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1. Introduction

The surface hardening is one of the effective ways to in-
crease the wear resistance of parts in modern production due 
to changes in the chemical composition, modification, as well 
as changes in the surface microrelief and the structure of the 
surface layer. Given that a large number of machine parts work 
in extreme conditions, traditional surface hardening methods 
often do not allow getting the required qualitative indicators 
that fully meet the operation conditions. Moreover, the use of 
high-strength materials is often economically unprofitable.

Laser or plasma surface treatment is used to solve these 
problems in production processes. It should be noted that 
the laser surface hardening technology allows treating com-
plex shaped parts with minimal zones of thermal influence 
in comparison with traditional processes (induction, flame 
and bulk hardening) [1–3]. Currently, laser surface hard-
ening is successfully used to improve the wear resistance of 
responsible parts [4]. It is known that the combined method 
of surface-plastic deformation (SPD) is carried out after 
laser heat treatment (LHT) under a separate scheme at am-
bient temperature. In contrast to the combined method, the 
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hybrid method of thermo-deformation surface hardening is 
realized under a combined scheme when the heated surface 
is subjected to the SPD during cooling. The combination 
of certain types of surface hardening allows getting a much 
greater effect in improving wear resistance, reliability and 
durability of products. The prediction of the advantages 
and disadvantages of combined/hybrid methods of surface 
hardening are the basis for choosing the most effective one.

Thereby, the development of new surface hardening 
methods of metallic products with the use of combined and 
hybrid energy sources becomes especially relevant. 

2. Literature review and problem statement

In the study [5], the shot-peening of the surface layer of 
X5CrNiCuNb 16‑4 steel using a CO2 laser after the LHT has 
been used. The results showed that the microhardness of the 
near-surface layer increased from 580 HV to 913 HV after 
deformation action. Herewith, the magnitude of the com-
pressive residual macrostresses reached –600...1000 MPa. 
Another technological solution is the use of plasma-carburiz-
ing in combination with shot-peening [6] or deep-rolling [7]. 
It should be noted that the use of deep-rolling (Ra~0.1 μm) 
as finishing treatment [6] can significantly improve the sur-
face roughness compared to the shot-peening (Ra~1.7 μm) 
[7]. The use of shot-peening allows processing of complex 
shaped metallic parts, which can not always be processed 
with deep-rolling. However, these methods do not allow 
getting the desired surface roughness.

Unlike the combined treatment, the hybrid treatment 
consists in using the thermal energy of the laser beam (plas-
ma arc) and the mechanical energy of the deformation tool. 
It is known that there is a more intense grain refinement and 
an increase in the defect density in the structure when using 
the hybrid thermo-deformation hardening of AISI 1045 steel 
by a continuous CO2 laser and deforming tool in the form of 
a roller. Herewith, the compressive residual macrostresses 
are formed (–400...500 MPa) in the surface layer [8]. As a re-
sult, the fatigue strength and the wear resistance of the hard-
ened layer increased by 30...80% and 10 times, respectively, 
compared to the initial state. Additionally, in comparison 
with the untreated surface, surface roughness decreases al-
most twice after the hybrid thermal-deformation treatment 
[9]. Nevertheless, it should be noted that the use of roller as 
the deforming tool does not allow the implementation of the 
SPD of complex profile parts.

Combined and hybrid methods of laser/plasma surface 
hardening using the SPD with the energy of ultrasonic 
oscillations are more promising. The combination of laser 
high-speed heating of materials combined with ultrasonic 
impact treatment (UIT) can be implemented in a different 
technological sequence, which affects the final outcome of 
treatment. Currently, combined thermo-deformation hard-
ening is carried out using both mono-pin [10] and multi-pin 
[11] ultrasonic tools, depending on the type of the treated 
surface. In particular, the ultrasonic burnishing process 
is commonly used to treat the cylindrical surfaces. In this 
case, the hardened layer is characterized by both high hard-
ness (~650 HV) and low surface roughness (Ra~0.15 μm) 
[10]. In the work [11], the realization possibilities of the 
combined laser-ultrasonic hardening of flat-shaped parts 
using a high-power fiber laser and multi-pin ultrasonic tool 
have been shown. The results confirmed that the combined 

LHT+UIT increases the wear resistance of the hardened 
layer at least two times due to the formation of a fine-grained 
structure with high hardness [12] and microrelief with low 
roughness [13].

