072702.24
https://doi.org/10.1109/jstqe.2021.3072702.24
https://doi.org/10.1007/bf02657716
https://doi.org/10.1016/j.jcrysgro.2011.10.006
https://doi.org/10.1063/1.343140
https://doi.org/10.1063/1.339714
file:///C:/Users/guzil/Downloads/Available%20from:%20https:/doi.org/10.1116/1.1640392


75    S.A. Blokhin, R.V. Levin, V.S. Epoletov, et al. 

THE AUTHORS 

 

Blokhin S.A.         Levin R.V.  

e-mail: blokh@mail.ioffe.ru      e-mail: Lev@vpegroup.ioffe.ru 

 

Epoletov V.S.        Kuzmenkov A.G.  

e-mail: vadep@yandex.ru      e-mail: kuzmenkov@mail.ioffe.ru 

  

Blokhin A.A.        Bobrov M.A.  

e-mail: Aleksey.Blokhin@mail.ioffe.ru    e-mail: bobrov.mikh@gmail.com 

 

Kovach Ya.N.        Maleev N.A.  

e-mail: j-n-kovach@itmo.ru      e-mail: maleev.beam@mail.ioffe.ru 

 

Nikitina E.V.        Andryushkin V.V.  

e-mail: nikitina@mail.ru      e-mail: vvandriushkin@itmo.ru 

 

Vasiljev A.P.         Voropaev K.O.  

e-mail: Vasiljev@mail.ioffe.ru     e-mail: kirill.voropaev@novsu.ru 

 

Ustinov V.M.  

e-mail: vmust@beam.ioffe.ru 

https://orcid.org/0000-0002-5962-5529
https://orcid.org/0000-0003-4752-4760
https://orcid.org/0009-0004-3925-6289
https://orcid.org/0000-0002-7221-0117
https://orcid.org/0000-0002-3449-8711
https://orcid.org/0000-0001-7271-5644
https://orcid.org/0000-0003-4858-4968
https://orcid.org/0000-0003-2500-1715
https://orcid.org/0000-0002-6800-9218
https://orcid.org/0000-0002-7471-8627
https://orcid.org/0000-0002-2181-5300
https://orcid.org/0000-0002-6159-8902
https://orcid.org/0000-0002-6401-5522


Materials Physics and Mechanics. 2023;51(4): 76-84   Submitted: June 18, 2023 

Research article   Approved: July 5, 2023 

http://dx.doi.org/10.18149/MPM.5142023_7   Accepted: July 20, 2023 

© L.A. Sokura, A.V. Kremleva, A.E. Romanov, 2023. 
Publisher: Peter the Great St. Petersburg Polytechnic University  

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.org/li-censes/by-nc/4.0/) 

 

 

The effect of ZnO cupping layer on the formation of sol-gel  

synthesized Ag nanoparticles 

L.A. Sokura  1,2 ✉, A.V. Kremleva  2, A.E. Romanov  1-3  

1 Ioffe Institute, St. Petersburg, Russia 

2 ITMO University, St. Petersburg, Russia 

3 Togliatti State University, Togliatti, Russia 

 sokuraliliy@itmo.ru 

 

 

Abstract. Samples containing Ag nanoparticles (NPs) in a ZnO matrix were produced using a 

sol-gel method, with varying the annealing temperature and the thickness of the ZnO cupping 

layer. The dependence of the optical and structural properties of the samples on the silver 

diffusion was studied. As a result of annealing at temperatures of 570-650 °С, a long-

wavelength shift of the plasmon absorption peak of NPs was observed due to an increase in 

their average size, as well as an increase in the intensity of the absorption peak due to a narrower 

size distribution of NPs. The transformation of the nanoparticle shape and size during annealing 

was shown to result from the diffusion of silver, whereas the ZnO cupping layer and its 

thickness was proved to control these processes. 

Keywords: Ag nanoparticles; zinc oxide; sol-gel synthesis; plasmonics; scanning electron 

microscopy; transmission electron microscopy 
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Introduction 

Uniform arrays of metal nanoparticles (NPs) embedded in a dielectric or semiconductor matrix 

have unique optical, catalytic, magnetic, electronic, and other properties, which are controlled 

by plasmonic phenomena. The mentioned properties depend on the composition, size, and 

shape of the particles, as well as on the distance between them. In recent years, the 

nanostructures comprised of NPs have been increasingly used as active elements for producing 

solid-state chemical and biological sensors [1,2], catalytic systems [3], optical devices and other 

applications [4,5]. Such systems require precise control of the NPs density in the array, also, a 

two-dimensional array structure with a well-defined geometry is to be formed on the substrate. 

The size of the NPs can influence the defective structure of the NPs [6–9], which is also 

important for their functional properties. Conventional methods, including ion implantation, 

chemical or vacuum deposition, do not appear to produce uniform NP arrays with narrow 

distributions of particle sizes and the distances between them [10–12]. Therefore, in recent 

years, various modifications of these methods were developed, for example, colloidal 

lithography [13], laser interference lithography [14], vapor phase deposition through a mask of 

a given pattern [15,16], adsorption of NPs from colloidal solutions onto substrates modified by 
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the self-organizing monolayers of functionalized silanes and thiols [17], microcontact 
printing [18].  

Uniform NPs array fabrication requires a detailed study of their formation processes. 
Although multiple papers have been published on the topic, a clear physical model of metal NP 
formation process in a dielectric matrix does not seem to have been reported. However, the NP 
formation is known to result from sequential addition of metal atoms or ions to each other due 
to the activation of diffusion processes in the matrix [19–21]. Otherwise, two simultaneous 
processes of coalescence (the augmentation of the NP sizes and an increase in the distance 
between them) and evaporation are responsible for the formation of NPs during the thermal 
decomposition of Ag and Au thin films [22–24]. 

Our previous research involved experiments for producing silver NP arrays in thin ZnO 
films deposited on quartz substrates by sol-gel method [25–27]. We showed that the diffusion 
through annealing in such samples results in significant changes in the morphological and 
optical properties of the Ag NP arrays. At a fixed annealing time (10-15 minutes), an increase 
in the annealing temperature from 300 to 650 °C caused an increase in the NP size from 20-30 
to 50-70 nm. With a further increase in the annealing temperature up to 700 °C, we observed 
NPs decomposition and diffusion of silver into the quartz substrate with the formation of small 
clusters up to 10 nm in diameter in the near-surface layer of the substrate [25]. Besides, there 
was an increase in the NPs size with an increase in the annealing time from 5 to 20 minutes at 
a fixed temperature [26]. On the other hand, an increase in the silver concentration in the initial 
solution, as well as an increase in the number of the solution layers deposited on a substrate, 
resulted in an increase in the NPs array density while maintaining their size [27]. 

This paper discusses the effect of the ZnO cupping layer and its thickness on the 
parameters of the NPs. We produced a series of the samples with the silver NP array in a ZnO 
matrix, differing in the thickness of the ZnO coat and the annealing temperature. It was 
suggested that if it is the diffusion of silver in the ZnO layer being influential in the NP array 
formation, then when the annealing temperature changes while there is no ZnO layer or when 
its thickness is different, the diffusion processes would occur differently, and the resulting NP 
arrays will have different optical and structural properties. 

 
Methods 
We chose the sol-gel method to produce experimental samples. To study the effect of the ZnO 
matrix on the diffusion of silver, a series of samples was made that differ from each other in the 
annealing temperature and the thickness of the ZnO cupping layer. 

The solution for making Ag NPs contained silver nitrate (AgNO3) in 2-Methoxyethanol 
(C3H8O2) in the concentration of 0.05 M. The solution was treated on a magnetic stirrer for 
10 minutes at a speed of 500 rpm at room temperature. No aging was required, so the solution 
was finished immediately before application. 

The solution for producing the ZnO layers contained zinc acetate dihydrate 
(Zn(CH3COO)2•2H2O) in the concentration of 0.2 M in 2-Methoxyethanol (C3H8O2). To 
accelerate the sol aging, monoethanolamine (C2H7ON) was added to the solution in a ratio of 
1:1 to Zn. The solution was treated on a magnetic stirrer for 60 minutes at a speed of 500 rpm 
at room temperature, then kept for 24 hours for aging and transition to the sol state. 

The layers were coated on polished flat-parallel quartz plates by spin-coating method at 
a speed of 3500 rpm for 12 seconds. After coating, each layer was exposed to air drying for 3 
minutes at 300 °C. To produce the samples for the experiment, the first 5 layers of the ZnO sol 
were deposited (equivalent to the 50 nm thick ZnO layer) followed by 5 layers of the silver 
nitrate solution. Further, more ZnO layers were applied on top with 0 (without ZnO coating),  
2 or 5 layers of the ZnO sol. The resulting multilayer samples were not annealed, or else they 
were annealed in a muffle furnace in the air for 15 minutes at temperatures of 570 and 650 °C. 



The effect of ZnO cupping layer on the formation of sol-gel synthesized Ag nanoparticles  78 
 

Thus, in total, 9 samples were prepared: without a ZnO cupping layer, with the ZnO cupping 
layer 20 and 50 nm thick (equivalent to the 2 and 5 ZnO spin-coated layers, respectively), 
without annealing or annealed at temperatures of 570 and 650 °C (Table 1). 

 
Table 1. Description of produced samples 

Sample layout 
Sample 

№ 
Thickness of the ZnO cupping 

layer, nm 
Annealing temperature, 

оС 

 

1 

0 

300 

2 570 

3 650 

 

4 

20 

300 

5 570 

6 650 

7 

50 

300 

8 570 

9 650 

 
The optical absorption spectra of the samples were measured using an Avantes fiber-optic 

system based on the AvaSpec 2048 spectrometer and the AvaLight-DH-S-BAL radiation 
source, which provides measuring absorption and transmission spectra in the spectral range of 
200–1100 nm. 

The structural and morphological properties of the NP arrays in the samples produced 
were studied using a scanning electron microscope (SEM) Mira 3 Tescan and a transmission 
electron microscope (TEM) JEM-2100F JEOL. The combination of SEM and TEM methods 
provided a detailed study of the fabricated samples in the plan view and cross-section 
geometries. 

Thin cross-section samples with Ag NPs in the ZnO matrix for TEM studies were 
prepared in accordance with the standard procedure, with preliminary mechanical thinning and 
subsequent polishing by an ion beam (Ar+) with energy of 4 keV [28]. The TEM studies were 
performed using the equipment belonging to the Joint Research Center "Material science and 
characterization in advanced technology" (Ioffe Institute). 

 
Results and Discussion 
Figure 1 shows the absorption spectra of the samples containing Ag NP arrays in a ZnO matrix 
produced at different thicknesses of the ZnO cupping layer (0 nm – without a ZnO coating,  
20 and 50 nm) and at different annealing temperatures (without annealing - after drying at 
300 °C, annealing at 570 and 650 °C). Intense absorption at the wavelengths lower than 400 nm 
corresponds to the edge of the ZnO interband absorption [29]. 

Absorption peaks with different intensities in the range of 500-700 nm, observed in the 
samples, appear to be caused by the localized plasmon resonance in Ag NPs [30,31]. Parts (a) 
to (c) of Fig. 1 show that irrespective of the ZnO cupping layer thickness, the spectra behave 
similarly when annealing conditions change. After annealing at a temperature of 570 °C 
(samples № 2, 5, 8), the intensity of the NP absorption peak decreases and the peak widens 
compared to the sample without annealing (samples № 1, 4, 7). After annealing at a temperature 
of 650 °C (samples № 3, 6, 9), the intensity of the peak increases sharply, while the shape and 
the width of the peak remain unchanged. 
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(a) (b) (c) 

   
(d) (e) (f) 

Fig. 1. Absorption spectra of the samples № 1 to 9 with Ag NPs in the ZnO matrix fabricated 
with different thicknesses of the ZnO cupping layer (0, 20 and 50 nm) and  

at different annealing temperatures (without annealing, annealing at 570 and 650 °C):  
(a) to (c) give a comparison based on the effect of annealing temperature at the same 

thickness of the ZnO cupping layer, (d) to (f) provide a comparison based on the effect of 
ZnO coat thickness at the same annealing temperature 

 
Comparison of the spectra in parts (d) to (f) of Fig. 1 shows that ZnO cupping layer and 

its thickness have negligible effect on the shape and the spectral position of NP plasmon 
absorption peak. However, the addition of the ZnO cupping layer increases the absorption 
intensity of the NPs, which is especially noticeable for the samples without annealing 
(samples № 4, 7) and those annealed at 650 °C (samples № 6, 9). In the samples without a 
cupping layer of ZnO, the NP absorption peak has very low intensity, and in the sample without 
annealing, there is no peak at all (sample № 1). 

The wavelength values corresponding to the spectral position of the NP absorption peak 
in the studied samples are marked with respective numbers in Fig. 1. In all samples annealed at 
650 °C, the spectral position of the absorption peak is shifted to the long-wavelength region 
compared to the samples without annealing. In accordance with the theory of Mie [32], which 
describes the dependence of optical properties on the metal NP size, the shift of the absorption 
peak to the long-wavelength region indicates that the NP average size in the samples has 
increased as a result of annealing. All absorption spectra of the samples annealed at 570 and 
650 °C are shown to have a long-wavelength shoulder in the range of 600–730 nm, in addition 
to the absorption peak in the range of 530–590 nm. They may represent a superposition of the 
absorption spectra of the array of NPs with varying sizes. Moreover, an additional peak 
appearing as a long-wavelength shoulder of the absorption spectrum, may indicate the possible 
non-sphericity of the NPs [33], for example, the NPs may become ellipsoidal or elongated in 
one or more directions. 
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A combined study of the sample structural properties by SEM and TEM methods detected 
the presence of two simultaneously existing entries: arrays of silver small NPs and large Ag 
submicroscopic particles (SMPs). Parts (a) to (c) of Fig. 2 show SEM images of the sample 
surface with no ZnO cupping layer without annealing (sample № 1) and after it (samples 
№ 2, 3). The images show that immediately after drying at 300 °C (without annealing, 
sample № 1), a NP array with a high density up to 1.5 × 109 cm-2 is formed, however, this array 
has a wide NP size distribution – some NPs with a diameter of 50 to 200 nm are observed, as 
well as some larger Ag SMPs reaching 500 nm in diameter. It is possible that the observed wide 
NP size distribution in this sample is responsible for a high absorption level in the whole visible 
spectrum range and the absence of an obvious NP absorption peak, see Fig. 1(a). 
 

   
(a) (b) (c) 

Fig. 2. SEM images of the surfaces samples № 1 to 3 with Ag particles without a ZnO 
cupping layer produced by sol-gel method: (a) sample № 1 - without annealing,  

(b) sample № 2 - after annealing at a temperature of 570 °С and (c) sample № 3 - after 
annealing at a temperature of 650 °С. The inserts show magnified images of NPs 

 

  
(a) (b) 

 
(c) 

 

Fig. 3. Particle size distribution revealed by SEM and TEM studies in the samples № 1 to 9 
without annealing (300 °C) and after annealing at temperatures of 570 and 650 °C:  

(a) samples № 1 to 3 - without a ZnO cupping layer, (b) samples № 4 to 6 – covered with a 
20 nm thin ZnO layer and (c) samples № 7 to 9 - covered with a 50 nm thick ZnO layer 
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As a result of annealing at the temperature of 570 °C (sample № 2), the NPs start being 
located more uniformly on the substrate surface, see Fig. 2(b). Besides the equidistant 
distribution of NPs in the array, they also demonstrate a narrower size distribution. In addition 
to a homogeneous array of ordered large SMPs with a diameter of 500-700 nm, some smaller 
NPs with a diameter of 70 to 140 nm are also observed in the sample. The number of the large 
SMPs compared to those in the sample before annealing has decreased by 2 orders - from 
3 × 108 to 3 × 106 cm-2, and the number of small NPs has increased to 8 × 109 cm-2. Annealing 
at a temperature of 650 °C (sample № 3) has further decreased the particle size and distribution 
in arrays – the NP size ranged from 50 to 120 nm, large SMPs – from 300 to 500 nm, while the 
number of large SMPs has significantly decreased, see Fig. 2(b). For a sake of clarity,  
the particle sizes in the samples revealed by the results of SEM and TEM studies are shown in 
the graphs in Fig. 3. 

The NP sizes in the samples covered with the ZnO layers demonstrated the changes in 
Ag NP distributions due to the effect of annealing in a similar way to the NP arrays in the 
samples without a ZnO cupping layer, see Figs. 3 and 4. First, the average particle size increases 
as a result of annealing at the temperature of 570 °С (samples № 5 and 8), and after annealing 
at 650 °C (samples № 6 and 9), it decreases. The addition of the ZnO cupping layer is shown 
to result in the narrowing of the NP size distribution, and to the reduction of the number and 
the size of large SMPs in the samples in the case of the largest thickness of the ZnO coating 
cupping layer (50 nm, samples № 8 and 9). Consequently, it can be concluded that large SMPs 
are formed during the coagulation of silver, whereas the ZnO cupping layer prevents this. 
 

(a) (b) (c) 
Fig. 4. TEM images of the samples № 7 to 9 with Ag particles with a 50 nm thick ZnO 
cupping layer produced by sol-gel method: (a) № 7 - without annealing, (b) № 8 - after 

annealing at a temperature of 570 °С and (c) № 9 - after annealing at a temperature of 650 °С 
 
The sample absorption spectra suggested that the particle size should increase during the 

annealing process. This assumption is in good agreement with the data obtained from the studies 
of morphological and structural properties of the samples. The NP average size increased as a 
result of annealing, however, the size distribution narrowed, which contributed to an increase 
in the intensity of absorption peaks. An array of larger SMPs observed in the samples might be 
responsible for the appearance of long-wavelength shoulders in the range of 600–730 nm. 

Since the amount of silver deposited is the same in all samples, it is the presence of the 
ZnO cupping layer that is responsible for the particle size change and the shift of the absorption 
peak. Referring to the earlier assumption that the transformation of the particle shape and size 
during annealing occurs due to silver diffusion [25,34], the fact is that the ZnO cupping layer 
and its thickness affect Ag diffusion to these processes. 
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Conclusion 
Experiments have been conducted to study optical and structural properties of the samples with 
Ag NPs in a ZnO matrix made by the sol-gel method with different annealing temperature and 
thickness of the ZnO cupping layer. The absorption spectra of the produced samples did contain 
Ag NP plasmon absorption peak in the range of 500-700 nm. As a result of annealing at the 
temperature of 570-650 °C, a long-wavelength shift of the plasmon absorption peak was 
observed resulting from an increase in the NP average size, as well as an increase in the peak 
intensity resulting from the narrowing in the NP size distribution. The addition of the ZnO 
cupping layer led to a narrower NP size distribution, as well as to a decrease in the number and 
the size of large submicroscopic particles in the samples. 

The optical and structural properties of the samples with Ag NPs in the ZnO matrix were 
shown to be determined by the diffusion of silver passing through the ZnO cupping layer during 
annealing. The ZnO cupping layer and its thickness affect the above process. 
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Abstract. The conductance dependences of the edge channels of silicon nanosandwich 
structures (SNS) on the vertical gate voltage Vg are studied. The experiments are carried out in 
such a range of Vg, in which the two-dimensional density of holes p2D is stable that made it 
possible to avoid the changes of the Fermi level position and thereby to unambiguously 
identify the Aharonov–Casher oscillations. The effect of a spin field-effect transistor at a high 
temperature (T = 77 K) is demonstrated, which manifests itself in the form of Aharonov–
Casher oscillations of longitudinal conductance depending on Vg, which controls the 
Bychkov–Rashba spin-orbit interaction. This experiment became possible due to the high 
degree of spin polarization of holes and the long spin-lattice relaxation time because of the 
extremely small width of the silicon quantum well and the narrowness of its edge channels, 
which is ensured by the properties of the negative-U-barriers limiting them effectively 
decreasing the electron-electron interaction. 
Keywords: silicon nanosandwich; edge channel; Aharonov–Casher oscillations; Bychkov–
Rashba spin-orbit interaction; spin field-effect transistor 
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Introduction 
In the last decades of the 20th century, progress in the field of semiconductor 
nanotechnologies led to the creation of structures with quasi-one-dimensional (1D) 
conducting channels with the length less than the inelastic scattering length [1,2], due to 
which the ballistic transfer of single carriers occurs in them and macroscopic quantum 
phenomena are observed. 

Therefore, such channels provide conditions for spin interference of single carriers due 
to spontaneous spin polarization of a quasi 1D carrier gas in a zero magnetic field [3,4] and 
Bychkov–Rashba strong spin-orbit interaction (SOI) [5]. 

Obviously, such semiconductor nanostructures are promising for solving various 
problems of high-temperature nano- and optoelectronics, especially for the experimental 
implementation of electron-wave analogues of electro-optical modulators. The most striking 
proposal consists in creating a spin field-effect transistor (SFET) [6–10]. 

The current modulation in the SFET structure occurs due to quantum interference 
effects, namely, due to the spin precession caused by Bychkov–Rashba SOI in an ultra-
narrow quantum well, which is the main element of the field-effect transistor. At the same 
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time, magnetic contacts, which play the role of source and drain, are preferentially used for 
injection and detection of certain spin orientations (Fig. 1) [6]. In the SFET structure, the 
source and drain, which are also a polarizer and analyzer, can be made of a ferromagnet, such 
as iron. At the Fermi level in such materials, the density of states of an electron with one spin 
orientation greatly exceeds the density of states with another spin orientation, so that the 
contact preferentially injects and detects electrons with a certain spin direction. The spin 
polarization of the current, reaching ~50 % in this case, was experimentally demonstrated 
using contacts made of permalloy (a magnetically soft alloy of Ni with Fe) [11,12]. A contact 
magnetized in the х direction preferentially emits and detects spin-polarized electrons along 
the positive х-axis, which is represented as a linear combination of positive z-polarized and 
negative z-polarized electrons. 

 
Fig. 1. Diagram of a spin field-effect transistor 

 
By analogy with an electro-optical material, the differential phase shift introduced 

between +z polarized and –z polarized electrons can be controlled by the vertical gate voltage 
of the FET, which controls the SOI value in the quantum well [6]. It is assumed that the 
dominant mechanism of spin energy splitting between electrons with spins up and down in a 
zero magnetic field, as indicated above, is the Bychkov–Rashba term [13], taken into account 
in the effective-mass Hamiltonian [6]: 

( )R z x x zH k k  = − ,                (1) 

where  is the Rashba SOI parameter, which depending on the type of  
quantum well conductance is determined by the characteristics of the conduction band or  
valence band [13–15]. This term is a consequence of the presence of an electric field 
perpendicular to the plane of the quantum well or the interface of a single heterojunction. 
Other mechanisms of spin splitting in a zero magnetic field, for example, due to the influence 
of the inversion center, can also contribute [16]. However, if the quantum well is formed 
inside the p-n junction, their contribution to the SOI value is much less than the Bychkov–
Rashba term. It is easy to see that the Bychkov–Rashba term leads to the fact that +z and –z 
polarized electrons have the same energy and different wave vectors k1 and k2. Moreover, if 
we consider an electron moving in the x direction with kz=0 and kx≠0, the Bychkov–Rashba 
term HR is equal to σzkx, which increases the energy of +z polarized electrons by kx and, 
respectively, reduces the energy of –z polarized electrons by the same value. A similar change 
in energy can be achieved if the electron were in a magnetic field Bz proportional  
to kx (kx -> μBBz, where μB is the Bohr magneton). 
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This energy difference for +z polarized and –z polarized electrons can lead, under the 
condition of their transport along the x direction, to a differential phase shift, ∆θ, proportional 
to the Bychkov–Rashba SOI parameter, the value of which can be varied using the vertical 
gate voltage 
E(+z pol.) = ћ2 k2

x1/2m* - kx1,              (2) 
E(-z pol.) = ћ2 k2

x2/2m* + kx2.              (3) 
∆θ =(kx1 - kx2)L = 2m*L/ћ2.               (4) 

Thus, within the framework of the described field-effect transistor structure, current 
modulation can occur due to spin precession under SOI conditions, thereby identifying the 
effect of SFET depending on the vertical gate voltage. 