In the application of LHT combined with UIT of the 
surface that is not cooled, the formation of martensite occurs 
from pre-plastically deformed austenite, which inherited the 
dislocation and structural arrangement [14]. As a result, 
the dispersion of the structural components, the density of 
dislocations, the strength and hardness of the surface layer 
increase. Futhermore, the compressive residual stresses and 
microrelief on the surface are formed after the UIT pro-
cess. In comparison with the LHT+SPD, the preliminary 
SPD before the laser [15] or plasma [16] treatment allows 
preparing the structure for high-temperature processing, in-
creasing the depth and microhardness of the hardened layer 
compared to the separate thermal treatment.

Thus, laser-deformation surface treatment of steels can 
be realized on different stages of the temperature-time cycle 
of cooling of the treated surface. In particular, in conditions 
of high-temperature, medium-temperature and low-tem-
perature deformation (hybrid treatment) or in conditions of 
deformation at ambient temperature (combined treatment).

3. The aim and objectives of the study

The aim of this work is to determine the beginning tem-
perature of intense SPD in the cooling process of the surface 
heated by a scanning laser beam. This will make it possible 
to implement the surface hardening and finishing of metallic 
products by hybrid laser-ultrasonic treatment.

To achieve the aim, let us consider the following objec-
tives:

– to determine the heating temperature range of the 
treated surface by the scanning laser beam without melt-
ing and to calculate the critical points of structural-phase 
transformations in the LHT of AISI 1045 steel using the 
thermo-kinetic model;

– to compare the results of experimental studies of the 
surface heating temperature measured by a pyrometer with 
the determined magnitude of the heating temperature using 
the thermo-physical model of the LHT, as well as to estimate 
the deformation heating in the UIT;

– to conduct a comparative analysis of surface roughness 
and microhardness of the surface layer after the LHT, UIT, 
combined and hybrid LHT+UIT.

4. Materials and methods of the study

4. 1. Material and description of applied surface treat-
ments

The studies were carried out on flat specimens 20 mm 
in thickness of AISI 1045 steel. Preliminary, the specimens 
were annealed and polished.

The LHT of the specimens was carried out using a 
milling center with computer numerical control (CNC), 
a fiber laser, a scanner and a temperature control system  
[17, 18]. A detailed description of the equipment used is given 
in [11–13]. The LHT was conducted in the following re-
gimes: heating temperature of 900...1,300 °C, LHT speed of 
40...140 mm/min, scanning speed of 1,000 mm/s, scanning 
width of 10 mm [11].
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Preliminary, the analysis of the LHT was carried out 
using the diagrams of heating/cooling cycles of AISI 1045 
steel and state diagram of Fe-C. Moreover, the calculation 
of temperature critical points of structural-phase transfor-
mations of the investigated steel was carried out using the 
thermo-kinetic model [1]. The thermo‑physical model [19] 
was used to assess/verify the temperature gradient with the 
experimental data, which were measured by the pyrometer.

The thermo-deformation hardening of the specimens was 
carried out using both combined and hybrid treatment. The 
hybrid treatment scheme is shown in Fig. 1. The processed 
specimen is simultaneously heated by the scanning laser 
beam of dimensions bsc×lsc with maintaining a constant 
temperature determined in real time by the pyrometer and 
deformed by a dynamic tool located at a distance of l. The 
distance between the spots of the thermal and deformation 
tools depends primarily on the shape of the laser beam and 
the design of the deforming tool, as well as on the properties 
of the treated steel and the regimes of LHT and UIT.

The UIT was performed using a CNC machine, an ul-
trasonic generator and an ultrasonic vibration system that 
contained a piezoceramic transducer, a waveguide horn 
and a multi-pin impact head [11, 20, 21]. The UIT regimes: 
the amplitude and frequency of ultrasonic horn are 18 μm 
and 21.6 kHz, respectively, the static load of the ultrasonic 
tool is 50 N and the rotational speed of the impact head is 
79 rpm.