 

 
Fig. 2. Experimental SNS made in Hall geometry to demonstrate the SFET effect (a). 

Topological edge channel of the SNS (b), in which single charge carriers occupy its separate 
areas, pixels (c). Polarized carriers are transported along opposite pixel walls of the edge 

channel (d) 
 

The discovery of spin interference in 1D channels contributed to the development of 
spintronic devices based on the phenomena of spin interference, which are able to 
demonstrate  SFET characteristics even without ferromagnetic electrodes and external 
magnetic fields in the presence of spin polarization in low-dimensional systems [13,17]. 
Moreover, it is advisable to create spintronic devices based on topological insulators and 
superconductors with a control vertical gate, which, in addition to the geometric Berry phase, 
provides a phase shift between the transmission amplitudes for carriers moving clockwise and 
counterclockwise [13] (see Fig. 2 ). This phase shift leads to the observation of Aharonov–
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Casher (AC) conductance oscillations, measured by varying the voltage on the vertical gate 
that controls the transport of single carriers in quasi-one-dimensional channels, even in the 
absence of an external magnetic field and magnetic electrodes responsible for obtaining and 
recording the spin polarization of carriers. However, changes in the carrier density that 
accompany the application of a voltage on a vertical gate can also cause conductance 
oscillations resulting from changes in the value of the Fermi wave vector, although they are 
similar in appearance to oscillations in the AC conductance [18,19]. 

Nevertheless, the unambiguous identification of AC conductance oscillations when 
controlling the transport of single carriers using a change in the vertical gate, and, 
consequently, the demonstration of the SFET effect, turned out to be possible when using a 
silicon nanosandwich structure (SNS) for this purpose. 
 
Methods 
In this work, to determine the contribution of the AС effect to the conductance oscillations 
and to demonstrate the SFET effect, we use an SNS with a diffusion profile depth of 8 nm 
(according to SIMS data), containing a single quantum well about 2 nm wide. The well is 
bounded by two -barriers consisting of B+-B- dipoles with negative correlation energy 
(negative-U), formed due to the interconnectedness of the electron-vibrational and electron-
electron interactions [20]. A similar effect occurs at an ultrahigh concentration of boron 
dopant in -barriers (about 5 1021 cm-3) [20]. The SNS was made in the Hall geometry and 
equipped with an additional control electrode, which is used as a vertical gate, to which 
voltage Vg is applied (Fig. 2(a)). The vertical gate electrode was formed on the surface of a 
thin (about 20 nm) gate insulator SiO2 layer preliminarily deposited on the SNS by the 
plasma-chemical method. 

Previous studies of the de Haas–van Alphen (DHVA), Shubnikov–de Haas (SdH) and 
quantum Hall effects (QHE) [21] showed that in this experimental SNS, the two-dimensional 
concentration p2D of single charge carriers in a quantum well bounded by a negative-U  
-barriers is 3‧1013 m-2. Their behavior is characterized by a long relaxation time and a low 
value of the effective mass (m* < 10-3m0) [22]. 

In addition, it was experimentally demonstrated that the transport of single charge 
carriers in SNS occurs in topological edge channels (ECs) (Fig. 2(b)), formed in the SNS 
quantum well by chains of negative-U boron dipole centers [21]. It was shown that it is 
precisely due to such chains of negative-U dipoles, which form and limit ECs, that conditions 
are created for the effective suppression of the electron-electron interaction (EEI) in ECs, 
which, in turn, made it possible to observe the above macroscopic quantum effects in SNS at 
high temperatures up to the room one [21].  

The cross-sectional area of the ECs of the SNS under study is 2×2 nm, since 2 nm is the 
characteristic distance between the negative-U -barriers that form them. Previous 
experiments showed that the EC of the studied SNS consists of regions of single carrier 
interference, the length of which is approximately 16 μm, taking into account the value of  
the 2D density of single carriers determined from Hall measurements [21]. That is, each 
region of the EC, in which a single carrier (“pixel”) is located, consists of layers containing 
negative-U boron dipoles with an area of Spixel = 16 × 2 nm2, along which the carrier tunneling 
occurs (Fig. 2(c)). In this case, the resistance of a single carrier in a pixel is quantized and 
amounts to n(h/e2) [21,23]. 

The spin polarization of single carriers in ECs of such SNSs was observed 
experimentally, and it was shown that ECs are paired, and the carriers in them  
have opposite spin orientations [4,21]. Obviously, in such ECs, single carriers have the ability  
to interfere both in the entire EC (or part of it) and inside a single pixel, since carriers  
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with different spins move towards each other on opposite sides of the pixel under the action of 
the field (Fig. 2(d)) [4]. 

To demonstrate the SFET effect, such an SNS has a number of advantages. First, due to 
the built-in p-n junction in the QW, the electric field sharply increases, which contributes to 
an increase in the Bychkov–Rashba SOI. Second, as noted above, the EEI inside the EC is 
leveled due to the interaction of single carriers with negative-U dipole boron centers, which 
makes it possible to study the macroscopic phenomena of quantum interference at high 
temperatures [22]. In addition, it should be noted that, in the SNSs under study, the carriers in 
ECs are holes, which exhibit a stronger SOI compared to electrons [16]. 

In order to demonstrate the SFET effect, it is necessary to study the conductance of the 
SNS EC experimentally by varying the vertical gate voltage Vg, since in this case it becomes 
possible to control the Bychkov–Rashba SOI and, thus, the spin polarization of holes in the 
EC. However, when performing experiments, it should be taken into account that varying the 
value of Vg leads to a change in the concentration and mobility of 2D holes in the QW. This, 
at first glance, may interfere with the unambiguous identification of the AC conductance 
oscillations caused by the Bychkov–Rashba SOI, since other effects, such as the influence of 
the position of the Fermi level, also cause conductance oscillations due to changes in the 
density and mobility of 2D holes. 

The concentration of 2D holes and their mobility in a silicon QW were determined from 
Hall measurements (Fig. 3) [22]. The initial value of the density of 2D holes p2D = 4∙1013 m-2 
(Vg = 0) was controlled by an order of magnitude, between 5∙1012 m-2 and 9∙1013 m-2,  
by shifting on the vertical gate through the insulator layer, which performs the function p+-n 
junction offsets. It was shown that in the vertical gate voltage range between 150 and 
400 mV, p2D is practically independent of Vg. Therefore, this Vg range can be used to identify 
AC oscillations caused by the Bychkov–Rashba SOI. 

 
Fig. 3. Density (a) and mobility (b) of a 2D hole gas as a function of vertical gate voltage 
obtained from measurements of the longitudinal and Hall stresses in the SNS on an n-type 

Si(100) surface. T=77 K 



90   L.E. Klyachkin, N.T. Bagraev, A.M. Malyarenko 

The experimental conductance dependences on Vg displacement on the vertical gate of 
the SNS structure made in the Hall geometry (Fig. 2(a)) were obtained at a liquid nitrogen 
temperature of 77 K. In the experiment, the dependence Uxx = f (Vg) was recorded, after which 
the dependence was calculated G = f(Vg). The measurements were carried out on an 
experimental bench using Keithley 2182A nanovoltmeters, a Keithley 2010 multimeter, a 
Keithley 6517A electrometer, and a Keithley 6221 current source. The vertical gate was 
biased from an independent power source galvanically isolated from the measuring circuit. 

As seen in Fig. 2(a), the Hall geometry of the SNS determines its symmetry. For this 
reason, this article presents the experimental results of measuring Uxx for only one pair of the 
contacts, since Uxx measurements on the opposite pair of contacts give equivalent results due 
to the symmetry of the SNS geometry. 

 
Results 
To determine the contribution of the Bychkov–Rashba SOI to the conductance (transmission) 
of the SNS EC structure, the dependence Uxx = f (Vg) was studied under conditions of varying 
Vg followed by the calculation of the dependence G = f(Vg). Its analysis made it possible to 
reveal the spin splitting of holes 44 meV in 1D gas (Fig. 4). 
 

 
Fig. 4. Conductance change G as a function of the vertical gate voltage applied to the SNS 

edge channel. T=77 K 
 

The value of the spin splitting 44 meV corresponds to the value of the spin-orbit 
interaction in the valence band. These data seem to indicate spontaneous spin polarization of 
heavy holes in the 1D channel due to effective quenching of the kinetic energy by the 
exchange energy of carriers [4]. 

Experimental studies of the dependences G = f(Vg) were carried out in the range 
Vg = 150–400 mV, which makes it possible to unambiguously identify AC oscillations (Fig. 5) 
caused by the Bychkov–Rashba SOI. 

Changes in the phase of the AC oscillations shown in Fig. 5 are apparently caused by 
the elastic scattering of heavy holes on the quantum point contact inside the EC of SNS. The 
phase shifts calculated within this model depend on the parameter α determined by the 
effective magnetic field created by the Bychkov–Rashba SOI [5,6,13–15,18,19,24,25]: 

 z

BB

eff
g

ekB =



,                    (5) 
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which affects the conductance modulation [14,15], which is consistent with the oscillations of 
the AC conductance (Fig. 5). Note that the Bychkov–Rashba SOI in 2D systems cubically 
depends on the wave vector. However, in a 1D system, it is necessary to average the wave 
vector components perpendicular to the 1D channel axis. Therefore, the resulting Bychkov–
Rashba SOI for 1D hole systems depends linearly on the wave number, as does the 
Dresselhaus SOI in 1D electron systems [16].  
 

 
Fig. 5. The Aharonov–Casher conductance oscillations in the edge channel of the SNS. 

Т=77 К 
 

The oscillation period of the AC conductance (Vg), which is determined by the 
quantum transport of holes through the quantum point contact, can be estimated from the 
following relations [14,15]: 

2 2

23
g

eff hh

d l
V

Rm 
 

h
,                (6) 

where l is the characteristic length, which provides proportionality between the vertical gate 
voltage Vg and the electric field, Vg = Ez l, and is determined by the thickness of the n-type  
Si(100) plate, l = 300 nm; d is the diameter of the edge channel, 2 nm; R is the effective 
average pixel radius, the value of which can be controlled by changing the 2D concentration 
p2D by varying the value of Vg. As mentioned above, to identify the Bychkov–Rashba SOI in 
these experiments, it is necessary to use a range of Vg values in which the p2D value remains 
practically unchanged. In this case, the value R 2500 nm. The value of hh is determined by 
the Bychkov–Rashba parameter : 

23hh hh r zk E = − ,                (7) 

( ) ( )( )

( )( )

4

2 3 3 2
1 1 1 2 1 2 1 2 1 2

4

2
1 1 1 2 1 2 1 2 1 2

1 1 1 1

1 1 1 1
0.02

hh hh lh hh lh hh hh hh lh hh hh
eff

hh lh hh lh hh hh hh lh hh hh
eff

e
a

m

e

m

   
         

         

  
 = + − +  − − − − −   

  
  − + − − − − −   

h

h

,             (8) 

where the value 2
rk  is approximately estimated as 2 2 2/rk d ; d is the diameter of the 

edge channel 
2

64
0.7

9
a


=  [11]; 2 30.18, 0.1 = − = −  are Luttinger parameters for 
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silicon [26]; ,
1,2
lh hh  are the energies of the light and heavy holes in the QW, where the subscript 

indicates the number of subbands, and the superscript corresponds to a light or heavy hole. 
Previously, in [27], the results of optical studies were presented, which made it possible to 
determine the energies of both light and heavy holes in the silicon QW of the SNS used in 

these experiments: 1 90hh
meV = ; 1 114 ;lh

meV =  2 307hh
meV = ; 2 476lh

meV = . 

A detailed analysis of the AC conductance oscillations, taking into account the 
dependence of the 2D hole density p2D on the vertical gate voltage Vg [22], made it possible to 
determine the values of the effective mass of heavy holes m* depending on the value of p2D at 
the level of m* = 10-4 – 10-3 m0. Note that such a low value of m*, which is largely a 
consequence of negative-U -barriers limiting the SNS EC, is an important circumstance for 
the detection of spin-dependent transport at high temperatures (77 K). This makes the 
properties of SNS similar to those of graphene [28]. 

Thus, due to the spin polarization of carriers in the edge channels of the SNS, caused by 
the Bychkov–Rashba SOI, it becomes possible to create a SFET without special 
ferromagnetic electrodes or any external magnetic fields, while the channel conductance 
between the source-drain contacts is controlled only by voltage changes at the vertical gate Vg 
(Fig. 6). 

 
Oscillations of the AC conductance in the dependence of G = f(Vg), which determine the 

SFET effect, are described using the relations obtained under the condition of effective 
backscattering at the quantum point contact [25,29]: 

,                 (9) 

where 

.                       (10) 
The value of parameter a is determined by the Hall geometry of the contacts and the 

dimensions of the device structure. In the case of SNS a=(axxaxy)
1/2; where axx and axy are the 

distance between contacts XX and XY, axx =2 mm, axy=0.2 mm. These dependences describe 
conductance oscillations with greater accuracy when varying the value of Vg (also in the case 
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Fig. 6. Diagrams of AC conductance oscillations in a zero magnetic field as a function of the 

vertical gate voltage Vg, which controls the SOI value, and the source-drain voltage Vds 
applied to the SNS-based SFET. T=77 K 
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of a nonzero external magnetic field (Ф=BS)) than a more simplified relation that does not 
take into account its influence [24]: 

2

2
1 cos 2

e m
G a

h

  = +     h
.             (11) 

The behavior of the AC oscillations shows that the obtained structure is indeed the 
SFET structure. It should be noted that the magnitude of the amplitude of conductance 
oscillations at low values of the source-drain voltage (Vds) is significantly less than the 
magnitude of the conductance quantum e2/h, which may be a consequence of weak 
localization at a low kinetic energy of low density carriers in the EC (Fig. 5). With an increase 
in the kinetic energy of carriers in the optimal voltage range Vds, the magnitude of the 
conductance oscillation amplitude corresponds to the conductance value e2/h (Fig. 6(a)). With 
a further increase in Vds, quenching of conductance oscillations is observed (Fig. 6(b)) as a 
result of heating of two-dimensional holes and, consequently, a decrease in their spin-lattice 
relaxation time. 

The presented dependences of the conductance (transmission) of the edge channels of 
the silicon SNS QW G=f(Vds,Vg), demonstrating the SFET effect, in fact, are a variant of the 
AC effect [13,29]. 

Note that the observation of AC oscillations in hole conduction, illustrating the SFET 
effect at a high temperature (T = 77 K), became possible due to the high degree of spin 
polarization of holes and the large time of their spin relaxation. This, in turn, is due to the 
extremely small width of the silicon QW [30], the narrowness of its ECs, and effective 
suppression of EEI in them, which is ensured by the properties of the negative-U -barriers 
limiting them. 
 
Conclusions 
The paper presents experimental research into dependences of the conductance of the SNS 
edge channels on the vertical gate voltage Vg. The studies were carried out in such a range of 
Vg, in which the two-dimensional concentration of holes p2D in the QW is practically 
independent of the Vg value, which makes it possible to avoid the influence of a change in the 
position of the Fermi level. Therefore, it was possible to avoid the influence of the p2D change 
effect in the experiments and ensure unambiguous identification of the AC oscillations. 

The effect of a spin transistor at a high temperature (T=77 K) was registered, which 
manifests itself in the form of the AC oscillations of longitudinal conductance depending on 
the voltage of the vertical gate, which controls the magnitude of the Bychkov–Rashba SOI. 

The observation of AC oscillations in hole conduction, illustrating the effect of a spin 
transistor at a high temperature (T = 77 K), became possible due to the high degree of spin 
polarization of holes and the large time of their spin relaxation. This is due to the extremely 
small width of the silicon QW and its edge channels ensured by the properties of the limiting 
negative-U-barriers, which effectively suppress EEI. 
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Abstract. This study focuses on the development of a novel and simple catalyst-free one-stage 
gas phase synthesis process at atmospheric conditions for silicon carbide based nanomaterials. 
A mixture of high-purity quartz sand and graphite powder is heated as in air as under argon 
flow at atmospheric pressure using an industrial accelerator of nominal power 100 kW with a 
relativistic electron beam of continuous action. The carbothermal reduction reaction of silica 
occurs and micro granular hexagonal silicon carbide powder produced along with cubic phase 
SiC nanowires (SiCNWs) for different combinations of the process parameters. The mechanism 
of the formation of SiCNWs under gas flow is proposed, where Si nanoparticles act as an origin 
for the SiCNWs grow. The observed productivity shows that the process can be used for the 
large-scale production of high quality SiC nanowires as well as nano and micro powders of 
SiC. 
Keywords: silica; carbon; silicon carbide; nanowires; SiCNWs; industrial electron accelerator 

 
Acknowledgements. Authors are grateful to the Russian Foundation for Basic Research and 

Novosibirsk Region Government for their support (Grant number 19-43-540013), and V. R. 

Gaponenko also acknowledges support of this work within the state assignment of Ministry of 

Science and Higher Education of the Russian Federation. 

 
Citation: Bardakhanov SP, Trufanov DY, Chakin IK, Gaponenko VR. Gas phase large-scale 
synthesis of Silicon carbide nanowires by industrial electron accelerator. Materials Physics and 

Mechanics. 2023;51(4): 96-106. DOI: 10.18149/MPM.5142023_9. 
 
 
Introduction 
For over a hundred years now, beginning with the Acheson process [1], the carbothermal 
reduction of silica has been the most widely used method for the synthesis of bulk silicon 
carbide (SiC) and following production of SiC-based materials at huge industrial scale. Bulk 
SiC exhibits many preeminent characteristics, including super high hardness and outstanding 
mechanical robustness, exceptional chemical inertness and corrosion resisting, high melting 
point (decomposition), low thermal expansion coefficient and excellent thermal stability, 
suitability for preparation of excellent ceramics, high electron mobility, the last feature is 
especially useful for highly reliable industrial semiconductor devices. 

With regard to obtaining special morphological forms of silicon carbide, the synthesis of 
SiC nanoparticles started with the nanotechnology era. This trend intensively develops since 
low dimensionality, quantum confinement and shape effects of SiC nanoparticles demonstrate 
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properties that bulk counterpart cannot possess, what leads to different prospective applications. 
Respectively, special efforts are devoted to the development of facile methods for the large 
scale production with cheap raw materials [2,3]. Note, that the gas-phase techniques like plasma 
synthesis [4,5] and chemical vapor deposition [6], with decomposition of various siloxanes and 
silanes, are frequently used to produce ultra-small SiC nanoparticles. One can also mention 
pulsed-laser ablation in liquids [7], but its productivity is not very high. 

The growth of elongated whisker-like SiC materials has been a research focus for 50 years 
now [8,9]. Since the beginning of the 1990s, SiC wires of submicron diameter have been 
produced using several methods, including the carbothermal reduction of silica [10]. And at the 
end of the twentieth century, the synthesis of SiC nanowires (SiCNWs) has attracted 
considerable attention owing to their importance in basic scientific research as well as their 
potential technological applications [11–13]. The number of papers in this area is about of three 
hundred now. The availability of large volumes of SiCNWs can lead to immense progress in 
advanced applications, including photocatalysts, electronics such as emitters, transistors, and 
sensors, thermal and photoelectric applications, etc. 

To date, a variety of methods, both conventional (e.g., carbothermal reduction of silica) 
and unconventional, used for SiCNW production have been reported [8]. Based on published 
studies, it can be concluded that most of these methods require the use of expensive raw 
materials, catalysts, and sophisticated techniques. Additionally, only a few of these studies have 
reported the synthesis of relatively large quantities of SiCNWs. For instance, the confined 
reaction method was used for the initial synthesis of carbon nanotubes (CNTs), and the 
productivity of SiCNWs was 2 g per batch of 15 min [14]. However, the full procedure also 
included the preparation of a Fe/Ni catalyst and the growth of the CNTs for 1 h. In another 
study which employed a SiO carbothermal reduction approach using carbon black, relatively 
specific materials (SiO was commercial and carbon black was treated by arc-discharge plasma 
for the porosity), were used in 1-h experiments in high-frequency induction furnace, and it was 
possible to produce 200 g of SiCNWs per day [15]. Other study demonstrated the possibility of 
synthesizing 3.5 g of SiCNWs within 7 h using expandable graphite (EG) and silicon 
powder [16]. As the sample of the great efforts to increase the productivity, one could mention 
the paper [17]. 

Current research on SiCNWs has been summarized in a recently published book, which 
highlights the different mechanisms by which SiCNWs can be produced directly from raw 
materials in the vapor state via the vapor-liquid-solid (VLS) and/or vapor-solid (VS) 
routes [13]. And in very recent paper [18] it is noted again, that the most of existing methods 
involve environmentally corrosive and toxic chemicals, or complicated multistep reactions, 
resulting in much environmental pollution and low efficiency of nanoscale SiC synthesis in a 
large scale. So, the production of large quantities of high quality SiCNWs using more 
controllable, predictable, and facile processes is still challenging [13]. Therefore, it is essential 
to develop a rapid, low-cost, eco-friendly and sustainable preparation strategy for SiC 
nanowires. 

It looks like the carbotermal reduction nowadays could be the most promising base for 
the large scale production of SiC nanostructures, including SiCNWs. Then the effective heater 
is necessary to use for this purpose. For our case, it is the electron beam. 

It is not widely known, but the electron beam guns are extensively used as concentrated 
energy source in various material processing applications [19], including welding [20], 
drilling [21], generation of metal vapor for isotope purification process [22,23] and physical 
vapor deposition [24]. Therefore, the electron beam is a useful thermal energy source in surface 
modification, cladding, surfacing, rapid prototyping, engraving as well as texturing, thin film 
metal and ceramics coating, e.g. [25] preparation technique. 
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If to say just about welding industry, there are no statistics available to show exactly how 
many electron beam welding machines are in use worldwide. But it is estimated that the total 
number of electron beam welding machines is about 3500 in the whole world [21]. Owing to 
their industrial applications, metal melting and evaporation with e-beam or laser beam systems 
has been studied extensively in literature, e.g. [26–29]. 

To emphasize the nanotechnology applications, besides film deposition with 
nanocrystals [30], the electron beam evaporation (EBE, as with continuous as pulsed beam) is 
used for high entropy alloys [31], nanoparticles’ production [32,33]. In fairness,  
the papers [34,35] should be noted, where to the best of our knowledge, the first attempt was 
made to purposefully obtain a noticeable amount of oxide nanopowders using electron beam 
evaporation. But they used the installation of only 1 kWt with a voltage in the range 15 to 30 kV 
and oxygen at a pressure of 7 Pa. 

But in spite of widespread electron beam technologies, all of them had a serious 
disadvantage in the sense of large scale production of nanomaterials. The usual energy produced 
range was not more than 400 keV. Therefore, previous commercial EBE could be used only at 
vacuum environment or in low-pressure gas, mostly not more than 100 Pa. At non vacuum 
conditions, the energy of the electrons scatters by gas molecules, and the electron beam without 
enough energy cannot be used as the powerful heater. In 80s this barrier had been override by 
introducing the new kind of industrial accelerator developed by Budker Institute of Nuclear 
Physics with focused electron beam extracted into atmosphere [36]. And we employ this facility 
since 1992 for the gas phase synthesis of nanomaterials [37–39]. 

Further, a critical analysis is the following of the pros and cons of our electron beam 
heating method. Actually, it is almost fully copied from very recent paper [40] of our 
colleagues. And this analysis compares the laser beam and electron beam heating. 

Laser cladding is considered to be an effective process for the fabrication of different 
coatings. This technology has such advantages as high power density, beam focusing accuracy, 
and perfect beam position control. At the same time, the laser cladding technology also has a 
number of disadvantages, such as a low efficiency coefficient and a low depth of radiation 
penetration, which make it difficult to obtain cladded layers of considerable thickness. 

The electron beam as an energy source seems to be an attractive alternative to a laser for 
applications in cladding technologies. Traditional electron beam processing is carried out in 
vacuum chambers at a beam energy of 20–400 keV. Around 90 % of the electron beam energy 
is absorbed by the metals, which is one of the main advantages of the electron beam, especially 
taking into account that the absorption of the laser radiation may be as low as 3-7 %. However, 
a convenient electron beam treatment has a number of limitations. Firstly, the processing of 
large surfaces is quite complicated since the treated items must be placed in a vacuum chamber. 
The other disadvantage is the relatively small penetration depth of electrons into the material 
due to the relatively low electron beam energy. For instance, the maximum penetration depth 
of electrons with an energy of 200 keV in Ti is 0.13 mm, and for electrons with an energy of 
400 keV, it reaches 0.66 mm. 

The non-vacuum electron beam cladding technology is free of the aforementioned 
disadvantages. High-energy electron accelerators developed by Budker Institute of Nuclear 
Physics provide high-power electron beams with an energy of 1.4 MeV. A specially designed 
vacuum system allows for the direct injection (without any foil) of the electron beams in the air 
wth atmospheric pressure. Due to the high initial energy, electrons penetrate the material to a 
depth of about 2 mm (for Ti and other elements with similar atomic numbers), which provides 
rapid heating of the surface layer [36]. Note, that for the evaporation purpose laser beam is less 
suitable due to scattering on high concentration vapor, and its efficiency strongly depends on 
treated target material. The high energy electron beam is free of such disadvantages. As for the 
gas phase production of nanomaterials (nanoparticles, nanopowders), in difference with 
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vacuum conditions, such facility allows fully independent control of electron beam power and 
gas transportation through the evaporation region at arbitrary flow rate in surrounding 
atmospheric pressure. 

Therefore, this study aims at developing a novel and facile catalyst-free one-stage process 
for the production of large quantities of coarse SiC and SiCNWs powders by employing 
carbothermal reduction via the vaporization of a mixture of high purity quartz sand (silica) and 
high purity graphite (carbon) using for the first time an industrial accelerator acting at 
atmospheric pressure with continuous gas flow. 

 
Methods 
The high purity quartz sand and high purity graphite powder were mixed in the ratio of 1:2. 
Industrial accelerator ELV-6, having a power of 100 kW and a relativistic electron beam with 
initial energy 1.4 MeV, was used as continuous beam source. This energy value provides a 
5 m path in the 101.325 kPa (1 atm) air pressure until the energy is completely dissipated. The 
scheme of accelerator is presented at Fig. 1. The scale 5 meters denotes the approximate total 
height of accelerator together with under-beam equipment. H1, H2, H3 are the sections of 
differential pumping separating inner high vacuum from the outer atmospheric pressure. 
Notation D is the local electron beam diameter at the certain distance from the accelerator outlet. 
Design details can be found in paper [40]. 

 

 
Fig. 1. The scheme of the ELV-6 electron beam accelerator: 1 – power supply system,  

2 –water cooling system, 3 – focused beam release system, 4 – electron gun,  
5 – high-voltage rectifier, 6 – accelerating tube, 7 – magnetic discharge pumps,  

D – local diameter of electron beam 
 

A unique feature of this equipment is the ability to inject a narrow beam directly into the 
atmosphere, thus, offering the possibility of heating rate more than a thousand degree per 
second and easy vaporization of any material at normal pressure, in difference with other 
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electron beam technologies which usually require vacuum in the treatment chamber. It leads to 
another advantage, consisting of continuous gas flow control independently of electron beam 
power. Production of nanopowders from raw materials in the gas phase, including the semi-
industrial scale (that is still in operation since 2005 with the yield more than 7 kg h-1 at 70 kW 
for the silica nanopowder) have been reported [37–39]. The measured dependence of yield 
versus electron beam power is exponential, for instance, at 100 kW it is about 30 kg h-1. 

In this study, a medium-size treatment chamber (sublimator) was used. The detailed 
scheme of facility used for the nanopowder production is presented at Fig. 2. It has been 
discussed in a previous study [41]. The raw mixture was loaded into the sublimator. The 
sublimator is a water-cooled closed stainless-steel cylinder into which an electron beam can be 
injected through a 2 mm diameter hole at the top. The gas passes through sublimator and 
together with condensed nanoparticles moves along the gas path to filter that capture fine 
powders. 

 

 
 

Fig. 2. The scheme of experimental path: 1 - electron accelerator; 2 - electron beam down 
from accelerator; 3 – target material; 4 – carrier gas supply channel; 5 – electronic flow 
regulator; 6 – water-cooled sublimator; 7 – coarse fraction separator; 8 – plastic box; 9 – 

fabric bag filter; 10 – outlet of carrier gas 
 

The series of experiments involved the treatment of the SiO2/C mixture with forced argon 
blowdown at a gas flow rate of 12 L min-1 with a beam power of 6 kW. The specific surface 
area of the powders was measured by Brunauer-Emmett-Teller (BET) method. X-ray 
diffraction (XRD, Bruker D8 Advance New X-ray diffractometer) and transmission electron 
microscopy (JEM-2200FS, JEOL Ltd.) with energy-dispersive spectroscopy (EDS) were used 
for the detailed analysis of the nanomaterials. 
 
Results and Discussion 
The pattern of the substance inside the sublimator after experiment is illustrated in Fig. 3. TEM 
and EDS showed that powder 1, deposited in the region surrounding the beam exposure zone 
2, and filament 3, which formed above the heated region, consisted of light-brown, fluffy, and 
amorphous silicon monoxide (SiO). They condensed from the corresponding vapor resulting 
from the high-temperature reaction that occurred when the SiO2/C mixture was heated by the 
electron beam. 
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Fig. 3. Pattern of the deposited substance in the sublimator at beam power of 6 kW. 1, zone 
outside of electron beam; 2, electron beam heating zone; 3, silicon monoxide filaments; 4, 

electron beam direction 
 

  
 

Fig. 4. Egg-like structure: (a) top view (Inset: Typical side view);  
(b) scheme of internal structure: 1, surrounding raw mixture; 2, sintered layer of quartz sand 

with graphite; 3, porous black-gray uniform layer of melted silica and carbon;  
4, green shell of closed cavity; 5, electron beam entry 

 
The region of exposure close to the center of the sublimator (indicated by arrow 4) had a 

special structure. Figure 4 shows an egg-like structure that was excavated from the heated area 
(zone 2, Fig. 3). The top view of the egg-like structure (main field of Fig. 4(a)) revealed its 
average diameter to be ~60 mm. At the center, a hole with diameter within the range of  
10–15 mm, representing the point of entry of the electron beam, was observed. The average 
height of the whole egg-like structure (Inset, Fig. 4(a)) was ~70 mm. The internal texture of 
the egg-like structure is presented in Fig. 4(b). It reveals the presence of constituent layers, of 
which layer 4 (green shell) was highly porous and could easily be transformed into a 
microscopic powder. This powder consisted of approximately 100 % of SiC hexagonal 6H  
α structure (JSPDS No. 42–1360). 
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The powders collected further downstream in the parts of the whole installation (e.g. 
filter) had a very fluffy texture, and were green-brown in color. The results showed that the 
samples typically had a specific surface area of ~100 m2 g-1, and X-ray analysis revealed that 
they consisted of cubic SiC (JSPDS No. 29–1129). Figure 5(a) shows that the powder 
predominantly consisted of smoothly curved and entangled rods with diameter in the range of ~ 15–30 nm, and the magnified image of Fig. 5(b) established the “nanocables”. EDX spectra 
also revealed that the inner nanorods consisted of Si and C with the atomic ratio 1:1. The outer 
cover consists of amorphous silica. 
 

   
 

Fig. 5. Species morphology of nanowires:  
(a) general view of nanowires; (b) single silicon nanoparticle integrated with SiCNW 

 
In all the samples, free silicon was present as nanoparticles. Firstly, as shown in Fig. 5(b), 

they appeared as a nanocable head, and secondly, a smaller proportion appeared as relatively 
detached silicon nanoparticles. Electron-diffraction pattern of them, usually interpreted in the 
literature as nanocrystalline silicon. 

Based on the results of this study, a possible mechanism that highlights a few key events 
associated with the production of SiCNW has been proposed for the carbothermal reduction 
under powerful electron beam treatment. Equations (1) and (2) represent solid to vapor reactions 
that occurred inside the egg-like structure owing to the heating effect of the electron beam: 
SiO2(s) + C(s) → SiO(g) + CO(g) ,             (1) 
C(s) → C(g).                  (2) 

Equations (3) and (4) represent the solid-to-liquid and liquid-to-vapor reactions. 
SiO2(s) +2C(s) → Si(l) + 2CO(g)              (3) 
Si(l) → Si(g)                  (4) 

Layer 4 of the egg-like structure (Fig. 2(b)) was possibly formed according to Equations 
(5) and (6), resulting in the deposition of hexagonal SiC. 
SiO(g) + 3CO(g) → SiC(s) + 2CO2(g)               (5) 
SiO(g) + 2C(g) → SiC(s) + CO(g)              (6) 

The Equation (3) is a well-known overall reaction for the industrial production of silicon 
by carbothermal reduction in big furnaces. The resulting quantity of liquid Si (which is usually 
collected from the bottom of the furnace as a target product) depends on the initial ratio of SiO2 
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and C. The industrial process also results in production of large quantities of SiO according to 
Equation (1). 

In this study, some quantities of Si and CO were also produced. As for the elementary Si, 
the results of our earlier studies showed that pure silicon ingots can easily be melted and 
evaporated by the electron beam according to Equation (4), and with subsequent cooling in inert 
gases, it is possible to produce large quantities of silicon nanopowders composed of 
nanoparticles covered by a thin layer of amorphous silica [42]. In this study, we assume that 
the reduced silicon in liquid phase in the bottom of the egg-like structure, is vaporized by the 
electron beam. 

At the electron beam exposition, the carbon can be evaporated with a large yield of 
condensed carbon substance [36]. Therefore, Equation (2) yields gaseous carbon. Thus, the 
generation of SiO, Si, CO and C (as sources of Si and C) is possible in our process. 

In this study, the SiC nanorods were not observed inside egg-like structures. This suggests 
that SiC nanorods originate in the outer gaseous flow. In the flowing argon environment, SiO(g) 
and CO(g) interacted according to Equation (5) and possibly according to Equation (6) as well, 
forming SiC precursors. Silicon vapor was also generated from the heated zone, and it was 
considered that in the cooling atmosphere, the solidifying silicon nanoparticles resulting from 
Equation (4) acted as a catalyst, providing a surface on which SiCNWs grew in the gas stream. 
The similar supposition was made in paper [43]. The same conjecture was reported for the 
formation of some quantities of SiC nanorods for the specific ratio SiO2/CH4H at the thermal 
plasma synthesis [44]. We suppose that more recent papers [45-47] also support the probability 
of topochemical reactions at the surface of solidifying silicon nanoparticles. 

The potential yield of SiCNWs could be estimated, based on our current and previous 
results. The total productivity G was about 0.2 kg h-1 for 6 kW of electron beam power P. 
Assuming that the function G(P) was linear, the productivity would have been ~3 kg h-1 at P = 
100 kW.  Instead, an exponential relationship was observed when an electron beam was used 
as a heater, at correspondent scaling the yield would be higher than 5 kg h-1. 
 
Conclusions 
In this study, we have proposed a novel and simple catalyst-free one-stage process for synthesis 
of SiCNWs through carbothermal reduction reaction that employs the relativistic electron beam 
of a high-power industrial accelerator at atmospheric pressure. The process is continuous and 
allows the independent control of power and gas flow. The mechanism of SiCNWs formation 
under gas flow is proposed according to which the SiCNWs grow originates on the Si 
nanoparticles. 
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Abstract. This article proposes for consideration the experimental results of applying the 
method of laser surface modification for the manufacture of a highly sensitive enzyme-free 
sensitive layer of the working electrode of a glucose sensor using nickel oxide as an example. 
This technology can be integrated into the lab-on-a-chip concept. Using cyclic voltammetry, 
the sensitivity of the proposed system to the addition of microdoses of glucose to the solution 
for unmodified and laser-modified nickel surfaces was studied. The formed structure of metal 
oxide sensors was studied for the determination of D-(+)-glucose in the range of analyte 
concentrations up to 1.5 µM. In addition, the sensitive layers made using the proposed 
technology showed durability and reproducibility of properties. This allows us to conclude that 
the demonstrated method of laser-induced metal surface modification is suitable for the 
production of a wide range of enzyme-free glucose sensors. 
Keywords: surface modification; laser-driven surface alteration; nickel surface; glucose 
detection; electrocatalytic oxidation 
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Introduction 
Quantitative glucose monitoring is of great world-wide interest because it might significantly 
diminish the risk of such adverse health effects as various heart trouble, renal failure, or cecity 
and thus considerably improve the life quality of people with diabetes [1]. Which is one in the 
SARS-CoV-2 post-pandemic situation, with a large number of diabetic patients infected with 
COVID-19, has enlarged the interest in real-time glucometer devices [2]. In retrospect, elevated 
levels of glucose in the blood and urine is one of the key occasions of disability or even death. 
This metabolic malady occurs when blood insulin concentrations fall below 3.9-6.2 µM (fasting 
glucose level) or 3.9-7.8 µM (2 hours after food ingestion). In the case of using other biological 
fluids (sweat, tear, or saliva [3–9]) as analytes, it is necessary to determine significantly lower 
glucose concentrations: 0.02-0.6, 0.1-0.6, and 0.05-1 µM, respectively. It takes 15-30 minutes 
to establish a steady-state concentration when analyzing sweat or tear liquid. In the case of 
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saliva investigation, the measured glucose level can be immediately correlated with that in 
blood. Generally, methods such as mid-infrared spectroscopy, liquid spectrophotometry, and 
voltamperometria are applied for glucose levels monitoring, and the choice is made taking into 
account the specifics of each of the approaches. Among the mentioned methods, 
electrochemical approach offers the advantages of high accuracy, facile scalability, and ease of 
analysis of the received measurement signal.  

The conventional model of glucose oxidation can be described as follows: at low 
potentials, the process begins with the anomeric carbon’s hydrogen removing. A gluconate ion 
is formed on the surface at low potentials, while the formation of δ-gluconolactone corresponds 
to high potentials. As a result of particle desorption and subsequent hydrolysis, only the 
gluconate remains in the solution [10]. The electrocatalysis process starts with the analyte’s 
adsorption on the electrode surface [11–13]. The superficies of the sensing area play a crucial 
role [14]. Pletcher suggested that the catalytic process of hydrogenation occurs 
contemporaneously with the organic substances adsorption. Indeed, the elimination of the 
hemiacetal hydrogen is presumed to be the limiting step in glucose electrooxidation [15].  
In addition, chemisorbed hydroxyl radicals are supposed to participate in the slow stage of the 
process [16]. Thus, non-enzymatic glucose determination is a pH-controlled process, and OH-
containing fluids are suitable for it. This is the reason for the higher sensitivity of non-enzymatic 
glucose sensors in higher pH environments. Consequently, both electronic and geometric 
factors must be considered in the manufacture and study of electrocatalysts to take full 
advantage of the possible improvements of the sensor from the kinetics point of view.  

Among various materials [17–18], nickel-oxide-based structures with a developed surface 
have attracted considerable interest due to their sufficient susceptibility and selectivity  
to D-(+)-glucose detection. The oxidative activity of nickel-based materials in the glucose 
determination arises as a result of the rapid transformation of NiO / NiOOH redox pairs formed 
on the top of electrode surfaces in fluids. Nickel trivalent particles act as the catalyst in the 
oxidation reaction, which produces a flux of electrons into the surface. However, since nickel 
oxides and oxyhydroxides have high electrical resistivity, it is often precipitated on the 
electrode surface. Nevertheless, this additional layer has ensured more efficient electron 
transfer [19]. Despite the high sensitivity of nickel oxide and advanced state of knowledge 
regarding the catalytic reactions on its surface, fabrication of sensing metal-based 
nanostructures mostly requires aggregate chemical synthesis and time-consuming and 
expensive production techniques. 

A wide spectrum of NiO layer formation techniques has been investigated including 
physical (magnetron sputtering, pulsed laser deposition, thermal deposition), and chemical 
(reactive evaporation, spray pyrolysis, and chemical vapor deposition) approaches [20]. All 
proposed methods require a large amount of time: from several hours to days (if additional post-
processing is required). Among the various techniques of laser-driven local alteration of metal, 
foils make it possible to overcome aforecited disadvantage, providing the possibility of direct 
formation of functional coatings on Ni electrode surface. According to Wagner’s model, as a 
result of laser radiation and thick metal layer interaction, a parabolic profile of oxygen 
penetration into the layer is formed [21]. Laser-driven oxidation methods make it possible to 
obtain almost any thermodynamic stable metal oxides and gradient layers with thicknesses up 
to 200 µm [22].  

The paper analysis indicates that publications on electrocatalysts for amperometric 
glucose detection  in the overwhelming majority of cases do not resemble scientific research in 
the field of synthesis of new substances. There are no usual attributes, such as patterns of 
morphology and phase characteristics from the synthesis conditions, kinetic patterns, chemical 
and phase analysis, the relationship of the surface structure with the material’s analyte 
sensitivity, the proposal of synthesis models, or the response to the disturbance (here 
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electrocatalytic properties) of the material and their verification, etc. A feature of this work is 
the choice of the laser-driven surface alteration as a technology that makes it possible to vary 
the synthesis conditions over a wide range. The main goal of this paper is to estimate how the 
structure and composition effects on the catalytic properties of the nickel-based materials for 
potential use in enzymeless measurements of glucose by the electrochemical method. 
 
Methods 
Sodium hydroxide (NaOH) pellets (99.5 %), D-(+)-glucose (99.5 %) were purchased from 
Vecton LLC. Both background and stock solutions of glucose were prepared by dissolving the 
reagents in deionized water. Nickel foil (99.6 %) sample with a working size of 10 mm. sqr. 
was supplied by Contact LLC.  

A novel laser-driven surface alteration technique for non-enzymatic glucose sensor’s 
working electrode preparation was used. Laser processing of the Ni foil was carried out using 
a pulsed laser (Minimarker-2, CNI LOT) generating 1064 nm wavelength with a pulse duration 
of 4 ÷ 200 ns. The beam profile followed a Gaussian distribution with a spot of 1 mm  
and a repetition frequency of 30 kHz, resulting in 50 % overlap. Laser energy fluence was  
from 30 to 240 mJ‧cm-2. The experiments were made in the atmospheric air at ambient 
temperature. For cyclic voltammetry (CV) experiments, the backsides of samples were 
passivated by rosin, with a 10 × 10 mm2 window.  

All electrochemical measurements were performed using electrochemical potentiostat 
VersaStat 4 Princeton Applied Research. For CV measurements, a three-electrode system has 
been employed. NiO-Ni sample was used as a working electrode, Pt wire was used as a counter 
electrode, a silver-chloride electrode (Ag/AgCl) with a KCl solution was used as a reference 
electrode. The Ag/AgCl reference electrode was separated from the electrochemical cell with 
0.1 M NaOH electrolyte using a salt bridge. CV curves were scanned with different voltage 
scan rates varying between 3 and 80 mV‧s-1 under magnetically stirred conditions. Recording 
the CV scans repeatedly up to 3000 cycles showed high stability of the studied electrode. 

A detailed description of the methodology, choice of modes and materials is presented in 
more detail in a previously published work [26]. 

 
Results and Discussion 
SEM images of the boundary between the processed and unprocessed (pristine) regions of a 
nickel electrode are given in Fig. 1. The pristine region is essentially a smooth Ni surface.  
It can be seen that the treatment by laser irradiation results in alteration of the surface.  
EDX analysis indicates that the laser-induced modification adduced to a change of Ni/O ratio 
on the surface from 95.96 ± 0.04/4.04 to 92.02 ± 0.06/7.98, which is evidence of surface 
oxidation induced by laser irradiation in an oxygen-containing medium. This evidence is also 
supported by the results of Raman spectroscopy. 

The Raman spectra are shown in Fig. 2. For the processed metal, characteristic NiO peaks 
are observed with maxima at 512 cm-1 (longitudinal optical vibrations, LO, which is due to the 
presence of defects and is absent in the spectrum of crystalline NiO according to [23] and 
960 cm-1 (2LO) [24] alongside peaks related to carbon inclusions (1332, 1601, 2920 cm-1), the 
latter probably due to surface contamination of the sample with carbon [25]. Thus, the described 
laser modification of the nickel surface leads to the formation of an oxide layer.  

Although the nickel foil treatment was carried out in an atmosphere containing about 
20 % oxygen, the amount of oxygen in the altered layer remains rather low. This may be due 
to the peculiarities of the selected mode of surface alteration when a protective atmosphere of 
evaporated nickel was formed during laser treatment, which prevented the penetration of 
oxygen to the surface. In this case, evaporation and condensation of the material occurred, 
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which did not lead to its significant loss. This is confirmed by the SEM results, which show the 
absence of porous structures. 

The SEM and Raman spectroscopy results indicate the fundamental possibility of 
producing oxide layers in solution through the described laser-driven surface alteration. The 
considered fabrication method makes it possible to obtain a developed oxidized metal surface 
quickly and reproducibly. 
 

 
Fig. 1. SEM images of vicinities of the boundary between the processed and unprocessed 

regions of a nickel electrode surface at different magnifications 
 

 
Fig. 2. Raman spectra obtained from the boundary region between the processed and 

unprocessed areas of a nickel electrode 
 

Study of the electrooxidative activity of pristine Ni foil. At the first stage, the behavior 
of pristine Ni foil in 0.1M NaOH was studied. The characteristic peaks of the transition 
Ni (III) / Ni (II) [26] were not observed (Fig. 3). Additional electrochemical treatment (anodic, 
1.5 V, 60 s), etching, and mechanical activation of the surface of the initial foil lead to the 
appearance of transition corresponding peaks on the CV. Upon increasing the analyte 
concentration from 0.1 to 1.5 µM, both anodic and cathodic peaks current (Fig. 3, inset) was 
increased, which can indicate the surface oxidation of glucose molecules. The slight variation 
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of the anodic and cathodic peak positions is likely due to the crystal structures of the 
electrochemical formed surface layers change [27,28]. 

 
Fig. 3.  Cyclic voltammograms of pristine Ni and NiO in 0.1 M NaOH solutions at scan rate 

of 20 mV‧s−1 
 

The most likely reaction scheme can be supported by electrochemical activation of NiO 
followed by the redox reactions on the NiOOH surface, which were discussed 
elsewhere [29,30]. On the NiOOH surface, glucose oxidizes to gluconolactone which reacts 
with a water molecule to form gluconate and hydronium ions. 

Study of the electrooxidative activity of modified NiO–Ni layer toward glucose. For 
non-enzymatic sensing study, CV measurements have been carried out with NiO-Ni sample as 
the working electrode at a scan rate of 20 mV‧s−1 in the presence and absence of glucose, in the 
0.1 M NaOH electrolyte as demonstrated in Fig. 4. When a preliminary laser-activated nickel 
foil is used as a working electrode in 0.1 M NaOH media, characteristic peaks of the 
Ni (III) / Ni (II) transition are observed on CV at potentials of about 0.4 V. In the region of high 
glucose level, an anodic peak intensity decrease is also observed. It is likely due to the poisoning 
of the work surface. In this case, the intensity observed for laser-modified nickel is higher than 
for the oxide formed by anodic treatment. 

 
Fig. 4. Cyclic voltammograms of NiO-Ni sensitive layer in 0.1 M NaOH solutions in the 

presence of D-(+)-glucose concentrations up to 20 mM 
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The effect of scan rate on the anodic and cathodic peaks current (Ia and Ic) of 1 µM  
D-(+)-glucose was measured in the range of 3 to 80 mV‧s-1 (Fig. 5). It was detected that both 
the anodic and cathodic peaks current (Ia and Ic) gains linearly with the scan rate’s square root 
((mV‧s-1)1/2). The glucose oxidation in those conditions is limited by diffusion. The diffusion 
coefficient was counted for the pseudo plane electrode in reversible charge transfer mode and 
was 1.8 × 10-2 cm2‧s-1. This value is higher than the previously described quantity [31]. 

 

 
Fig. 5. Cyclic voltammograms of NiO-Ni sensitive layer in 0.1 M NaOH solutions in the 

presence of 1 µM of D-(+)-glucose at different scan rates. Inset: anodic and cathodic current 
versus the square root scan rate 

 
Amperometric study for NiO-Ni sensitive layer. The electrocatalytic behavior of the 

NiO-Ni sensitive layer on glucose oxidation was examined by monitoring a current replication 
on glucose adjunction at a fixed potential (Fig. 6). Firstly, the working potential was determined 
by the dropwise adjunction of 0.1 µM glucose in 0.1 M NaOH. At a potential of 0.4 V, a 
sufficient signal-to-noise ratio, adequate correlation coefficient value, and current response 
were measured. All results are in an agreement with the corresponding value obtained in [32]. 
At a potential of 0.4 V, the current response increases linearly with analyte quantity in the range 
of 0.1 – 1.5 µM. A correlation coefficient is counted to be of 0.996. Taking into account the 
slope (0.005 mA‧mM−1) and electrochemical area (1.2 cm-2) of the formed sensitive layer, the 
susceptibility of the structure was calculated as 0.4 mA‧µM−1‧cm−2. The limit of detection 
(LOD) (0.4 µM) and the limit of quantification (LOQ) (1 mM) also were calculated.  

The current value does not diverge from linearity at higher analyte quantity. This fact 
indicates that neither poisoning of the electrode nor glucose isomers formation is affected, 
which is an opposite situation compared to that known to occur in high-pH solutions [33], which 
could be attributed to low D-glucose concentrations. The performance of the reported NiO-Ni 
structures in the range of 0.6 – 2 µM D-glucose concentration allows us to suggest their use as 
sensitive elements for determining the glucose level in blood. Usage of the formed structures 
for the analysis of saliva, tears, or sweat requires improvement of the detection limit and the 
limit of quantification, for example, by increasing the electrochemical area. 
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Fig. 6. Amperometry of D-(+)-glucose on NiO-Ni sensitive layer in 0.1 M NaOH solutions 

with Est = 0.4 V under continuous agitation. Inset: the anodic and cathodic peaks current 
versus the D-(+)-glucose conсentration 

 
Table 1 shows the comparison of working detection potentials, sensitivity, LOD, 

preparation time of the currently prepared NiO-Ni sensitive layer with previously cited nickel-
based structures in terms of working potential range, sensitivity, limits of detection, and 
fabrication complexity. The proposed method of laser modification is a much simpler and faster 
technique compared to standard methods of sol-gel synthesis, sintering, and pressing. In spite 
of the simplicity of the proposed NiO-Ni sensitive layer fabrication methodology, it shows 
comparable D-glucose detection performance. At the same time, the samples obtained using 
this technology showed comparable sensitivity and detection limits. It is planned to further 
increase the detection limit and sensitivity of the element by introducing additives of other 
materials (copper, iron, carbon in various forms), which is planned as a continuation of work 
on this topic. 

 
Table 1. Comparison of working detection potentials, sensitivity, LOD, preparation time of this 
work with previously reported studies for glucose detection.  

Sensing layer 
Working 

potential, V 
Sensitivity, 

mA‧µM−1‧cm−2 
LOD, mM 

Preparation 
time, h 

Reference 

Ni-Cu-Vulcan carbon 0.5 1.5 0.02 10-12 [30] 

Ni/Au nanowires 0.6 1.9 0.1 10-12 [34] 

NiCo2S4/ Ni 0.45 0.2 6 0.5 [35] 

NiO/MWCNT 
composite 

0.5 0.1 0.01 5 [36] 

Ni(OH)2 and NiO 0.58 0.1 0.7 30 [37] 

NiO-Ni 0.4 0.6 0.6 1/3 This work 

 
Repeatability and stability of NiO-Ni sensitive layer. Reproducibility and consistency 

of results are the main parameters for the performance of the device. Cyclic voltammetry is 
known as a precision and accurate method [38]. Repeatability is an important goal for sensor 
performance. The reproducibility of the readings of the system under study was studied by 
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analyzing the CV of three groups of layers, sensitive to NiO-Ni, prepared in different 
experiments. All samples were investigated under cyclic conditions in a 0.1 M NaOH solution 
to 0.1 µM D-glucose response with continuous stirring. The Figure 7 shows the averaged data 
for 6 samples: 3000 cyclic voltammograms, which were obtained on NiO-Ni sensitive layers. 
Repeatability of standard derivation was measured to be 4 %. It shows that the formed structure 
is not poisoned by the reaction products formed during the whole course of the process.  

 

 
Fig. 7. 3000 cyclic voltammograms of NiO-Ni sensitive layer in 0.1 M NaOH solutions in the 

presence of 0.1 µM of D-(+)-glucose at scan rate of 50 mV‧s−1 
 

The stability of the prepared oxide layer was also evaluated by keeping a NiO-Ni sensitive 
layer for 100 days at ambient conditions. The measured current remains 85 % of the initial value 
after 100 days. This demonstrates that the prepared non-enzymatic glucose sensor has a high 
shelf-life stability. A decrease in the anodic and cathodic currents during long-term cyclic 
measurements can be related to the formation of γ-NiOOH, in which the volume of the working 
surface of the electrode increases up to the formation of microcracks. Physical destruction of 
the working surface is known to occur [39]. The results convincingly indicate the high 
reproducibility and high stability of the preliminarily prepared sensitive layer of NiO-Ni for the 
enzyme-free determination of D-(+)-glucose. 

 
Conclusions 
Nickel-based oxide nanostructure was formed on a metallic nickel surface by laser-driven 
modification approach. Formed structures were examined to be sensing electrodes for non-
enzymatic glucose detection. The formed NiO-Ni structure morphology and chemical 
composition were investigated. Electrochemical analysis of NiO-Ni electrode behavior in 
alkaline solution confirmed the glucose-sensitive oxide layer to be presented on the top of the 
electrode. The electrochemical glucose detection results indicate enhancement of the electrode 
performance after laser modification as compared to Nickel foil. 

A linear sensitivity of 0.4 mA‧µM−1‧cm−2 with a correlation coefficient of 0.996 was 
obtained. Reproducibility and stability of the proposed non-enzymatic D-(+)-glucose sensor 
were established by long-term measurements. These results reveal the potentiality of producing 
advanced functional materials (in the present case, NiO-Ni structures with a modified surface) 
for competitive glucose sensors by implementing low-cost lasers to perform the metal oxidation 
and surface activation processes. 
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Abstract. The technological modes of annealing of the layered glass-metal composite material 

– glass-metal composite – which include heating-up to the glass softening point and 

aftercooling with annealing are investigated. The mathematical model of stress evolution is 

considered. The complexity in modeling is caused by the combined deformation of the glassy 

layer and the elastic-plastic layer with non-uniform temperature changes.  Structural and 

mechanical relaxation processes in the glass transition interval are described within the 

framework of the relaxation kinetic theory of glass transition. The algorithm for calculations of 

technological and residual stresses in glass-metal composite, at different modes, is proposed. A 

comparison of the numerical method with the analytical solution obtained for constant 

thermomechanical parameters of materials is presented. The practical implications are in the 

possibility of modeling technological and residual stresses in laminated structural cylindrical 

systems functioning during cyclic heating-cooling to high temperatures, including glass 

transition and plastic deformation of the layers. 

Keywords: glass-metal composite; structural and mechanical relaxation 
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Introduction 

Advanced approaches to the simulation of new materials stand out the tendency of producing 

materials that combine the properties of glass and metal, which are called glass-metal 

composites: bioactive glass coatings in biomedicine [1], glass microspheres reinforced metal 

matrix [2–3], glass-metal nanocomposites, layered structural materials based on metal and glass 

fabric [4–6] or glass monolayers [7–8]. Manufacturing of glass-metal composites based on glass 

and metal monolayers is associated with heat treatment, during which glass layers are brought 

to a viscous liquid state, and then during cooling due to the difference in thermal coefficients 

of expansion, certain compressive stresses are formed in them, which are the reason for 

increasing the strength of glass layers.  

The formulation of the mathematical model forecasting the mechanical behavior of the 

material with due regard to the glass transition process and plastic yield in metal in the course 

of heat treatment is essential.  

The studies of the glass transition phenomenon have not yet allowed to develop a general 

theoretical understanding of the process, there are several basic theoretical approaches, among 

which the relaxation theory (transition theory within the two-state model) stands out as the most 
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experimentally tested one [10–12]. In the relaxation theory, glass transition is modeled as a 

transition of a medium from equilibrium (liquid) state to metastable (glassy) state through the 

change of a structural parameter characterizing the system state - "fictitious" temperature 

fT  [12–17]. The methods of calculating stresses in the course of heat treatment of, for example, 

flat leak-proof two-layered soldered joints of glass with metal, which are effectively used for 

calculations of stresses in amorphous coatings, are known [18–20]. Meantime, in the course of 

the glass-metal composite manufacture, the development of the elastoplastic strenuously-

deformed state (in metal) resulting sometimes in destruction of the metal layer in case of 

mismatched parameters of the technological process and dimensions of metal layer is possible.  

The attempts to describe a change in the geometry of soldered joints under consideration and 

elastoplastic deformation of the metal element of a soldered joint require complication of the 

problem and adjustment of calculation methods of stress relaxation when passing through the 

glass transition interval, which determines the objective of this paper.   

 

Statement of the Problem and mathematical model 

The thermal regime of manufacturing the glass-metal composite (Fig. 1(a)) includes intervals 

of heating-up a
I , exposure b

I , cooling c
I  and annealing, which is carried out either immediately 

at the cooling stage and associated with control of the rate of temperature change and exposure 

at the glass transition temperature or on reheating 0

aI  and following stages of controlled cooling 

0

bI  and 0

cI . Simulation of controlled cooling is necessary for monitoring and regulating of 

technological and residual stresses. On cooling from a temperature which can coincide with the 

glass-melting temperature or be not so many as it, the structure and properties of the glass 

change continuously. Such process is termed as glass transition, and it proceeds in certain 

interval ( ),g gT T
− +  (Fig. 1(b)). The average temperature of the glass transition interval is referred 

the glass transition temperature 
gT . The position of glass transition interval depends on the 

cooling rate and the prehistory of temperature treatment while the boundaries of glass transition 

interval 
gT −  and 

gT + are usually associated with those of hysteresis loop characterizing change 

of enthalpy under uniform cooling and heating-up from the equilibrium condition of the liquid 

melt to the frozen structure.  

 

 

 

   (a)                                                                               (b) 

Fig. 1. Photographs of the experimental samples (a); temperature 

conditions of annealing (b) 
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When passing through the glass transition interval, the specificity of structure change, 

and mechanical relaxation is described by changing the fictitious (structural) temperature and 

the rate of its change relative to temperature, an analytical expression in the form of the Tule-

Nayaranaswamy-Moynihan formula [13–15]: 

( )( )0

0

1 ,

t

f s

dT
T T M d

d
  


 = + − −

                                                         (1) 

here 0 maxT T= , the function of the structural relaxation of glass properties is well described by 

the function of Kohlrausch [18]: 

( ) ( ) ( )
,

b b

r r rK

s
M e e

    − −= =                                                           (2) 

where b is a constant for the glasses having fixed compositions (0 1b  ),   is a "true" time, 

which being a temperature-invariant characteristic of viscoelastic properties, can be written as 

0

( )
( )

t

rt dt
t




=
 , where r

  — shearing viscosity at arbitrarily chosen comparison temperature r
T , 

( )t  — is current viscosity,  r r r
K  = , r

  — is relaxation time at the comparison temperature. 

The analytical dependences of the change in viscosity and the thermal coefficient of linear 

expansion can be written as (3) and (4) commonly used for calculating thermal stresses in the 

flat soldered joint of glass with metal in the algorithm called "IHS calculation method (Institute 

of Silicate Chemistry)". 

( ) ( )( 1) ( 1) ( 1) ( 1)

0

0

lg e f f fB T T B T T

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( ) f

e f e

dT

dT
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 
= + −  

 
,                                                            (4) 

where 0  is viscosity at 0 , ,
e e

T B  , ,f fB    are coefficients characterizing the temperature 

dependences of    and   under conditions of the equilibrium and frozen structures, 

respectively. 

The change of fictitious temperature (1), its rate and physical and chemical properties of 

liquid glass melt (2)-(4) during temperature treatment is determined from the solution of the 

heat and mass transfer problem, which is considered in work [21] for different methods of 

heating and cooling.  

In mathematical simulation of the evolution of stresses in the glass-metal composite, 

different ways of thermomechanical deformation of the materials of which it composes – 

thermo-visco-plastic one with structural changes in the glass component and thermo-elastic-

plastic one in the metal were taken into account. Simulation has been performed for a specific 

geometry representing composite stems: a glassy core and a steel shell. Assuming an 

axisymmetric, uniform heating along generatrix at small deformations in the cylindrical 

coordinate system, the components of the displacement tensor can be written in the form of the 

following unknown functions: ( ),ru u r t= , 0u = , ( ),zu w z t= , and deformation tensors has 

a diagonal form and the components: rr

u

r
 

=


, 
u

r
 = , ( )zz z

w
t

z
 

= =


, 0r rz z   = = = .

 Equations of state for glass can be described on the basis of the Boltzmann-Volterra 

superposition principle [22] and the absence of bulk relaxation properties condition 

( )( )
0

2 , , , ,

t

i i i
s G e M t t e dt i r z 

 
 = − = 
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here ( ) 3r z   = + + , ( ) 3r z   = + + , ( )
0

3

T

T

T dT  = −  , i i
s  = − , i i

e  = − , 

G  is the shear modulus, K  is bulk modulus; is the relaxation core characterizing the decrease 

by the time t in shearing stresses caused by deformation at time t  the analytic record of which 

is non-exponential as in (2), at that, the parameters b  and r
K  are different from values used 

for determination of the structural parameter 
fT ; ( )T  is the thermal coefficient of linear 

expansion determined from the solution of the temperature problem according to formula (4).  

The constitutive relations for the outer cylinder are written in line with the Prandtl-Reuss 

model with respect to thermal phenomena and division of small deformations into the 

convertible (elastic e ) and irreversible (plastic p ) components  
e p

i i i  = + .                                                                         (7) 

The elastic state in stress space will be limited by the surface of limiting state of Mises 

and condition of active loading: 

( )2 2 2 2( , ) ( ) ( ) ( ) 2 0r z r z Tf T T        = − + − + − − =  

0,r r r

r r r

f f f f
T

T
  

  
   

+ + + 
   

                                           (8) 

where maximum tensile stress ( )
T

T  depends only on temperature. The plastic components of 

the deformation tensor are determined in accordance with the law of associated flow: 

, , ,p p p

r z

r z

f f f




  
  
  

=  =  = 
  

                                               (9) 

here,   has meaning of Langrangian multiplier while finding the maximum specific capacity 

of deformation with restriction (8). 

Considering the relation (7) and the assumptions about the displacements the elastic 

deformations are rewritten as: 

, , .e p e p e p

r r z z z

u u

r r
       

= − = − = −


                                                 (10) 

The boundary conditions are determined according to no-load conditions at the outer 

surfaces of the stem and equality of radial stresses and displacements when passing through the 

glass-metal boundary in case of perfect contact, without slippage along the cylinder axis 

( )g m

z z = :  

1 2

1

1 1 1 1

2

0

( , ) ( , ), ( , ) ( , ),

( , ) 0,

( , ) ( , ) 0.

r r

r

R R

z z
R

u R t u R t R t R t

R t

r t rdr r t rdr

 


 

− = + − = +
=

+ = 

                                        (11) 

Here 1R  radius of the glassy stem, 2 1R R− thickness of metal layer. Using the expressions (5)-

(6), the displacement equation of equilibrium at  10 r R  : 

( )
2 2

2 2 2 2

0

4 1 2 1
, 0

3 3

t
u u u u u u

G K G M t t dt
r r r r r r r r

         + + − − + − =            
          (12) 

at the same time, for  1 2R r R   with regard to (10) will be written as: 

( )2

2 2

1 2

4
3

p p p p
r ru u u G

r r r r r rG K

      + −   + − = +
   +  

.                               (13) 



Structural and mechanical relaxation on annealing in glass-metal layered composites  122 

 

When the plastic flow in the outer cylindrical layer is described by the Mises’ equation 
of yielding (8) while the visco-elastic deformation, with consideration for the structural 

changes, is determined by the Kohlrausch relaxation core (2) and (5), at the moment, it seems 

to be impossible to achieve the analytic solution of the problem (5)-(13) even on the basis of 

all adopted simplications. Based on the finite-difference method, the numerical analytic method 

of the problem is proposed in this paper. 

 

Numerical-analytical method 

The characteristic property of the problem (5)-(13) consists in its dependence on loading 

history, therefore, for numerical implementation, all equations were rewritten in small 

increments in time. The approximation of all defining relations with the use of the finite-

difference method is accurately described, for example, in the work [23], therefore, we will 

highlight only distinctive features of the approach developed by authors in this paper.  

In each temporal layer, the increments of displacements at 10 r R   are written as the 

known coordinate functions, in which only the increment of integration constant 
1

k k
u C r =    

should be found. The increments of displacements at 1 2R r R   are considered as the grid 

functions k

ju , being determined from the system solution obtained as a result of finite-

difference writing of equation (13). Herewith, the increment of constant 
1

k
C  can be found 

from solution of the consistent system resulting from the finite-difference presentation of 

equations (11) and (13). It is suggested to find the influence of the relaxation processes on the 

stresses in the form of the difference of the sums of the stress deviator components increments 

in all preceding time layers and "relaxation correcting" stress deviator components in the 

current layer. 

When determining of the plastic deformations, the method of additional strains [24] is 

used, in which the iterative procedure of calculating the plastic deformation starts at each time 

step after the zero increments of stresses and strains are determined if the conditions (8) are 

met, when the plastic deformation “correcting” the stresses emerges. 
With consideration for structural changes when passing through the glass transition phase 

and elastic-plastic stresses in the metal at (in) each time layer, under initial conditions of no 

increments of displacements, deformations and stresses, the calculation algorithm of combined 

visco-elastic stresses in the glass is: 

1. When solving the temperature problem, the structural parameters (1)-(4) are 

determined:  

( )1

1

0

1
1 exp ,

sb
kk

k rsk k

f k
r

K
T T T

 

=

   −   = + − −         
   

1

1

1

1
1

,
k

k k r

k
k

t 


−
−

=


= +  

( ) ( )( ) ( ) ( )( )1 1 1 1
0 0lg lg ,k k k k

e f f f
B T T B T T 

− − − −
= + − + −  

( ) .

k

fk

e f e k

T

T
   


= + −


 

2. The displacements in the region 10 r R   are determined as solutions of the Euler 

equation, which is a consequence of the integro-differential equation (12), provided that the 

relaxation core (2) is independent on the 𝑟: 
k k

j ju C r =  ; 
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at 1 2R r R   the displacement increments are determined from the system:   

2

1 12

1 1 1 12
1 1

1 2 1
2 2

2
,

4 2
3

k k km m m
j j j

j j j

pk pk pk pk

r j r j r j jm m

m jm m

r r r
u u u

r r r

G r

r rG K

   

+ −

− − − −
+ −

       
+  − +  + −  =          

     
  −   −

= +  +  

 

in general, at each temporal layer the displacements in the whole area are determined as 
1k k k

j j ju u u
−= +   

3. Determination of the stress increments is carried out using an iterative procedure that 

should contain at least two iterations: at the zero step for finding the increments k

jС , k

ju , 

k

z  the system (11) and (13) is solved in finite difference approximation, and at the interface 

of the layers the condition of continuity of displacements are written as 

0

0

k

jk

g

u
C

J r


 =


 

here 
0 gJ r − layer interface. After determining the displacement and stress increments using 

finite-difference analogues (5) and (6) as  

2 2
6 3 3 ,

3 3

k k k k k

r g g g g z g gG K C K G K       =  = +  + −  −    
   

                        (14) 

2 2
2 3 3 3 ,

3 3

k k k k

z g g g g z g gK G C K G K      = −  + +  −    
   

 

we determine the increments of the stress deviator components and calculate the correction part 

that takes into account the mechanical relaxation in the layer 

( )2 1

3 3

k k k k

r rj j zjS    =  −  +  , ( )2 1

3 3

k k k k

j rj zjS    =  −  +  , 

( )2 1

3 3

k k k k

r zj j rjS    =  −  +  , 

( ) ( )11 1

1 1

1 1

1 2

,

1 1

1 1

b b
k kk k

r r

r r

K K

k k
k kk

cor i i i

k k

S e S e S

 
    

 

−      − −      − −      − −            

= =

   
   
    = −  − − 
   
   
   

  , 

,

k k k k

i i cor i jS S S С =  −   

here ,k k

g g T  =  ( ).k k

g g T =  

At the next iteration, with consideration of the corrected deviatoric part of the stresses, 

we redefine the , k

ju , k

z  from the repeated solution of the finite-difference analog of the 

system (11) and (13). We redefine the stress increments 10 r R   with the use of formulas (14) 

and for 1 2R r R   as 

1 14 2
3 3 3 2 ,

3 2 3

k k k

j j jk k k pk

rj m m m m z m m m rj

m j

u u u
G K K G K G

r r
   + −   −     = + + − +  −  −          

 

1 14 2
3 3 3 2 ,

3 3 2

k k k

j j jk k k pk

j m m m m z m m m j

j m

u u u
G K K G K G

r r
    + −   −     = + + − +  −  −          
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1 14 2
3 3 3 2 ,

3 3 2

k k k

j j jk k k pk

zj m m z m m m m m zj

m j

u u u
G K K G K G

r r
   + −  −      = +  + − + −  −          

 

where k k

m m T  =  , ( )k k

m m T = , j−  coordinate step number. 

4. The increment of plastic deformation is calculated by method of additional 

deformations [23-24], if the stresses at k - th step satisfy the conditions (8) in time then in the 

process of additional iterations: at 10 r R   let’s specify k
C , k

z  are improved and the stress 

increments are redefined according to the algorithm described in step 3 for every iteration; at 

1 2R r R  , at the zero step of iteration, the increment of the plastic deformation intensity P

i  

is defined as: 

( ) ( ) ( )2 2 2
0 0 0 0 0 0 02

,
3

p

i j rj j j zj rj zj        =  − +  − +  −  

where   

( )0 0 0

0

2 1

3 3

2

rj j zj

rj

m
G

  


 −  + 
 = , 

( )0 0 0

0

2 1

3 3

2

j rj zj

j

m
G





  


 −  + 
 = , 

( )0 0 0

0

2 1

3 3

2

zj j rj

zj

m
G

  


 −  + 
 = ,  

then the increment of the plastic deformations are determined as 

( )
0

0 0 0 0
3 2 1

,
2 3 3

p

ijp

rj rj j zj

T




   


   =  −  +  
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( )

( )

0

0 0 0 0

0

0 0 0 0

3 2 1
,

2 3 3

3 2 1
.

2 3 3

p

ijp

j j rj zj

T

p

ijp

zj zj j rj

T

 




   




   



   =  −  +  
 

   =  −  +  
 

 

Determined 0p

rj , 0p

j , 0p

zj  are inserted into the equations of the previous steps 2 and 

3 and the increments of displacements are determined, and the stresses are redefined. Further, 

the iterative process of calculating the deformation increments is performed: 

( )

( )

( )

1

0

1 1 1

0

1 1 1 1

0

1 1 1 1

3 2 1
,

2 3 3

3 2 1
,

2 3 3

3 2 1
,

2 3 3

p

ij kp

rj rj j zj

T

p

ijp

j j rj zj

T

p

ijp

zj zj j rj

T



 




   




   




   



   =  −  +  
 

   =  −  +  
 

   =  −  +  
 

 

( ) ( ) ( )2 2 2
1 1 1 1 1 1 12

.
3

p p p p p p p

i j rj j j zj rj zj        =  − +  − +  −  

The iterative process is ceased subject to the condition: 

1

,

l l

j j

l

j

u u

u


−−
  

the transition to the next time layer takes place ( is the prescribed accuracy). 

 



125   M.A. Barbotko, O.N. Lyubimova, M.V. Ostanin 

Calculation results 

When investigating different modes of annealing, the following data were used for borosilicate 

glass [25]: 4.25

0 10 =  MPa·s;0 28726.85
e

B =  °C; 13726.85fB =  °C; 10.710rsK = ; 0.65
s

b = ; 

310r =  MPa·s; 752 10f −=   ℃-1; 7210 10e
−=   ℃-1;  4.710rK  = ; 0.5b = ; 

50.24 10gG =   MPa;  50.4 10gK =   MPa; 7115 10m
−=   ℃-1; 50.81 10mG =   MPa;  

51.75 10mK =   MPa. The calculations when solving the temperature part of the problem have 

shown that the characteristic change in the fictitious temperature during cooling and heating up 

(Fig. 2) allows us to determine the boundaries of the glass transition interval as temperatures at 

which the rates of change of the fictitious temperature by temperature begin to differ from 

0 and 1, which means, respectively, the difference from glass in the frozen state and equilibrium 

melt, which is reflected respectively in the changes in the thermal coefficient of linear 

expansion and viscosity (Fig. 3) 

 

 
Fig. 2. Characteristic change in the fictitious temperature during cooling and heating up 

 

 

 
                                        (a)                                                                       (b) 

Fig. 3. Temperature dependence of the thermal coefficient of linear expansion (a) and 

viscosity (b): - heating up, -- cooling; -∙-∙ thermal coefficient of linear expansion of the 
metal 

 

In Figure 3(a) it is possible to identify the temperature at which the graphs of thermal 

coefficients of linear expansion of glass and metal on heating up and cooling have points of 

intersection for certain mode. At this temperature the stress in the soldered joint changes the 

sign, for flat soldered joints [19–20] it is accepted to choose the cooling rate ( )3q in the area 
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between the upper temperature of annealing and the intersection point of graphs of thermal 

coefficients of linear expansion of glass and metal, as much as possible reduced at least by the 

increase of compressive stresses. 

The following Figs. 4-5 show graphs of stress changes as a function of temperature in the 

1st layer (glass) and at the interface between the layers in the 2nd layer (metal), the beginning 

of the process was assumed as cooling after obtaining the soldered joint from 650 ℃ (1st 

stage at a constant rate 1 3q =  ℃/min), then annealing was carried out according to the scheme 

of stage 2 - heating up to the annealing temperature (after pre-calculations, a temperature of 

560 ℃ was taken), exposure at  560 ℃ for 2 h and cooling; 2 3 4 3q q q= = =  ℃/min. 

From the graphs in Fig. 4, the temperature range and the stress level at which plastic flow 

develops in the 2nd layer is noticeable; on the graph of the intensity change at all stages in this 

interval, the graphs merge and correspond to the graph of the change in the yield stress (Fig. 4, 

lower right graph). 

 

  
(a) (b) 

 
 

(c) (d) 

Fig. 4. Change of stress and intensity in the 2nd layer (metal) at the interface of the 

connection with the glass: (a) 𝜎𝑟(𝑇) ; (b) 𝜎𝜑 (𝑇); (c) 𝜎𝑧 (𝑇); d) 𝜎𝑖  (𝑇) 

 

In the graphs of stress changes in the 1st layer (glass) (Fig. 5) it is noticeable that after 

cooling during annealing the stress level changes (highlighted area in 𝜎𝑧) and is controlled not 

only by annealing but also by the cooling rate after exposure. It is proved that the stress level 

and the value of exposure, besides the cooling rate, are also influenced by the heating rate 

(Figs. 5 and 6). Let's note that such effects are not revealed either at analytical solution for the 

case of simple Maxwell type cores, or moreover at elastic approximation. 
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(a) (b) 

  

 
(c) 

 

Fig. 5. Change of stress and intensity in the 1st layer (glass):  

(a) 𝜎𝑟(𝑇) и 𝜎𝜑 (𝑇); (b) 𝜎𝑧 (𝑇); (c) 𝜎𝑖  (𝑇) 

 

 

    
                                      (a)                                                                    (b) 

Fig. 6. Fragments of graphs for the layer (1) in the area of exposure at the heating rate 

1 10q =  ℃/min and cooling at 3 4 1,5q q= = ℃/min (a), at 3 4 3q q= = ℃/min (b) 
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Conclusion 

The problem of determining the change in parameters of the strenuously-deformed state in the 

two-layer cylindrical glass-metal composite in the course of annealing with consideration for 

glass transition process in the inner glass layer and plastic deformation of the outer metal layer 

was set and solved. The algorithm of calculation of the cylindrical vitrified layer connected to 

the plastically deformed non-vitrified layer was proposed. The calculations in accordance with 

the proposed algorithm allow us to determine the technological stresses with consideration for 

structural and mechanical relaxation processes. The numerical method suggested in the paper 

can be applied to the case of several vitrified cylindrical layers. 
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The influence of the altered structure zone characteristics after the material 
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Abstract. The article investigates the influence of the mechanical characteristics (elasticity 
module, Poisson coefficient) of the material altered structure zones, which arise after heat 
treatment by concentrated high-energy impact. For rectangular samples, two forms of the 
structure formation zone are analyzed - rectangular and crescent-shaped with a zone of 
processed material in the form of a semicircle. MSC NASTRAN and ANSYS Workbench 
software packages were used as calculation packages. A computer simulation of the stress-
strain state of samples with one or more treated tracks (along the entire length and on the part 
of the length) under tension was carried out. The influence of the zone size and the distance 
between them is investigated. An insignificant effect of the distance between the tracks on the 
voltages has been established. The stress concentration coefficients in the vicinity of the 
treatment zones are determined. The transverse stresses are studied depending on the 
mechanical characteristics of the material. 
Keywords: mechanical characteristics of the material; stress-strain state; stress concentration 
coefficient; finite element method; local impact 
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Introduction 
It is known that various inclusions that in some way have arisen in a homogeneous body 
affect the local stress-strain state (SSS) of the material in its vicinity [1–3]. This effect can be 
characterized either by way of the stress concentration coefficients or by way of the 
parameters used in the destruction mechanics (see, for example, [3–8]). 

With laser, plasma and other high-energy methods of concentrated impact on the 
component, zones of altered structure of the source material appear – the target impact zone 
and the thermal influence zone surrounding it [9]. In the latter, the structure differs markedly 
from both the processing zone structure and the structure of the base material, and the 
management of its properties is limited due to the lack of the possibility of direct influence on 
the structure formation in this area. Data on the properties of the material in these areas are 
limited, there are no unambiguous analytical dependencies between their mechanical 
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characteristics, therefore there is a large uncertainty in their values [10], which is a significant 
drawback in predicting the behavior of a real object in operating conditions. 

Numerous works of domestic and foreign scientists have been devoted to the study of 
the component properties and SSS during heat treatment by a local highly concentrated 
heating source [11–20]. In [13] some regularities and interrelations between technological 
factors determining the features of short-term local thermal impacts and the nature of 
structural changes and properties of low-alloy steels were established, and in [14] – for steel 
with reduced calcination of 60RC. In [15], the influence of the laser treatment process on the 
microstructure peculiarities and the formation of the cast iron thermal influence zone is 
considered. In the article [16], the influence of heat treatment (annealing, normalization, 
hardening, tempering) during quenching on the mechanical properties and microstructure of 
steel ST 37-2 was studied. In [17], a method for assigning surface hardening modes is given, 
which differs from the known ones in that heat treatment modes are set taking into account 
not only the specified depth and hardness of the hardened layer, but also the nature of the 
distribution of the remaining stresses in the material. The article [18] describes a 
mathematical model for calculating the SSS of elements of composite structures under the 
impact of a local heating source. In [19] computer simulation of tensile tests of a rod with 
rectangular zones that have arisen during heat treatment by a moving highly concentrated heat 
source, the material characteristics of which differ from the properties of the base material, is 
considered. In [20] for the first time, the analytical method solved the problem of changing 
the stress-strain state of a polymer material during its orientation extraction.  

Instrumental studies conducted by domestic and foreign scientists in the field of sample 
properties after an exposure to a local heating source are mainly aimed at establishing the 
nature of structural transformations and hardness of materials [21–25]. The results of studying 
the mechanical characteristics of the material of the treated zone, in particular, elasticity 
modules and Poisson coefficients, are not sufficiently presented. Accordingly, the results of 
studies of the impact of emerging differences in these indicators on the SSS of machine 
components are not sufficiently represented. Therefore, the issue discussed in the article is 
relevant. 
 
Materials and Methods 
Studies show that the depth of surface hardening is small compared to the thickness of the 
component, so it is most natural to assess the effect of changes in material parameters for the 
case when there was no stress gradient in the volume of the untreated material, for example, 
during axial straining of the sample. Therefore, to assess the degree of influence of the 
differences in the elasticity module and Poisson coefficient of the zones of the component 
with analtered structure compared to the characteristics of the base material, a finite element 
simulation of the problem of straining a rod with the tracts of the treated material surrounded 
by an intermediate zone of thermal influence was carried out. 

Two cases of track length are considered – a continuous one along the length of the 
sample and a shortened one (to account for the influence of its butt-end area). The geometry 
of the zones, the number of tracks and the distances between them varied during the 
calculations. The length of the shortened section of the track was 5/11 of the length of the 
selected section of the rod. During heat treatment, depending on the modes, the thickness of 
the intermediate layer may vary, so the calculations were carried out for different values of 
this parameter. In view of the symmetry of the problem, the selected quarter of the sample 
was considered during modeling (Fig. 1). 
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                                      (a)                                                                     (b) 

Fig. 1. The sample (a) and the marked element (b) 
 

Two forms of the structure formation zone are analyzed – a rectangular one 
0.8 × 0.4 mm and a crescent-shaped one with a zone of the treated material in the form of a 
semicircle with a radius of 0.4 mm. The MSC NASTRAN programming complex was used as 
a calculation package for a model with a rectangular cross-section of the zone, and ANSYS 
Workbench was used for a crescent-shaped zone. 

The finite element model of the sample in the presence of one track is shown in Fig. 2. 
This volume is comprehensively surrounded by a 0.2 mm thick transition area with a 
possibility of reducing it to zero. The rest of the volume is occupied by the source (main) 
material. Overall dimensions of the model are 2.0 × 2.6 × 4.4 mm. 

 

  
                                  (a)                                                                       (b) 

Fig. 2. Finite element models: a) rectangular, b) crescent-shaped 
 

Boundary conditions for displacements were set in the form of a movement restriction 
in the direction of the axis Oy (Vy = 0) at the points of the upper facet of the body, Wz = 0 on 
the rear facet, Ux = 0 on the left facet. On the right longitudinal face, boundary conditions of  
2 types were set Ux ≠ 0 (imitation of a rod sample) and Ux = 0 (imitation of constrained 
deformation, which is true, for example, for plates). 

The module of elasticity of the initial material was assumed to be equal to 
E = Ebas =200 GPа, the Poisson coefficient μ = μbas = 0.3. The elasticity modules of the 
intermediate and treated layers and their Poisson coefficients varied, but it was assumed that 
after treatment, the body material at all its points remains in the elastic area of operation, 
which corresponds to most realizable cases of operation of machine components and 
mechanisms. SSS in the process of the body cooling directly after heat treatment was not 
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considered. The indices "bas", "int", "pr" hereafter refer respectively to the source material, 

the intermediate layer and the treated volume. 

Loading was carried out by setting the displacement of the front butt-end section by the 

value Wz = 0.0044 mm, which is determined from the condition of equality of axial stresses 

σz = 200 MPа for a homogeneous rod. The calculations have shown that the selected rod 

length is sufficient to equalize the stress state by its volume. The ratio of the elasticity 

modules of the treated material to the modules of the source material varied within  

the limits of KE = Epr / Ebas = 0.8, …, 1.5, Poisson coefficients – within the limits of  

Kμ = μpr/μbas = = 0.7, …, 1.4. 

 

Results and Discussion 

A study of the samples SSS with two zones of modified material structure of rectangular and 

crescent sections for different boundary conditions, the number and size of zones, and 

material characteristics was carried out. As examples, Figs. 3, 4 show the distributions of 

equivalent stresses σi over the volume of the body for the considered material characteristics 

and conditions concerning the geometry of treatment. Comparing them, it is possible to 

determine the direction of change in the material SSS depending on these parameters. The 

calculated stress values are the average in the corresponding elements. Their values at the 

angular points of the elements are not used, since due to the small size of the finite elements 

compared to the overall dimensions of the body, the maximum values in them are quite close 

to the average. The main stresses σ1 in this problem are close to the longitudinal stresses σz. 

 

 
(а)                                             (b)                                             (c) 

 
(d)                                        (e)                                           (f) 

Fig. 3. Distribution of equivalent stresses according to the Mises criterion σi for a sample with 

a rectangular zone [19] with a free (a–c) and a fixed (d–f) right face, thickness of the 

intermediate layer is 0.2 mm 

(а, d) 200
bas

E = GPа, 250
int

E = GPа, 300prE = GPа,   0.3bas int pr  = = = , 

(b, e) 200bas int prE E E= = = GPа, 0.3
bas

 = , 0.36
int

 = , 0.42pr =  

(c, f) 200bas int prE E E= = = GPа,  0.3
bas

 = , 0.24
int

 = , 0.21pr =  
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(а)                                               (b)                                         (c) 

 
(d)                                            (e)                                           (f) 

Fig. 4. Distribution of equivalent stresses according to the Mises criterion σi for a sample with 

a crescent-shaped zone with a free (a–c) and a fixed (d–f) right face, thickness of the 

intermediate layer is 0.2 mm   

(а, d) 200
bas

E = GPа, 250
int

E = GPа, 300prE = GPа,   0.3bas int pr  = = = , 

(b, e) 200bas int prE E E= = = GPа, 0.3
bas

 = , 0.36
int

 = , 0.42pr =  

(c, f) 200bas int prE E E= = = GPа,  0.3
bas

 = , 0.24
int

 = , 0.21pr =  

 

The results of the calculations show that any deviation from the initial parameters leads 

to a change in the stress distribution over the volume of the part. Their maximum can be 

realized both in the processed layer, and in the main material, intermediate layer or at the 

boundaries of layers. For the shortened zone, the greatest stresses occur in the area of the 

treated material adjacent to the main one. When the modulus of elasticity of the treated layer 

increases over the modulus of the initial material, there is always an increase in the maximum 

stresses σi and σz, while the minimum σi and σz arising at the boundary of the transition zone 

and the base material do not obey this pattern. When the modulus of elasticity of the treated 

zone decreases with respect to the modulus of elasticity of the base material, the stress 

concentration occurs in the base material, as a result of which the maximum stresses are close 

to the nominal ones. The main difference for the crescent-shaped zones is that the maximum 

stress occurs on the axis of symmetry of the segment. 

It is established that the influence of Poisson coefficient on the stresses is nonlinear. Its 

deviation for the treated zone from the coefficient for the initial (base) material in any 

direction leads to an increase in maximum stresses, but it can affect the minimum level in 

different ways. The results of the research are presented by the graphs in Figs. 4, 5. When 

Poisson coefficient of the source material changes, the structures in these figures will also 

change in a certain way. These observations regarding the influence of Poisson coefficients 

correspond to [1, pp. 546-573]. 

Figures 5-9 show the values of the ratios max

z to the reference value σz = 200 MPа, 

which represent the stress concentration coefficients for this problem K  = max

z /σz, 

depending on the ratios of the material parameters KE = Epr/Ebas or Kμ = μpr/μbas. Figures 4 and 

5 illustrate the case of a rectangular-shaped zone of the structure formation, Figs. 6-8 – the 

case of a crescent-shaped one. Light signs relate to the case of a free right facet Ux ≠ 0 (the 
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case of the rod), and the dark ones – to the case of a fixed facet Ux = 0 (constrained 
deformation). 

 

 
Fig. 5. Influence of elasticity module (a) and Poisson coefficient (b) on longitudinal stresses; 

intermediate layer is 0.2 mm thick: 
1 – long zone, free right facet; 2 – long zone, fixed right facet; 

3 – shortened zone, free right facet; 4 – shortened zone, fixed right facet 
 

 
Fig. 6. Influence of the elasticity module (a) and Poisson coefficient (b) on longitudinal 

stresses in a shortened track with an intermediate layer 0.1 mm thick: 
1 – free right facet, 2 – fixed right facet 

 

  
                                 (a)                                                                     (b) 

Fig. 7. Dependence of the stress concentration coefficient on KE (а) and Kμ (b) for a sample 
with a crescent-shaped zone along the entire length: 

1 – rod pattern (right facet is free), 2 – constrained deformation (right facet is fixed) 
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                                 (a)                                                                     (b) 

Fig. 8. Dependence of the stress concentration coefficient on KE (а) and Kμ (b) for a sample 
with a shortened crescent-shaped track: 

1 – rod sample (right facet is free), 2 – constrained deformation (right facet is fixed) 
 

  
                                 (a)                                                                     (b) 
Fig. 9. Dependence of the stress concentration coefficient KE (а) and Kμ (b) for samples with 
two crescent-shaped track along the entire length and the distance between them δ = 0.4 mm: 

1 – rod sample (right facet is free), 2 – constrained deformation (right facet is fixed)  
 

In the case of constrained deformation, the stresses in all the cases considered are higher 
than in the case of free deformation. The stress concentration coefficients for the rectangular 
and crescent-shaped zones of the altered structure differ insignificantly, but the values for the 
rectangular zone are higher. 

For a diagram with a shortened track, when reducing the intermediate layer thickness to 
zero, a change in Poisson coefficient relative to the value for the source material leads to a 
slight decrease in stress concentration. 

The case of the presence of three parallel tracks along the entire length of the sample, 
arranged symmetrically at distances δ = 0.0-0.6 mm from each other, is also considered. As an 
example for a rectangular track, Figs. 10-13 show the distribution of equivalent stresses σi 

according to Mises for the case when the distance between the roads is 0, 0.1 and 0.6 mm. 
The research results and their comparison with the data given in [20] for δ = 0.2 mm 

show an insignificant effect of the distance δ on the stress concentration factor. Therefore the 
influence of mechanical and geometric parameters change of materials on the SSS of the body 
when exposed to a high-energy jet can be carried out based on the results of calculations for a 
single track. The difference in results does not exceed several percent. A variation in the 
distance between the tracks for a crescent-shaped zone of structure formation does not affect 
the values of the stress concentration coefficient, either. 
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                   (a)                                (b)                                (c)                             (d) 

 
                   (e)                                (f)                             (g)                                   (h) 

Fig. 10. Distribution of equivalent stresses according to Mises σi with a free (а–d) and fixed 

(e–h) right facet (δ = 0 mm, rectangular-shaped zone): 

(а, e) 200
bas

E =  GPа, 250
int

E =  GPа, 300
pr

E =  GPа, 0.3bas int pr  = = =  

(b, f) 200bas int prE E E= = =  GPа, 0.3
bas

 = , 0.36
int

 = , 0.42pr =  

(c, g) 200bas int prE E E= = =  GPа, 0.3
bas

 = , 0.24
int

 = , 0.21pr =
 

(d, h)  200bas int prE E E= = =  GPа, 0.21
bas

 = , 0.24
int

 = , 0.3pr =  

 

 
(а)                                (b)                               (c)                            (d) 

 
(e)                                  (f)                                  (g)                                 (h) 

Fig. 11. Distribution of equivalent stresses according to Mises σi with a free (а–d) and fixed 

(e–h) right facet (δ = 0.1 mm, rectangular-shaped zone): 

(а, e) 200
bas

E = GPа, 250
int

E =  GPа, 300
pr

E =  GPа, 0.3bas int pr  = = =  

(b, f) 200bas int prE E E= = =  GPа, 0.3
bas

 = , 0.36
int

 = , 0.42pr =  

(c, g) 200bas int prE E E= = =  GPа, 0.3
bas

 = , 0.24
int

 = , 0.21pr =
 

(d, h)  200bas int prE E E= = =  GPа, 0.21
bas

 = , 0.24
int

 = , 0.3pr =  
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(а)                                (b)                                  (c)                               (d) 

 
                 (e)                                  (f)                                  (g)                                 (h) 

Fig. 12. Distribution of equivalent stresses according to Mises σi with a free (а–d) and fixed 

(e–h) right facet (δ = 0.1 mm, crescent-shaped zone): 

(а, e) 200
bas

E =  GPа, 250
int

E =  GPа, 300
pr

E =  GPа, 0.3bas int pr  = = =  

(b, f) 200bas int prE E E= = =  GPа, 0.3
bas

 = , 0.36
int

 = , 0.42pr =  

(c, g) 200bas int prE E E= = =  GPа, 0.3
bas

 = , 0.24
int

 = , 0.21pr =
 

(d, h) 200bas int prE E E= = =  GPа, 0.21
bas

 = , 0.24
int

 = , 0.3pr =  

 

 
(а)                               (b)                                   (c)                              (d) 

 
                  (e)                                (f)                                  (g)                               (h) 

Fig. 13. Distribution of equivalent stresses according to Mises σi with a free (а–d) and fixed 

(e–h) right facet (δ = 0.6 mm, rectangular-shaped zone): 

(а, e) 200
bas

E =  GPа, 250
int

E =  GPа, 300
pr

E =  GPа, 0.3bas int pr  = = =  

(b, f) 200bas int prE E E= = =  GPа, 0.3
bas

 = , 0.36
int

 = , 0.42pr =  

(c, g) 200bas int prE E E= = =  GPа, 0.3
bas

 = , 0.24
int

 = , 0.21pr =
 

(d, h)  200bas int prE E E= = =  GPа, 0.21
bas

 = , 0.24
int

 = , 0.3pr =  
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It was found that with an increase in δ, the change in the Poisson's ratio of the zones of 
the modified structure in any direction with respect to the value for the base material 
practically does not affect the equivalent stresses (Fig. 13). 

Transverse stresses x
 arising during loading depend on geometric conditions and 

differences in the parameters Е and μ, increasing with the growth of ratios 
/pr basE E and /pr bas  . The main role is played by the presence constraint of deformation. 

In its absence ( var
x

U = ), the stresses are insignificant, vary from zero to several MPa 

units and can arise both in the treated layer itself and under it at the boundary with the base 

material. If there are several tracks x
  in the treated layer, they can be both positive 

( / 1pr bas   ) and negative ( / 1pr bas   ) regardless of the distance between the tracks. 

Their maximum level in the calculations was 3.82 MPa. 

If 0
x

U = , then the stresses x
 in the treated layer are tensile. At / 1pr bas   they are 

slightly below the level / 3
z

 , but they increase at / 1pr bas   while remaining below the 

value / 2
z

 . In case of several tracks, their maximum depends on the distance between them 

(δ = 0.2 mm, max
  = 11.82 MPa at z

  = 25.42 MPa, 
pr  = 0.42). 

The levels of transverse stresses σх for samples with a crescent-shaped structure 
formation both qualitatively and quantitatively correspond to the case of a rectangular zone 
and are shown in Fig. 14. 

 

 
                                    (a)                                                                       (b) 

Fig. 14. Dependence of transverse stresses 
x

  (a) and their relations to the maximum 

longitudinal stresses (b) for the case of a sickle-shaped track at E=var (1) and μ=var (2) 
 

Conclusion 
The influence of the characteristics of the zones of the altered structure of the source material 
arising after the heat treatment of samples by a moving highly concentrated heat source on the 
stress-strain state under tension has been studied. Two forms of the zone of structure 
formation are considered – rectangular and crescent. Based on the results of finite element 
calculation in a wide range of values of the elasticity module and Poisson coefficient, the SSS 
of samples with one or more zones of the material altered structure along its entire length and 
on the part of the length was determined. Stress concentration coefficients in the vicinity of 
treatment zones for various boundary conditions, sizes of zones and distances between them 
are determined. An insignificant influence of the distance between the tracks on the stress 
concentration coefficient has been established. Transverse stresses depending on the 
mechanical characteristics of the treated and source material have been investigated. 

The obtained values of the concentration coefficients, although they reflect the general 
trends of SSS transformation in the presence of local material treatment, are not 
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unambiguous, but depend on geometric and mechanical characteristics of an object (the 
relations of the treated zone sizes and the initial component, the thickness of the intermediate 
layer, elasticity modules and Poisson coefficients of the layer materials). 

The research results show both the importance of knowing the exact values of the 
material mechanical characteristics in the field of local impact, and the necessity of carrying 
out calculations for the hardened part, taking into account the presence of this impact, without 
which it is impossible to choose an optimal treatment mode for ensuring the required product 
performance qualities. 
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Abstract. In this article, an impact of a solid-paraboloid at a speed of 4190 m/s into a thin 
aluminum plate is numerically simulated. Such high-speed impacts are dangerous as they can 
damage the second screen of the Whipple shield. Whipple shield, so-called dual-wall system, 
is widely used to protect spacecraft from space debris. This paper reviews the mechanism of 
the interaction between the projectile and bumper, the movement and diffusion of the debris 
cloud. Numerical simulation for high-speed impact of a hyperboloid on an aluminum alloy plate 
is presented. Central and non-central impacts are discussed. It is shown that some types of 
collisions are very dangerous because significant mass of fragments is concentrated on the 
impact axis. The same calculations were conducted for the sphere of comparable mass, results 
were compared. 
Keywords: hypervelocity impact; space debris; mass collapse effect 
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Introduction 
With the development of human space activities, the volume of technogenic space debris in 
orbits of different heights is rapidly progressing. As of 2021, more than 130 million objects 
with a size of 0.1-1 cm are known [1]. Among them: spent rocket stages, fragments from the 
collision of satellites, particles covering spacecraft, particles of rocket fuel, and other debris. If 
particles collide with a spacecraft at velocities exceeding 4-7 km per second, they can cause 
irreversible destruction of the covering, depressurization or damage expensive devices and 
mechanisms. 

Usually, to protect a spacecraft against hypervelocity impacts, so-called Whipple shield 
is used [2]. When a dangerous particle collides with the first screen of Whipple shield, 
fragments of a spherical- or pear-shape form a cloud and move to the second screen of Whipple 
shield [3]. The impact of a debris cloud on the second Whipple shield is less dangerous than 
the impact of a compact projectile. 

Methods for modeling such interactions are well known. Among them: SPH method 
(smoothed-particle hydrodynamics) [4–16], the discrete elements method [17,18], the finite 
element method [19–21]. As the velocities of both one SPH particle and a group of such 
particles have often been studied, we will focus on the SPH method. 

In the paper, numerical simulation was conducted using SPH method (smoothed-particle 
hydrodynamics). This method is successfully used to simulate significant displacements and 
deformations not only on low-velocity interactions (100-1000 m/s), but, as was shown in  
[24–26], on interactions at higher speeds. For creating a geometry of SPH-bodies and defining 
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material models, preprocessor LS-Pre-Post was used [19]. As a solver we used a widely known 
software package ANSYS/LS-DYNA. 
 
Methods  
The first phase of a given study is to test simulation parameters at a speed of, 4190 m/s. This 
was achieved by comparing results of numerical simulation with the results of the experiment 
– "two-stage light gas guns" according to Fa-wei Ke and others [22]. Numerical simulation was 
made for the impact of a sphere out of Al-1100 against a thin Al-6061-T6 aluminum plate with 
the speed given above. Sphere diameter matched the diameter of the sphere studied in the 
experiment and was equal to 5.01 mm. Thicknesses of the plates were also identical and were 
1 mm. During simulation, the plate was supported by a fixed ring (Fig. 1). 
 

 
 

Fig. 1. Problem statement for verification of model’s parameters. High velocity impact 
of a sphere against a thin plate. Plane cut along the main axis of a model is shown 

 
Figures 2 and 3 show the resulting debris clouds at 16 and 24 microseconds times of 

impact. Computational simulations with the parameters shown in Tables 1-3 show good 
agreement with the experiment of author Fa-wei Ke and other scientists, who carried out the 
fixation of the debris cloud evolution with laser shadowgrams. The ratio of fragment cloud 
length to maximum cloud diameter is 1.58 for the computational simulation and 1.53 for the 
experiment at a time of 16 microseconds. Accordingly, a discrepancy of about 3.5 % with the 
experiment was obtained. At the time point of 24 microseconds, this ratio is 1.58 for the 
computational modelling and 1.59 for the experiment. Correspondingly, the discrepancy with 
the experiment was 0.5 % [23]. 

 

 
Fig. 2. View of the cloud of fragments at a time of 16 µs after the impact:  

(а) – experiment by F. Ke and other scientists [22]; (b) – numerical simulation.  
Initial impact velocity was V = 4190 m/s, sphere material is Аl-1100,  
sphere diameter is 5.01 mm, barrier material is Al-6061-T6, h = 1 mm 
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Fig. 3. View of the cloud of fragments at 24 µs after the impact:  

(а) – experiment according to Fa. Ke and other scientists [22]; (b) – numerical simulation. 
Initial impact velocity was V = 4190 m/s, sphere material is Аl-1100, sphere diameter is 

5.01 mm, barrier material is Al-6061-T6, h = 1 mm 
 

Table 1. Materials’ Constants and Parameters [22]   
Parameter Unit. Al-1100 Al 6061-T6 

Density ρ kg/m3 2770 2750 
Modulus of shearing G Pa 25.9 × 109 25 × 109 

Yield stress A Pa 4.1 × 107 3.241 × 108 

Material hardening B Pa 1.25 × 108 1.138 × 108 

exponent n - 0.183 0.42 
Johnson-Cook constant c  0.001 0.002 
Thermodynamic parameter m  0.859 1.34 
Testing temperature K 293 293 
Melting temperature K 893 893 
Testing strain rate  1/s 1 1 
Specific heat capacity, Cp  J/(kg‧K) 910 910 
Coefficients in the Johnson-Cook destruction model 
D1 

 
0.071 -0.77 

                                      D2  1.248 1.45 
                                      D3  -1.142 -0.47 
                                      D4  0.0097 0 
                                      D5  0 1.6 

 
Table 2. Linear polynomial equation of state coefficients [22] 

C0 C1, GPa C2, GPa C3, GPa C4 C5 C6 E0 V0 

0 74.2 60.5 36.5 1.96 0 0 0 1 

 

Table 3. Mie-Gruneisen equation of state coefficients [22] 
C0, m/s S1 S2 S3 a E0 Γ0 V0 

3935 1.578 0 0 0 0 1.69 1 

 
In the second stage of the present study, a computational simulation of a high-speed 

impact of a solid paraboloid of rotation, the geometrical dimensions of which are shown in 
Fig. 5, with a similar initial velocity V = 4190 m/s was performed. The geometric dimensions 
of the solid-paraboloid were chosen so that the number of particles, and thus the mass of the 
paraboloid, were comparable with the dimensions and mass of the sphere from the first stage 
of the present study. 
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Fig. 4. Problem statement. Solid paraboloid of rotation material is Al. Barrier material  
is Al-6061-T6, h =1 mm. 

 
The number of SPH particles of the shock (rotational paraboloid) was 41000. For 

comparison, the number of SPH particles of the sphere from the first stage of this study was 
33000. A 3D view of the computational model before the calculation, which does not show the 
reference ring, is shown in Fig. 6. 

                                       
 
Fig. 5. Comparison of the sphere from 
the first phase of the study with the solid 
paraboloid of rotation                                                             Fig. 6. 3D view of the model    

 

Projectile 

1 mm 

V = 4190 m/s 

Target plate 
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The calculated mass of the aluminum sphere considered in the first stage of this study 
was 183 mg. The mass of the rotation paraboloid was 119.7 mg at Preprocessor Ls-Pre-Post. 

Figure 7 shows the evolution of the debris cloud during the interaction of a solid-
paraboloid of rotation with a thin 1-mm plate at time moments t = 0, 1.7, 3.4, and 5.5 µs. 

 

 
                              t = 0             t = 1.7 μs                                    t = 3.4 μs 

 

 
                                                              t = 5.5 μs (magnified) 
 
Fig. 7. Evolution of the debris cloud after solid paraboloid of rotation strikes aluminum thin 

1-mm plate   
 

At 5.5 μs (Fig. 7) we can clearly observe that oval clouds’ velocity became equal to 
velocity of a central "spike-like" cloud which is located on the impact axis and leads to faster 
evolution of these clouds compared to central SPH-particles.  

In the next step of the computational modelling, we will carry out the calculation  
of the mass of the "spike". The "spike" consisting of SPH particles is highlighted  
by the red box in Fig. 8. The mass of sphere from the first stage of the study is 183 mg, which 
is informatively given by the LS-Pre-Post preprocessor. Then the mass of 1 SPH particle is  
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183 mg / 33000 = 0.00555 mg. In the "spike" 34,188 particles were isolated. Then the mass of 
the spike = 190 mg (that is 34188 multiplied by 0.00555). I.e. the mass of the spike in this 
problem is comparable to the mass of the sphere from the first step.  

Conclusion: Normal impact of solid paraboloid of rotation is as dangerous for the second 
screen of Whipple shield (after passing through the first one). This is clearly visible in the 
Figs. 8 and 10 (shape of the cloud of fragments at t = 10.6 µs (view from above)). 

 

 
Fig. 8. Time t = 10.6 µs. Region of SPH particles is selected to estimate number of particles  

 

 
Fig. 9.  Group diagram of particles’ velocities inside the spike 

 
Group diagram (Fig. 9) shows velocity spectrum of particles located inside the "spike" 

starting from ~ 400 m/s and ending with ~ 3300 m/s. This group diagram provides clear image 
that some particles came to the "spike" from the striker (initial velocities at t = 0 from 4190 m/s 
mark, while some of them were in a state of rest - V = 0 m/s at t = 0). After 6 µs cloud motion 
stabilizes, wave oscillations of the particles’ velocities reduce and eventually disappears – 
curves of the velocities of particles are practically parallel to x-axis. 
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Fig. 10. Shape of the cloud of fragments at t = 10.6 µs (view from above) 
  

  
Fig. 11. Top cloud particles selection (shown in yellow) to calculate mass of the cloud 

 
Let us establish the number of particles in each cloud (Fig. 11). This would be 11563 

SPH. Given that there are 34,000 particles concentrated in the center (spike), we conclude that 
each cloud is low hazard, especially since the impact in the second Whipple shield screen would 
be a "spot" rather than a point impact. 
  

supporting ring 
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Fig. 12.  Dangerous vanguard of clouds, view from the front 

 
During the third step of the study let us split the cloud of debris, formed after the impact 

of paraboloid, into speed zones. 
Zone 1. Low speed zone (near the impact axis, simultaneously it is located right after free 

surface of a barrier). 
 

 
 

Fig. 13.  Selection of SPH particles from the low velocity zone 1 to establish a picture of 
evolution of debris clouds at t = 10 µs. Zone 1 is hatched. Supporting ring is hidden 
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Fig. 14.  Velocity diagram of cloud of fragments from low-speed zone 

 
Zone 2. Medium velocity area (in proximity to the impact axis, located between low-

velocity area 1 and high-velocity area 3). 
 

 
Fig. 15.  Selection of SPH particles from medium-speed zone 2 to define a shape of evolution 

of the debris cloud at t = 10 µs. Supporting ring is hidden 
 

 
Fig. 16. Velocity diagram of debris cloud from medium-speed area 
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We consider low-velocity area to be an area with particle velocities varying from 0 m/s 
to 500-600 m/s. Particles from this zone are scattered and do not have any effect on the integrity 
of the second screen of Whipple shield. Dimensions of a rectangle which contain low-velocity 
area are shown in Fig. 13, a velocity diagram of this area is presented in Fig. 14. Dimensions 
of a rectangle which contain medium-velocity area are shown in Fig. 15, a velocity diagram of 
this area is presented in Fig. 16. Figure 16 indicates that, velocity of particles located in this 
zone does not exceed 2 km/s and do not pose a substantial threat in space in case of a relatively 
small mass of particles (fragments). We base our conclusions on findings of [28]. It states that 
maximum velocity of collision of a striker against a barrier exists. If collision occurs at a higher 
velocity and the striker penetrates the barrier, the deformation of a striker of any form is 
accompanied by fluidity. For ordinary materials, evidently, this maximum speed has an order 
of magnitude of 2 km/s. 

 

 
 

Fig. 17. Selection of SPH particles from high-speed zone 3 to define a shape of evolution of 
the debris cloud at t = 10 µs. Supporting ring is hidden 

 

 
Fig. 18. Velocity diagram of cloud of fragments from high-speed area 
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Zone 3. High velocity area (in proximity to the impact axis, the most remote area from 
the barrier surface). Choice of this zone is shown in Fig. 17. The rectangle height along Z in 
this case is ~ 1.5 mm. The velocity diagram of particles from this zone, presented in Fig. 18, 
indicates that particles located in the "spike" of the cloud have velocities varying from 1700 
m/s to 3300 m/s. 

Let us examine the case of diverted impact of a paraboloid when the velocity vector is at 
an angle of 5, 30 and 45 degrees to barrier normal (cases 1 – 6) to estimate the danger of these 
cases for the second screen of Whipple shield. 

Case 1. Velocity vector of paraboloid is at an angle of 5 degrees to barrier normal 
(Fig. 19). 

 
Fig. 19. An impact of paraboloid with a diverted velocity vector at an angle of 5 degrees to 

barrier normal. Initial condition before calculations t = 0 
 

 
Fig. 20. An impact of paraboloid with a diverted velocity vector at an angle of 5 degrees to 

barrier normal. Evolution of cloud of debris at t = 10 µs 
 

Figure 20 indicates that qualitative change did not occur in the shape of the cloud. The 
debris cloud still consists of 2 semi-clouds, we can no longer observe the evident central 
"spike", however, we see a concentration of mass in the connection point of two semi-clouds. 
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Consequently, the second important result of the study: in place of contact of two semi-clouds, 
which emerged from the impact of a paraboloid against a barrier at a speed of 4190 m/s, a 
significant portion of mass of the debris cloud is concentrated and hence, diverted impact of a 
solid paraboloid of rotation is as dangerous for the second screen of Whipple shield (after it has 
passed the first) as an impact of a sphere of equal mass for the first screen of Whipple shield.  

Case 2. The velocity vector of paraboloid is at an angle of 5 degrees to barrier normal, 
the paraboloid itself is rotated 5 degrees so that an angle between paraboloid’s rotation axis and 
impact axis is 90 degrees (Fig. 21). 
 

 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig. 21. An impact of paraboloid with a diverted velocity vector at an angle of 5 degrees to 
barrier normal. Paraboloid is also rotated. Initial condition before calculations, t = 0 

 

  
 

Fig. 22. An impact of paraboloid with a diverted velocity vector at an angle of 5 degrees to 
barrier normal. Paraboloid is also rotated before impact. Evolution of debris cloud at t = 10 µs 
 

Conclusions of the second case are identical to the first one. No qualitative changes in the 
shape of the cloud took place compared to the first case. Consequently, there was no significant 
mass transfer, as we can see from Fig. 22. 
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Case 3. Velocity vector of paraboloid is at an angle of 30 degrees to barrier normal 
(Fig. 23). 

 
 

Fig. 23. An impact of paraboloid with a diverted velocity vector at an angle of 30 degrees to 
barrier normal. Initial condition before calculations t = 0 

 

 
 

Fig. 24. An impact of paraboloid with a diverted velocity vector at an angle of 30 degrees to 
barrier normal. Result of numerical simulation at t = 10 µs. 

 
Observing the result of numerical simulation of the case 3 we can see that the "spike" do 

not appear along the impact axis (Fig. 24), clouds of fragments are forming with evident 
deflection from symmetry, in vanguard of clouds we witness particles of the striker (shown in 
dark green). 

Diverted impact of paraboloid at an angle of 30 degrees and beyond is significantly less 
dangerous for the second screen of Whipple shield because, semi-clouds merge in the process 
of evolution and considerably divert to the side. Therefore, the second screen will be loaded 
with sliding impact, which is not dangerous. 
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Case 4. Velocity vector of paraboloid is at an angle of 30 degrees to barrier normal. 
Paraboloid is rotated to the same angle (Fig. 25). 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Fig. 25. An impact of paraboloid with a diverted velocity vector at an angle of 30 degrees to 
barrier normal. Paraboloid is also rotated to the same extent. Initial condition before 

calculations, t = 0 
 

 
 

Fig. 26. An impact of paraboloid when both velocity vector and rotation axis are diverted at 
an angle of 30 degrees to barrier normal. Result of numerical simulation at t = 10 µs 

 
Figure 26 indicates that two semi-clouds do not merge as a result of such impact however, 

we can clearly see that there is a significant deviation of both semi-clouds from the axis which 
is perpendicular to the target’s surface. 

Case 5. Velocity vector of paraboloid is at an angle of 45 degrees to barrier normal 
(Figure 27). 
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Fig. 27. An impact of paraboloid with a diverted velocity vector at an angle of 45 degrees to 
barrier normal. Initial condition before calculations t = 0 

 
 

  
 

Fig. 28. An impact of paraboloid with a diverted velocity vector at an angle of 45 degrees to 
barrier normal. Result of numerical simulation at t = 10 µs 

 
Figure 28 indicates that the case of 45 degree divergence is special. In  this case, one can 

see that particles of the cloud concentrate in vanguard A (Fig. 28), and have a movement 
direction along the surface of the barrier. Such vanguard can pose a threat for stiffening ribs of 
a spacecraft and other elements which vanguard can meet along the way. 

Case 6. Velocity vector of paraboloid is at an angle of 45 degrees to barrier normal 
(Fig. 29). Paraboloid is rotated to the same angle. 
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Fig. 29. An impact of paraboloid with a diverted velocity vector at an angle of 45 degrees to 
barrier normal. Paraboloid is also rotated to the same extent. Initial condition before 

calculations t = 0 
 

 
 

Fig. 30. An impact of paraboloid with a diverted velocity vector at an angle of 45 degrees to 
barrier normal. Paraboloid is also rotated to the same extent. Results of numerical simulation 

at t = 10 µs 
 

Thus, in this case one can see that particles do not concentrate in the front of the cloud 
(Fig. 30), unlike particles in case 5, they have movement direction along the surface of the 
barrier. And as in case 5 such concentration of fragments is particularly dangerous for stiffeners 
of a spacecraft and other structural elements. 
 

Results and Discussion 
In this article, an impact at high speeds of a solid-paraboloid into a thin aluminum plate was 
numerically simulated. It was shown in [27] that at velocities of ~ 240 – 750 m/s the nature of 
aluminum destruction as a result of impact loading is locally-kinetic.  

This paper reviews the mechanism of the interaction between the projectile and bumper, 
the movement and diffusion of the debris cloud, so-called "the effect of mass collapse". 

V = 4190 м/с 
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Note that for different collision cases even if all particles of the broken barrier have 
differently oriented velocity vectors, then they start to gather in reinforced structures and after 
that they dissociate into smaller ones, in other words, the destruction of the masses begins.  

Numerical simulation for high-speed impact of a hyperboloid on an aluminum alloy plate 
was presented. Central and non-central impacts were considered. It was shown that some types 
of collisions are very dangerous because significant mass of fragments is concentrated either 
on the impact axis or along the surface of the barrier.  

The case of a normal impact of a paraboloid of rotation into the barrier is very dangerous 
for the second screen of Whipple shield (relative to the sphere, cube, and other drummers of 
similar shapes, as was simulated in [22]) because of the particles concentration closer to the 
axis of impact and their distribution in a rectangle form shown in Fig. 12.  

For non-central impact it was shown that particles of the cloud do not concentrate along 
the impact axis in the front of the cloud (Figs. 28, 30), they have movement direction along the 
surface of the barrier. This certainly affects the integrity of spacecraft and equipment. 

With increasing impact speed, we suppose, a similar process takes place in early stages. 
That is, after “gathering” of particles into reinforced structures a reverse process takes place – 
structure crushes, multiple ruptures emerge and clouds of fragments are forming. 
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Abstract. The problem of stresses in a rectangular bar is considered in three statements: 1) 

with assignment on all boundaries of displacements, 2) stresses and 3) with mixed boundary 

conditions. The solution is represented by a fast expansion whose coefficients were 

determined by fast trigonometric interpolation. The solution of the boundary value problem 

with Dirichlet conditions is the most accurate of the three considered boundary value 

problems. Compared with this problem, the accuracy of determining the components of the 

stress tensor and the residual of the Lamé equations in the other two boundary value problems 
drops by an order of magnitude. The largest residual of the Lamé equilibrium equations is 
observed in the boundary value problem with given stresses on all sides of the rectangle. 

Computational experiments showed that the aspect ratio of the rectangle affects the qualitative 

form of the stress intensity distribution and the location of points with the maximum stress 

intensity. Among all rectangular sections with different overall dimensions, but the same 

sectional area, the smallest value of  max  is observed in a bar with a square section. 

Keywords: displacements; stress tensor components; Lamé equations; fast expansions; fast 
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Introduction 

A rectangular region is one of the simplest two-dimensional regions for which it is convenient 

to model the stress-deformed state of a material and consider its properties [1–10]. 

Approximate solutions for similar object shapes are obtained by various numerical and 

analytical methods. Thus, in [1], an approximate analytical solution in the form of 

trigonometric polynomials is constructed by the superposition method from two solutions 

obtained by the method of initial functions. In [2,9], solutions are presented as series in 

Papkovich–Fadle eigenfunctions. In [4], the solution is sought as the sum of a trigonometric 

series and a power function with a root singularity. The superposition method in the form of 

Fourier series satisfying the differential equation and boundary conditions is used in [5]. 

Finite difference and finite element methods were used in [3,8], respectively. Unknown 

displacements in [11] are represented by power series. In [12], the integral Fourier transform 

with respect to a variable running through an infinite interval was used. For problems of rigid 

https://orcid.org/0000-0001-7702-8771
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body mechanics, the nodal integration method for meshfree radial point interpolation is 

presented in [13]. In the proposed method, radial basis functions supplemented by 

polynomials are used to construct shape functions that have the delta function property. 

In [14], a grid method is presented using a special trigonometric basis; the completeness of 

the trigonometric basis is not discussed. The grid method of collocations and least squares for 

the residual, applicable in solving multidimensional nonlinear problems of elliptic type, was 

proposed in [15]. Interpolation methods were used to process the experimental data [16] and 

to determine the plasticity and creep characteristics of the material [17]. The exact solutions 

presented in [18] were obtained using group analysis for an elastic model written in Euler 

variables at finite strains, and in [10], the exact solutions for deflections of a rectangular 

membrane under the action of a variable load were obtained by the method of fast expansions. 

The method of fast expansions was developed in [19]. It is based on the fact that the desired 

solution of the problem is represented as the sum of a special boundary function and a Fourier 

series. Such a sum is called a fast expansion. Unknown coefficients of fast expansion are 

found using the operator of fast expansions [20] or fast trigonometric interpolation [21]. The 

use of classical trigonometric interpolation to determine the coefficients of fast expansion is 

problematic due to the impossibility of its differentiation in the general case and the large 

error between interpolation points. Therefore, classical trigonometric interpolation is usually 

used to solve problems not related to integro-differential equations, for example, to improve 

the quality of image processing [22] and restore periodic discrete signals of finite 

duration [23]. 

In this paper, we present the solution of the problem of stresses in a bar by the method 

of fast expansions in three statements. They differ from each other in the type of boundary 

conditions. The coefficients of fast expansions will be determined using fast trigonometric 

interpolation. In this regard, it is of interest to study the influence of the type of boundary 

conditions on the accuracy of solving the problem using fast trigonometric interpolation. 

 

Methods 

Under conditions of plane deformation, the projections of the displacements vector of the bar 

material points depend only on the coordinates x, y: 

( , ),  ( , ),  0U U x y V V x y W= = = .                                                                  (1) 

The stress tensor components will have the following form: 

( ) ( )2 ,  2 ,  

, , 0.

xx yy

xy zz xz yz

U V V U

x y y x

U V U V

y x x y

   
 =  +  +  =  +  +

   

      
 =  +  =  +  =  =         

                                    (2) 

Let us write the Lamé equilibrium equations for displacements taking into account mass 

forces   

( ) ( ) ( )
2 2 2

2 2
2 , 0,  

U V U
X x y

x x y y

  
 +  +  + + + =

   
                                                              (3) 

( ) ( ) ( )
2 2 2

2 2
2 , 0.

V U V
Y x y

y x y x

  
 +  +  + + + =

   
                                                                  (4) 

We add boundary conditions to equations (3), (4). We assume that the elastic bar has a 

rectangular cross-section ( )0 , 0x a y b   = . On the sides of the bar, we set three 

different types of boundary conditions, corresponding to three boundary value problems.  

1. Displacements are given on all sides 

( ) ( ) ( ) ( )1 3 1 30 0
, , , .

x x a x x a
U f y U f y V y V y

= = = =
= = =  =                                                  (5) 
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( ) ( ) ( ) ( )2 4 2 40 0
, , , .

y y b y y b
U f x U f x V x V x

= = = =
= = =  =                                                    (6) 

2. Stresses are set on all sides 

( ) ( ) ( )1 1

0 0

2 , ,
x x

U V U V
F y y

x y y x= =

    
 +  + =  + =     

                                    (7) 

( ) ( ) ( )2 22 , .
x a x a

U V U V
F y y

x y y x= =

    
 +  + =  + =     

                                               (8) 

( ) ( ) ( )3 32 , ,
y b y b

V U U V
F x x

y x y x= =

    
 +  + =  + =      

                                                 (9) 

( ) ( ) ( )4 4

0 0

2 , .
y y

V U U V
F x x

y x y x= =

    
 +  + =  + =      

                                               (10) 

3. Mixed boundary conditions are on the sides 0x = , x a=  and y b= . We set the 

stresses in the form (7), (8) and (9), respectively, and on the side we set the displacements 

( ) ( )1 20 0
, .

y y
U g x V g x

= =
= =                                                                                                (11) 

The functions included in the boundary conditions (5) – (10) should be selected taking 

into account the matching conditions. So, for the case of specifying displacements on all 

boundaries of the rectangle, the matching conditions have the form 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

1 2 3 2 3 4 4 1

1 2 3 2 3 4 4 1

0 0 , 0 , , 0 ,

0 0 , 0 , , 0 .

f f f f a f b f a f f b

a b a b

= = = =

 =   =   =   = 
                                      (12) 

In the case of specifying stresses at all boundaries, we write the matching conditions for 

shear stresses as follows 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )4 1 3 1 3 2 4 20 0 , 0 , , 0 .b a b a =  =  =  =                                  (13) 

For the mixed boundary conditions specified in the third paragraph, the matching 

conditions are as follows 

( ) ( ) ( ) ( )3 1 3 20 , .b a b =  =                                                                                          (14) 

Compliance with the matching conditions will allow finding a continuous solution to 

three problems: 1. (3) – (6); 2. (3), (4), (7) – (10); 3. (3), (4), (7) – (9), (11). 

As an example of the function from (5) – (11), we set as follows 

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )
1 2 3 4

1 2 3 4

0, 0, sin1.2 , sin1.2 ,

0, 0, sin sin , sin sin .

f y f x f y K ay f x K bx

y x x K a y x K x b

= = =  = 

 =  =  = −  = −
                                 (15) 

 

( ) ( )1 2 0.g x g x= =  

( ) ( )1 1.2 2 cos1.2 ,F y K y ay=  +      ( )1 sin ,y K y = −  

( ) ( )2 1.2 2 cos1.2 sin cos ,F y K y ay K a y=  +   −  

( ) ( )2 cos sin 1.2 cos1.2 ,y K a y Ka ay = − +                                                                       (16) 

( ) ( )3 2 sin cos 1.2 cos1.2 ,F y K x b Kb xb= − +  +    

( ) ( )3 cos sin 1.2 cos1.2 ,y K x b Kx xb = − +   

( ) ( )4 2 sin ,F y K x= −  +  ( )4 1.2 ,y Kx =   

We write the mass forces in (3), (4) by the expressions 
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( ) ( ) ( )
( ) ( )
( ) ( )

( ) ( )( )

2

2

2

, 1.2 2 sin1.2

cos cos 1.2 sin1.2 ,

, 2 sin sin sin sin

1.2 sin1.2 1.2 cos1.2 .

X x y y K xy

K x y x K xy

xY y K x y K x y

xyK xy K xy

=   +   +

+  + +   

= −  +  − +

+  +   −  

                                                           (17) 

Dependencies (15) – (17) are chosen so that each of the three boundary value problems 

(1. (3) – (6); 2. (3), (4), (7) – (10); 3. (3), (4), (7) – (9), (11)) had the exact solution 

( ) ( )sin1.2 , sin s, i, nU x y V x yK xy K x y= −=  ,                                                                (18) 

where K is a constant that controls the amount of displacement. 

The exact solution (18) will allow us to study the error in solving three boundary value 

problems by comparing it with an approximate analytical solution obtained by the fast 

expansion method. In the comparison, the following will be calculated: the relative error of 

the stress tensor components (2), the residual of the Lamé equilibrium equations (3), (4) and 
the residual of the boundary conditions (5) – (11). 

Let us show in detail the solution of one of the three boundary value problems, for 

example, for the case of specifying displacements on all sides of a rectangle. For the other two 

boundary value problems, we note the distinctive features in the process of the solution. 

For the solution, we will use the approximate analytical method of fast sine expansions 

[1], according to which we represent ( , )U U x y=  and ( , )V V x y=  as the sum of the 6th order 

boundary functions ( ) ( )6 6; , ;U V
M x y M x y  and the Fourier series in sines 

( ) ( )

( ) ( )    

1

1

6

1

6

1

; sin ,

; sin , 0; , 0; .

N
U

m

m

N
V

m

m

y
U M x y u x m

b

y
V M x y x m x a y b

b

=

=

= + 

= +    




                                                     (19) 

Here, 1N  – is the number of terms taken into account in the Fourier series. The 

boundary functions ( )6 ;U
M x y  and ( )6 ;V

M x y  of the sixth order are defined by the equalities  

( ) ( ) ( )
8

6

1

; ,U

i i

i

M x y A x P y
=

=  ( ) ( ) ( )
8

6

1

; ,V

i i

i

M x y B x P y
=

=                                                      (20) 

where ( )iA x  и ( )iB x , 1 8i =   are the coefficients of boundary functions, ( )iP y , 1 8i =   ‒ 
fast polynomials [1]. 

Fast polynomials ( )iP y  and coefficients ( ) ( ),i iA x B x  are defined by the equalities: 

( ) ( ) ( ) ( )

( ) ( )

( )

( )

2 3 3

1 2 3 4

4 5 3 3 5 3 3

5 6

6 7 5 3 3 5

7

7 5 3 3

8

1 , , , ,
2 6 3 6 6

7
, ,

24 120 18 45 120 36 360

2
,

720 5040 360 270 945

7

5040 720

y y y y by y by
P y P y P y P x

b b b b

y y by b y y by b y
P y P y

b b

y y by b y b y
P y

b

y by b y
P y

b

    = − = = − − = −    
     

   
= − − + = − +   
   

 
= − − + − 
 

= − +
531

.
2160 15120

b y 
− 

 
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( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

2 2

1 2 3 42 20

0

4 4 6 6

5 6 7 84 4 6 6

0 0

2 2

1 2 3 42 20

0

4 4 6 6

5 6 7 84 4 6 6

0 0

, , , ,

, , , ,

, , , ,

, , ,

y y a

y y a

y y a y y a

y y a

y y a

y y a y

U U
A x U A x U A x A x

y y

U U U U
A x A x A x A x

y y y y

V V
B x V B x V B x B x

y y

V V V V
B x B x B x B x

y y y y

= =
= =

= = = =

= =
= =

= = =

 
= = = =

 

   
= = = =
   

 
= = = =

 

   
= = = =
   

.

y a=

                           (21) 

To be able to execute expressions (21), it is necessary that ( , )U U x y=  and ( , )V V x y=  

satisfy the smoothness condition ( ) ( ) ( )6
,U V C  . 

The unknowns in (19) are functions that depend on only one variable х: 
( ) ( ) ( ) ( ) ( ) ( )1 8 1 8 1, , , , 1...m mA x A x B x B x u x x m N   = .                                                  (22) 

We represent the functions from (22) by fast expansions in х. Moreover, in these 

repeated expansions, boundary functions of the same orders are used as in fast expansions 

(19) in the variable у: 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

2 2

2 2

6 8 6 8

1 1

6 8 6 8

1 1

1

sin , sin ,

sin , sin ,

1...8, 1... .

N N
A i i B i i

i n i n

n n

N N
u m m m m

m n m n

n n

x x
A x M x a n B x M x b n

a a

x x
u x M x u n x M x n

a a

i m N

+ +
= =


+ +

= =

= +  = + 

= +   = +  

= =

 

                          (23) 

In (23), 2N  – denotes the number of terms taken into account in the Fourier series. 

Boundary functions
( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )6 6 6 6, , ,

A i B i u m m
M x M x M x M x


 are defined by equalities 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

8 8

6 6

1 1

8 8

6 6

1 1

, ,

, ,

A i i B i i

k k k k

k k

u m m m m

k k k k

k k

M x a P x M x b P x

M x u P x M x P x

= =



= =

= =

= = 

 

 
                                                             (24) 

where 
( )i
ka , 

( )i
kb , 

( )m

ku  and 
( )m

k , 11...8, 1i m N= =   ‒ coefficients of boundary functions of 
secondary expansions; ( )kP x , 1 8k =   ‒ fast polynomials [1].  

Expressions for coefficients of boundary functions 
( )i
ka , 

( )i
kb , 

( )m

ku , 
( )m

k  and fast 

polynomials ( )kP x  look like 

( ) ( ) ( ) ( )

( ) ( )

( )

( )

2 3 3

1 2 3 4

4 5 3 3 5 3 3

5 6

6 7 5 3 3 5

7

7 5 3 3

8

1 , , , ,
2 6 3 6 6

7
, ,

24 120 18 45 120 36 360

2
,

720 5040 360 270 945

7

5040 720

x x x x ax x ax
P x P x P x P x

a a a a

x x ax a x x ax a x
P x P x

a a

x x ax a x a x
P x

a

x ax a x
P x

a

    = − = = − − = −    
     

   
= − − + = − +   
   

 
= − − + − 
 

= − +
531

,
2160 15120

a x 
− 

 

                          (25) 
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( ) ( ) ( ) ( ) ( )

( ) ( ) ( )

(4)

1 2 3 4 50 0 0

(4) (6) (6)

6 7 80

, , , , ,

, , , 1..8,

i i i i i

i i i i iх х а х х а х

i i i

i i iх а х х а

a A a A a A a A a A

a A a A a A i

= = = = =

= = =

 = = = = =

= = = =
                                    (26) 

( ) ( ) ( ) ( ) ( )

( ) ( ) ( )

(4)

1 2 3 4 50 0 0

(4) (6) (6)

6 7 80

, , , , ,

, , , 1..8,

i i i i i

i i i i iх х а х х а х

i i i

i i iх а х х а

b B b B b B b B b B

b B b B b B i

= = = = =

= = =

 = = = = =

= = = =
                                     (27) 

( ) ( ) ( ) ( ) ( )

( ) ( ) ( )

(4)

1 2 3 4 50 0 0

(4) (6) (6)

6 7 8 10

, , , , ,

, , , 1... .

m m m m m

m m m m mx x a x x a x

m m m

m m mx a x x a

u u u u u u u u u u

u u u u u u m N

= = = = =

= = =

 = = = = =

= = = =
                            (28) 

( ) ( ) ( ) ( ) ( )

( ) ( ) ( )

(4)

1 2 3 4 50 0 0

(4) (6) (6)

6 7 8 10

, , , , ,

, , , 1... .

m m m m m

m m m m mx x a x x a x

m m m

m m mx a x x a
m N

= = = = =

= = =

  =   =   =   =   = 

 =   =   =  =
                           (29) 

Thus, the boundary value problem (3) – (6) is reduced to the definition 

( )( )1 22 8 8N N+ +  of unknown coefficients 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
1 8 8 8 8 2, , , , 1...8, 1...8 1... , , , , , 1., .. .

i i m m i i m m

k k k k n n n na b u i k m N a b u n N+ + + + = = =  =             (30) 

Values of eight coefficients  
( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )1 1 1 1 2 2 2 2

1 1 2 2 1 1 2 2, , , , , , ,a b a b a b a b ,                                                                                     (31) 

included in (30) are found using the values of the displacement components ( , )U U x y=  and 

( , )V V x y=  at the corner points of the rectangular region (see formulas (21), (26), (27)). 

Considering the approval condition (12), the coefficients (31) are determined by the equalities  
( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )1 1 1 1 2 2 2 2

1 1 2 2 1 1 2 20, sin1.2 , sin sina b a b a b a K ab b K a b= = = = = = =  = − . 

To find the rest ( )( )( )1 22 8 8 8N N+ + −  of the coefficients from (30) we use fast 

trigonometric interpolation, tested in [3–7]. To do this, we substitute ( , )U U x y=  and 

( , )V V x y=  from (19) into differential equations (3), (4) and boundary conditions (5), (6). 

The expressions obtained in this way are not presented in the article because of their 

cumbersomeness.  

From the boundary conditions (5), (6), we obtain linear algebraic equations as follows. 

We divide the interval  0, b  uniformly by points ( )1 17 , 0,1,.., 7sy y sb N s N= = + = +  into 

1 7N +  segments and write down the equations obtained from the boundary conditions (5) by 

substituting ( , )U U x y=  and ( , )V V x y=  from (19) at each internal calculation point 

1, 1,.., 6
s

y y s N= = + . We will have ( )14 6N +  linear algebraic equations. Similarly, we 

divide the interval  0, a  uniformly by points ( )2 27 , 0,1,.., 7sx x sa N s N= = + = +  into 

2 7N +  segments and write down the equations obtained from the boundary conditions (6) by 

substituting ( , )U U x y=  and ( , )V V x y=  from (19) at each internal calculation point 

2, 1,.., 6
s

x x s N= = + . Thus, we will also have ( )24 6N +  linear algebraic equations. 

From differential equations (3), (4) we write linear algebraic equations as follows.  

On the area of the rectangle,    0; , 0;x a y b   we evenly apply a grid  

at 2 8N +  points ( )2 27 , 0,1,.., 7sx x sa N s N= = + = +  and at 1 8N +  points 

( )1 17 , 0,1,.., 7sy y sb N s N= = + = + . To compose a system of linear algebraic equations, 

only internal points are used, which form a grid of ( )( )1 26 6N N+ +  internal points ( ),s sx y . 

Then, when substituting ( , )U U x y=  and ( , )V V x y=  from (19) into equations (3), (4), we 
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write at each calculated point ( ),s sx y . So, we obtain ( )( )1 22 6 6N N+ +  linear algebraic 

equations. As a result, we arrive at a closed system of 

( )( ) ( ) ( )1 2 1 22 6 6 4 6 4 6N N N N+ + + + + +  linear algebraic equations with respect to the 

remaining ( )( )( )1 22 8 8 8N N+ + −  unknowns from (30). This system of equations is solved in 

the Maple environment. After that, the found unknowns (30) are substituted into fast 

expansions (19). Thus, we constructed an approximate analytical solution of the boundary 

value problem (3) – (6).  

The solution of boundary value problems (3), (4), (7) – (10) and (3), (4), (7) – (9), (11) 

differs from the solution described above only by obtaining linear algebraic equations from 

the boundary conditions (7) – (10) and (7) – (9), (11). So, when solving a boundary value 

problem with boundary conditions (7) – (10), coefficients (31) cannot be found in the same 

way as in a problem with conditions (5), (6). Therefore, to determine them, eight additional 

calculation points are required (compared to the solution of the above case). Therefore, we 

divide the interval  0, b  uniformly by points ( )1 18 , 0,1,.., 8sy y sb N s N= = + = +  into 

1 8N +  segments and write down the equations obtained from the boundary conditions (7), (8) 

by substituting ( , )U U x y=  and ( , )V V x y=  from (19) at each internal calculation point 

1, 1,.., 7
s

y y s N= = + . Thus, we have ( )14 7N +  linear algebraic equations. Similarly, we 

divide the interval  0, a  evenly by points ( )2 28 , 0,1,.., 8sx x sa N s N= = + = +  into 2 8N +  

segments and write down the equations obtained from the boundary conditions (9), (10) by 

substituting ( , )U U x y=  and ( , )V V x y=  from (19) at each internal calculation point 

2, 1,.., 7
s

x x s N= = + . We will also have ( )24 7N +  linear algebraic equations. If mixed 

boundary conditions (7) – (9), (11) are given, then we find the values of four coefficients from 

(31) 
( ) ( ) ( ) ( )1 1 1 1

1 1 2 2, , ,a b a b  using the values of the displacement components ( , )U U x y=  and 

( , )V V x y=  at the corner points (0,0)  and ( ,0)a : 
( ) ( ) ( ) ( )1 1 1 1

1 1 2 2 0a b a b= = = = , which allows the 

interval  0, a  to be uniformly divided into 2 7N +  segments by points 

( )2 27 , 0,1,.., 7sx x sa N s N= = + = +  (as in the case of boundary conditions (6)). Thus, to 

find the remaining four unknowns from (31) 
( ) ( ) ( ) ( )2 2 2 2

1 1 2 2, , ,a b a b , we need to divide the interval 

 0, b  (as in the case of boundary conditions (7), (8)) evenly into 1 8N +  segments by points 

( )1 18 , 0,1,.., 8sy y sb N s N= = + = + .  

 

Results and Discussion 

In computational experiments, the number of terms in the Fourier series of the first (19) and 

second (23) fast expansions is assumed to be the same, i.e. 1 2 3N N N= = = . As the material 

of the bar, we choose heavy concrete B30 with the characteristics [24] 
932.5 10 Pа, 0.2E v=  = . Then the Lamé coefficients will be equal to 
9 109.03 10 Pа, 1.35 10 Pа =   =  , and the size of the section will be taken equal to 

610 , 1m, 1 mK a b
−= = = . 

The approximate analytical solution (19) is compared with the exact one (18). The 

relative error of the stress tensor (2), the residual between the Lamé equilibrium equations (3), 

(4) and boundary conditions (5) – (11) was calculated by the formula max 100%f =   , 

where  is the absolute error, maxf  is the maximum value of the object under study.  
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Let us show the residual   of the Lamé equilibrium equations (3) and (4) using 
different boundary conditions in Figs. 1–3. 

 

       
(а)                                                              (b) 

Fig. 1. Residual   of the Lamé equilibrium equations under boundary conditions (5), (6):  
(a) (3), (b) (4) 

 

 
(a)                                                              (b) 

Fig. 2. Residual   of the Lamé equilibrium equations under boundary conditions (7) – (10):  

(a) (3), (b) (4) 

 

         
(а)                                                            (b) 

Fig. 3. Residual   of the Lamé equilibrium equations  
under boundary conditions (7) – (9), (11): а) (3), b) (4) 
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It can be seen from the figures that when boundary conditions (7) – (10) and (7) – (9), 

(11) are specified, the maximum residual max  of the differential equations will be at the point 

( )1; 1 . When boundary conditions (5), (6) are specified, the residual max  of the differential 

equation (3) is also located at the point ( )1; 1 , and max  of the differential equation (4) is in its 

neighborhood on the side 1у = .  

 

Table 1. Relative error max , %  

Object under study 
Used boundary conditions 

(5), (6) (7) – (10) (7) – (9), (11) 

Tensor Components 

stresses 

x x  44.14 10−  
49.87 10−  

31.57 10−  

yy  44.18 10−  
32.19 10−  

35.39 10−  

zz
  43.67 10−  

31.05 10−  
46.42 10−  

x y  43.67 10−  
31.53 10−  

46.42 10−  

Residual DE 
(3) 36.34 10−  

21.94 10−  
21.81 10−  

(4) 33.82 10−  
22.93 10−  

21.96 10−  

Residual BC 

x a
U

=
, 

y b
U

=
 52.58 10−  --- --- 

x a
V

=
, y bV =  105.59 10−  --- --- 

0x
U

=
, 

0x
V

=
  0 --- --- 

0y
U

=
, 0yV =  0 --- 0 

x x
x a=

  --- 31.53 10−  
31.74 10−  

0x x
x=

  --- 43.28 10−  
41.80 10−  

x y
x a=

  --- 31.17 10−  
47.05 10−  

0x y
x=

  --- 31.35 10−  
31.78 10−  

yy y b=
  --- 31.17 10−  

35.50 10−  

0yy y=
  --- 31.38 10−  --- 

x y y b=
  --- 31.29 10−  

46.91 10−  

0x y y=
  --- 42.50 10−  --- 

 

Table 1 lists the values of the maximum relative error max  of the stress tensor 

components, residuals of differential equations (DE), and residuals of boundary conditions 

(BC). It can be seen from the table that when using the boundary conditions of three types  

(1. (5), (6), 2. (7) – (10), 3. (7) – (9), (11)), the solution to the boundary value problem with 

the Dirichlet conditions is found most accurately. Compared with this problem, the accuracy 

of determining the components of the stress tensor and the residual of differential equations in 

two other boundary value problems drops by an order of magnitude. The residual between 

boundary conditions (7) – (10) and (7) – (9), (11) is inferior in accuracy to the residual 

between boundary conditions (5), (6) by more than an order of magnitude. It can also be noted 

that when using any kind of boundary conditions, the components of the stress tensor xx
 , 
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yy , zz
 , xy  are determined by an order of magnitude more accurately than the residuals of 

the Lamé equilibrium equations (3), (4). 
When studying the properties of the stress field in a bar, it is of interest to locate the 

point with the highest value of stress intensity   [25]:  𝜎̃ = √((𝜎𝑥𝑥−𝜎𝑦𝑦)2+(𝜎𝑦𝑦−𝜎𝑧𝑧)2+(𝜎𝑧𝑧−𝜎𝑥𝑥)2+6(𝜏𝑥𝑦)2)2 . 

 

  
(a)                                                            (b) 

 
(c) 

Fig 4. Stress intensity  : (a) 1a b= = , (b) 3, 1 3a b= = , (c) 8, 1 8a b= =  

 

Let us carry out calculations for three boundary value problems. The stress intensity 

profiles   will be the same for all types of boundary conditions. In computational 

experiments, the aspect ratio of the rectangle was chosen in such a way that the cross-

sectional area of the bar remained constant. The stress intensity distribution   is shown in 

Fig. 4. It illustrates that the location of the point with the maximum stress intensity max  is 

affected by the aspect ratio of the rectangle. So, for a square section, the point with the 

maximum stress intensity max  is located on the side 1у =  near the corner point ( );a b   

(Fig. 4(a)), and for a rectangular section max  it is located either at one point or at two points, 

depending on the aspect ratio a b . Thus, at 1 25a b   the maximum stress intensity max  is 

located at one point ( );0a  (Fig. 4(b)), and at 25a b   ‒ at two points (Fig. 4(c)) with 
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coordinates ( );0a  and ( );0.8a b . The minimum value of min 0 =  is at point ( )0;0  regardless 

of the aspect ratio of the rectangle. It can also be concluded from Fig. 4 that among all 

rectangular sections with different overall dimensions (but the same sectional area), the 

smallest value of max  is observed in a bar with a square section. 

 

Conclusions 

In conclusion, we note that the solution of the boundary value problem with the Dirichlet 

conditions is the most accurate of the three considered boundary value problems. Compared 

with this problem, the accuracy of determining the components of the stress tensor and the 

residual of differential equations in two other boundary value problems drops by an order of 

magnitude. The largest residual in the Lamé equilibrium equations is observed in the 
boundary value problem with given stresses on all sides of the rectangle.  

Computational experiments showed that the aspect ratio of the rectangle affects the 

qualitative form of the stress intensity distribution  and, as a result, the location of points 

with the maximum stress intensity max  and their number. At 1a b =  the point with max  is 

located on the side 1у =  near the corner point ( );a b . For 1 25a b   max  it is at one point 

( );0a , and for 25a b   it is at two points with coordinates ( );0a  and ( );0.8a b . The 

minimum value of min 0 =  is at ( )0;0  regardless of the aspect ratio of the rectangle. Among 

all rectangular sections with different overall dimensions, but the same sectional area, the 

smallest value of max  is observed in a bar with a square section. 
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Abstract. Nowadays, produced green energy requires efficient storage, the materials to be used 

must be at unbeatable prices. Lithium and hydrogen are two candidates in several applications 

in the field of renewable energies. The effect of Hydrogen or Lithium on the electronic, 

magnetic and optical properties of cuprous oxide Cu2O has been investigated using the 

projected augmented wave (PAW) based on the density functional theory (DFT) formalism, 

within the generalized gradient approximation (GGA). Different concentrations of hydrogen 

and lithium were taken into consideration. The calculated formation energies indicate that the 

H-Cu2O system is stable for all hydrogen concentrations. The density of electronic states 

calculations show that Cu2O is p-type and it keeps the same type after hydrogen or lithium 

incorporation. The correlation of the obtained results gives us more precision on the physical 

properties of H or Li: Cu2O. 
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Introduction 

The evolution of the performance of innovative batteries has played an important role in the 

energy research community since its beginning. Consequently, it is essential to study excellent 

materials for applications in advanced batteries of electric vehicles, hybrid electric vehicles and 

energy storage. The various materials used in lithium battery electrodes are selected for their 

best performance in cyclability and their high specific capacities. Several studies have been 

made to come out and test the ability to use cuprous oxides as electrodes in lithium  

batteries [1–5]. Several candidates, such as cuprous oxide (Cu2O) with a theoretical capacity of 

375 mA h/g, have attracted more interest due to their high abundance, low production cost and 

nontoxic nature [6–8]. The Cu2O nanostructures with varied morphology, such as cubic, star-

shaped crystalline particles [9] and nanowires [10] have a big impact on the enhancement of 
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nontoxic nature [6–8]. The Cu2O nanostructures with varied morphology, such as cubic, star-
shaped crystalline particles [9] and nanowires [10] have a big impact on the enhancement of 
the specific capacity and the cycling capability for lithium-ion batteries (LIBs) and Hydrogen 
storage. 

Up to now, several scientific efforts have been focused on the study of the physical 
properties of Cu2O and these different applications. The electronic and photocatalytic properties 
of Cu2O with different Mn concentrations and configurations have been investigated by the 
density functional theory (DFT) [11]. The GGA and GGA + U approaches were applied to 
obtain the Cu2O band structures and thermoelectric properties [12]. The examination of the 
halogens doping effects of Cu2O has been reported in the literature [13]; this was done by using 
first-principle calculations of the electronic structures and the optical properties. The effect of 
Li doped Cu2O has been investigated by Nyborg et al. [14,15]. Yifei et al. demonstrated the 
feasibility of the successive “conversion-deposition” mechanism for realizing long-cycle-life 
composite Li anode, thus after insertion of Li ion into Cu2O and deposited in the form of Li 
metal at successive low potential [16]. Cu2O nanowire arrays has been used to provide a new 
strategy to high performance Li metal battery based on 3d conductive skeleton with 
lithiophilic [17]. In the other hand, Xue Zhou et al. proposed a new strategy to protect Cu2O 
hydrogen-substituted graphdiyne [18]. The hydrogenation strategy is employed, also, to 
improve sensing performances of Cu2O [19]. 

In this work, the first principles calculations were used to study the substitutional 
hydrogen and lithium effect on the electronic, magnetic and optical properties of Cu2O. To 
verify the system stability in presence of hydrogen or lithium, we calculated the formation 
energies of different proposed concentrations. In addition, the influence of hydrogen and 
lithium on the physical properties Cu2O is investigated. We also predict and give an easy, low-
cost and scalable strategy to prepare the Cu2O for energy storage. 
 

Method 

We used ab initio total-energy and molecular-dynamics program VASP (Vienna ab initio 
simulation program) developed at the Fakultӓt für Physik of the Universitӓt Wien [20,21].  
For the exchange and correlation energies treatment, we adopted the generalized gradient 
approximation (GGA) [22] with projector-augmented wave (PAW) [21,23] pseudo-potentials. 
Brillouin zone integrals converged with a 450 eV plane-wave cut-off and a 2 × 2 × 2 
Monkhorst-Pack k-point mesh, sufficient to insure the energy convergence for the supercell.  

These calculations showed a discrepancy within 10-7 eV. We relaxed the structure with the 
standard conjugated gradient algorithm. We used the supercell approach to simulate the H or 
Li doped  Cu2O system. The optimized lattice constant of Cu2O is a = 4.14 Å which is in good 
agreement with the experimental value of a = 4.27 Å [24,25] and theoretical values a= 4.18 and 
4.20 Å [26,27].  

In these calculations, we positioned the H and Li atoms at the cation sites (Cu).  
We performed the hydrogen and lithium formation energies calculations on 3 × 3 × 3 supercell 
with 162 atoms (Fig. 1), using the calculated lattice constant with the different concentrations 
in the cell. The supercell size is necessary for a detailed study of many dopant geometric 
structures. For calculations of the electronic properties of H or Li doped Cu2O, we suppose that 
H and Li atoms lead to form a 3 × 3 × 3 supercell with chemical composition Cu2(108-x)HxO54 or 
Cu2(108-x)LixO54 with different atoms of hydrogen or lithium at the substitutional sites. The 
calculations were spin-polarized. 
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Fig 1. Supercell of 3 × 3 × 3 Cu2O lattice with 162 atoms 
 
Optical properties can be determined using the complex dielectric function 

ε(ω)=ε1(ω)+iε2(ω) [28]. The imaginary part of the dielectric function ε2(ω) was calculated from 
the momentum matrix elements between the occupied and unoccupied wave functions [29]: 𝛼(𝜔) = √2 (𝜔𝑐 ) [√𝜀12(𝜔) − 𝜀22(𝜔) − 𝜀1(𝜔)]12.             (1) 

 

Results and discussion 

Structures and formation energies. In order to confirm the stability of the system in the 

presence of hydrogen or lithium, we calculate the formation energies for different 

concentrations of Hydrogen and Lithium in Cu2O. The refs. [30–32] give the formation energy 
for hydrogen in Cu2O as: 𝐸𝑓 = 𝐸Cu2O +𝐻 − 𝐸Cu2O − 𝑛𝐸𝑡𝑜𝑡𝐻 + 𝑛𝐸𝑡𝑜𝑡𝐶𝑢 + 𝑞𝐸𝐹 .            (2) 

The formation energy for lithium in the Cu2O is given by: 𝐸𝑓 = 𝐸Cu2O +𝐿𝑖 − 𝐸Cu2O − 𝑛𝐸𝑡𝑜𝑡𝐿𝑖 + 𝑛𝐸𝑡𝑜𝑡𝐶𝑢 + 𝑞𝐸𝐹 ,             (3) 
where 𝐸Cu2O +𝐻  and 𝐸Cu2O +𝐿𝑖 are the total energy of the supercell with hydrogen and lithium 
respectively; 𝐸Cu2Ois the total energy of the supercell without hydrogen or lithium. The ground 
state total energies, 𝐸𝑡𝑜𝑡𝐻 , 𝐸𝑡𝑜𝑡𝐶𝑢   and 𝐸𝑡𝑜𝑡𝐿𝑖  correspond, respectively, to isolated hydrogen, cuprous 
and lithium atoms;  denotes the number of H or Li atoms introduced in Cu2O system. The last 
term in the formation energy accounts for the fact that H+ or Li+ donates an electron and H- or 
Li- accepts an electron. EF is the Fermi level energy. If the formation energy is negative  
(Ef  < 0), the implantation of the hydrogen or lithium atom into the Cu2O lattice is energetically 
favorable. 

In the Fig. 2(a), we present the variation of the calculated formation energies with the 

hydrogen concentration. We can see that all calculated formation energies are negative which 

indicate the stability of Cu2O in presence of hydrogen. Figure 2(b) shows the formation energy 
values for different Li concentrations. The formation energies of the first two lithium 
concentrations are positive. Thus, the system is not stable, which is probably due to the possible 
formation of Li2O, this case is reported in the literature [33]. Beyond the two first 
concentrations, the values of all formation energies become negative and decrease in a linear 
way with a low slope, this state is more stable and opens the possible feasibility to the 
experimentation of Li: Cu2O [34]. 
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Fig. 2. Formation energy variation with Hydrogen (a) and Lithium(b) concentration 
 

Table 1. System energies, bond lengths (Å), band-gaps and Fermi levels energies in the 
undoped, H and Li-doped Cu2O systems calculated using GGA-PBE  

System Energies Eg(eV) EF(eV) Cu-Cu Cu-O Cu-dopant O-dopant 
Undoped -739.09 0.55 3.236 2.931 1.794 - - 

1H -741.67 0.42 2.177 3.037 1.86 2.678 1.198 
2H -741.85 0.32 2.232 3.022 1.865 2.82 1.097 
3H -742.09 0.32 2.299 3.126 1.864 2.697 1.195 
4H -742.26 0.43 2.283 3.003 1.858 2.557 1.078 
5H -742.34 0.43 2.312 3.004 1.873 2.663 1.049 
6H -742.66 0.43 2.302 3.006 1.856 2.521 1.054 
7H -742.8 0.43 2.296 3.009 1.864 2.512 1.046 
8H -742.95 0.43 2.392 3.005 1.848 2.505 1.062 
1Li -726.98 0.66 3.355 2.915 1.785 2.872 1.658 
2Li -727.32 0.66 3.356 2.918 1.787 2.863 1.673 
3Li -742.53 0.42 2.139 3.039 1.857 3.015 1.797 
4Li -742.54 0.52 2.219 3.002 1.861 2.981 1.741 
5Li -742.83 0.52 2.232 3.025 1.86 3.01 1.744 
6Li -743.09 0.52 2.135 2.995 1.848 2.972 1.74 
7Li -743.44 0.52 2.138 3.037 1.863 2.991 1.749 
8Li -743.74 0.52 2.104 3.006 1.86 2.992 1.749 
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Fig. 3. Lattice parameter variation with Hydrogen (a) and Lithium (b) concentrations 



Ab initio study of Hydrogen and Lithium behaviors in Cu2O   176 
 

Magnetic and electronic properties. From the densities of states (see Figs. 4 and 5), we 
note that, for all concentrations (of H or Li), the difference between the majority and minority 
densities of states near the Fermi energy is equal to zero. This indicates that the presence of 
substitutional hydrogen or lithium does not generate a magnetic moment order in Cu2O.  The 
calculated band gap of undoped Cu2O is about 0.55 eV, which is smaller than the experimental 
value (2.17 eV) [35] but it agrees well with the previous theoretical value reported in literature 
(0.6 eV [36,37], 0.64 eV [38] and 0.7 eV [39]. 

The density of states (DOS) for Cu2O is calculated in order to understand the electronic 
structure and nature of the band edge wave functions (see Fig. 6). The projected DOS clearly 
shows significant p-d (O-2p and Cu-3d) hybridization below Fermi level, with Cu-3d bands 
dominating the valence and the conduction band edge. From this, it is clear that the interaction 
between metal-metal, which is controlled by the interatomic distances Cu-Cu, defined the band 
gap energy.  

The calculated band gap energies for different concentrations of dopants in Cu2O are 
shown in Fig. 7. The decrease in energy values of the Fermi level indicates that the doped 
system is a degenerate p-type semiconductor, as seen in Table 1. The total and partial DOS of 
H-1s, Li-2s, O-2p and Cu-3d states are plotted in Figs. 8 and 9(b,c). The dopant contribution to 
the calculated DOS is at low energy level, no dopants bands in the top VB or in the bottom of 
CB are observed, where the band edge of doped Cu2O have the same features as pure system. 
For H-doping, the sharp peak at -5.5 eV corresponds to the fully symmetric orbital of the 
hydrogen multicenter bond in Cu2O [40]. Clearly, it shows strong localized energy bands, which 
is from O-2p, Cu-4s and H-1s states. The sharp peak at -2 eV shows strong coupling between 
Cu-3d and H-1s states. Moreover, the states close to the VBM (-2 to 0 eV) are dominated by 
Cu-3d and O-2p hybrid orbitals. Beyond the CBM, the Cu and H bands are resonant and 
strongly mix with the host CB states. For Li-doping, the sharp peaks at -6.5 show strong 
localized energy bands from O-2p states and Li-2s states without the presence of the Li-2s bands 
near Fermi level and contribution of Cu-4s orbitals considering the H-doping system. The 
energy bands of the doped system are deeper than that of the undoped system. It can be 
explained by the strong bonding of substitution atoms with their neighbors compared to Cu 
atoms. They are further stabilized systems as showing the lower energetic values (see Table 1).  

It is known that in the case of doping, the filling effect of the band edge near the Fermi 
level cannot be ignored. In this context, we analyzed the charge transfer based on Bader’s 
theory. The absolute value of charge transfer of undoped and doped Cu2O is shown in Fig. 10, 
which characterizes the ability of atoms to gain and lose electrons. In the case of an undoped 
system, the cation Cu atom loses electrons and the anion O atom gains electrons. In doped 
systems, H atoms are considered donors because they undergo negative charge transfer. 
Therefore, it is slightly changed compared to an undoped system where O atoms receive charges 
from Cu and H atoms. The charge loss of Cu in the H-doped system is slightly less than that of 
the undoped system. This shows that the sharing of charge between H+ and O atoms results in 
the formation of a typical H-O covalent bond, which leads to a decrease in the electronegativity 
of the O atom and an increase in the strength of the copper-copper covalent bond. This reduces 
the ionicity of the Cu-O bond and clarifies the peak intensity in DOS. Due to the reduced 
hybridization between Cu and O atoms, the peak intensity after doping is very weak. In addition, 
we can see that despite the covalent increase due to the O-H bond, the band gap shrinkage rate 
is limited to 0.32 eV, with no significant changes in structural distortion and electronic 
structure.  

For Li-doped Cu2O, we can see that 1Li and 2Li doping increase the band gap. This can 
be explained by reducing the copper spacing, which increases the Cu-3d band overlap, as listed 
in Table 1. For the charge transfer from the cation to the anion atom, there is no significant 
change compared to the undoped system. However, as shown in Table 1, due to the increase in 
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ion characteristics, 3-8Li doping reduces the band gap less than the H doping case. We can see 
that there is no important modification in the band gap value in the case of high concentration 
Li-doping, this result agree with previous work [14]. It can be seen that the band gap changes 
of the two dopants are the result of the simultaneous filling effects: the Cu-3d band and the 
orbital-lattice coupling.  
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Fig. 4. Calculated density of states of H-Cu2O for different concentrations of hydrogen. 
Dashed line is the Fermi level EF 
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Fig. 5. Calculated density of states of Li-Cu2O for different concentrations of lithium. Dashed 

lines is the Fermi level EF 
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Fig. 7. Calculated bandgap variation with hydrogen (a) and lithium (b) concentrations 
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Fig. 8. Calculated density of states of 1H-Cu2O, (a) Total DOS; (b) Partial DOS for Cu; 
 (c) Partial DOS for H. (d) Partial DOS for O. Dashed line is the Fermi level EF 
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Fig. 9. Calculated density of states of 1Li-Cu2O, (a) Total DOS; (b) Partial DOS for Cu;   
(c) Partial DOS for Li. (d) Partial DOS for O. Dashed line is the Fermi level EF 
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(a) 

 

 
(b) 

 
Fig. 10. Average atomic Bader charges (|e|) on undoped (a), H- and Li-doped (b) Cu2O 

 
Optical properties 
The Cuprous oxide Cu2O is a material with a low absorption coefficient which means more 
transmitted light and a promising p-type TCO, but its optical transmittance in the visible 
spectrum is limited by its relatively low band gap (2.17 eV) [35]. In this paper, we aim at 
increasing this value with different concentration of hydrogen or lithium.  

In Fig. 11, we present the absorption coefficients (in order of 105 cm-1) versus the 
wavelength (nm) of all configurations of H-doped Cu2O compared to the pure one in the visible 
light region (400-900 nm) and UV region (250-400 nm). The absorption coefficient of pure 
Cu2O can be separated in two regions. The first region, between 250 and 400 nm, where α 
decreases from 1.815×105 cm-1 to 0.91×105 cm-1 and the second one (400-900 nm) in which the 
absorbance continues to decrease to 0.09×105, which is in agreement with experimental 
results [41,42]. The incorporation of hydrogen decreases the absorbance of pure Cu2O in the 
two regions. Additionally, the absorbance is significantly decreased in the visible region for 
low concentration of hydrogen into Cu2O; while for the high concentration, the absorbance is 
almost zero in the 400–900 nm region. We remark a small peak at 650 nm when we doped with 
H, which is largely influenced by decreasing doping levels. The presence of hydrogen atoms 
increases the transmittance of Cu2O.  
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Fig. 11. The variation of the absorption coefficient of l, 2, 3, 4, 5, 6, 7 and 8 H implanted in 

Cu2O compared with pure one 
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Fig. 12. The variation of the absorption coefficient of l, 2, 3, 4, 5, 6, 7 and 8 Li inserted in 
Cu2O compared with pure one 

 
Figure 12 shows the absorption coefficient versus the wavelength (nm) of all 

configurations of Li-doped Cu2O compared to the pure one in the visible and UV region. A 
small change was observed between different concentrations when the Li atom is inserted in 
the pure Cu2O. We remark, in the visible region, the presence of two peaks (at 550 and 800 nm) 
observed in the low concentration of Lithium (1 and 2 atoms) and one peak (at 650 nm) in the 
high concentration. One notes that with the incorporation of 1 or 2 atoms of Lithium, the 
absorbance of pure Cu2O increases in the 250-300 nm region and decreases in the rest of the 
UV region. The study of Nyborg & al. found that there is an increase of absorption in the case 
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of Li doping in Cu2O [14]. Moreover, in the visible region, the absorbance increases when the 
concentration of Lithium insertion decreases.  

 
Conclusion 
In this study, the electronic, magnetic and optical properties are obtained for Cu2O with 

hydrogen and lithium. The physical properties of Cu2O change depending on the concentrations 

and the inserted element. The optimized lattice constant of Cu2O is in good agreement with 

experimental value. The calculated formation energy of different concentrations of H or Li is 

negative, indicating the stability of the system. The H atom is tightly bound to the adjacent O 

ion through the O-H bond. The Cu-Li and O-Li bond lengths are slightly reduced. The presence 

of replacement hydrogen or lithium will not produce a magnetic moment sequence in Cu2O. 

Moreover, according to the Fermi level energies the doping system is a degenerate p-type 

semiconductor. The metal-metal interaction governs the valence and conduction band edges, 

where the strength of a covalent bond Cu-Cu increased with doping that decreased the band gap 

energy. For low lithium doping, the optical properties of Cu2O are improved in the visible light 

range. On the other hand, when hydrogen is introduced into the Cu2O structure, its absorbance 

in the visible light region will sharply increase. This material (H- or Li-Cu2O) can open several 

technical leaflets in terms of solar energy conversion and electricity storage and/or hydrogen 

production and/or storage and other applications. 
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