4. 2. Thermo-kinetic model of laser heat treatment
To determine the complete austenization temperature 

range (Т>AC1/AC3) and the beginning and end temperature 
of the martensitic transformation, the following experimen-
tal models were used [1, 22]:

3

2

910 370C 27.4Mn

27.3Si 6.35Cr 32.7Ni ... 60.2V ,
CA = − − −

− − − + − 		  (1)

561 474C 33Mn 17.7Ni

12.1Cr 7.5Mo 10Co 705Si,
sM = + − − −

− − + − 		  (2)

215,f sM M= − 		  (3)

where AC3, Ms, Mf are the temperature critical points of 
structural-phase transformations of steels, °С; С, Mn, Cr, Si, 
Ni, V,… is the chemical composition of the material, %.

4. 3. Thermo-physical model of laser heat treatment
For modeling the LHT process by the scanning laser 

beam (Fig. 2) and estimating the temperature distribution 
Т(x, y, z, t) in the depth and on the surface of the specimen, 
a three-dimensional nonlinear heat equation [19, 22–24] 
was used:

,
T T T T

c
t x x y y z z

 ∂ ∂ ∂ ∂ ∂ ∂ ∂   ρ = λ + λ + λ       ∂ ∂ ∂ ∂ ∂ ∂ ∂ 
	 (4)

where Т is the surface temperature of the specimen material at 
a coordinate point (x, y, z) at the time t∈(0, Тk); ρ is the densi-
ty of the specimen material, kg/m3; с(Т) is the coefficient of 
heat capacity of the specimen material, J/kg·°C; λ(Т) is the 
coefficient of thermal conductivity of the specimen material, 

W/m·°С; l, b, h are the length, width and height 
of the specimen, respectively, cm.

Fig. 2. Scheme of the LHT by scanning laser 
beam

Numerical simulation of temperature distri-
bution on the processed specimen was realized 
according to the formula (4) by the finite differ-
ence method with the following boundary condi-
tions. In particular, at the moment of time (t=0), 
the initial specimen temperature is equal to 
the ambient temperature of 0 20sT =  °C, and the 

initial state of the specimen was described 0( , , ,0) .sT x y z T=   
Herewith, the boundary condition on the treatment surface in 
the zone of laser radiation was described [19]:

( , ,0, )
( , , ) 0,lb

T x y t
W x y t

z
∂

λ + =
∂

		  (5)

where the right-hand side of equation (5) represents the 
heat flux (Wlb), which is perpendicular to the laser scanning 
direction (W/m2).

In this model, the boundary conditions of the laser beam 
were considered in the form of a rectangular shape of the 
action zone (1×0.1 cm) (Fig. 2), which has a uniform distri-
bution of the radiation power density Wlb:

	  (6)

where А is the absorption coefficient of the surface, P is the 
laser power, W; hlb is the width of the laser beam (1 сm), llb is 
the length of the laser beam (0.1 сm).

In the calculations, the following thermo-physical char-
acteristics of AISI 1045 steel were used: ρ=7,800 kg/m3, 

 

Fig. 1. Design scheme of hybrid LHT+UIT: I – the austenite formation 
zone (high-temperature zone), II – the austenite decomposition zone, 

III – the medium-temperature deformation zone, IV – the low-temperature 
deformation zone (martensite formation zone), V – the zone of LHT+UIT

 

/ ,lb lb lbW AP h l=
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с=473 J/kg·°C, λ=50 W/m·°C, α=2.3·10−5 m2/s, T0=20 °C, 
А=0.8. The evaluation of the temperature gradients both on 
the surface and in the depth of the bulk specimen was carried 
out by means of the finite difference method using the soft-
ware developed [19]. At a heating temperature (1,200 °C) 
of AISI 1045 steel, the average calculated laser power was  
680, 690, 730 W at a specimen feed rate of 0.06, 0.15,  
0.23 cm/s, respectively.

4. 4. Determination of temperature in ultrasonic im-
pact treatment

An approximate solution of the plane thermo-elasticity 
problem [25] was used for the analysis of the UIT at the 
contact of multi-pin impact head (AISI 52100 steel) with the 
treated surface (AISI 1045 steel) (Fig. 3).

Fig. 3. Scheme of UIT by multi-pin impact head

Herewith, the deformation heating distribution ΔТ(z) of 
the surface layer in the specimen depth was estimated tak-
ing into account the Peclet criteria, which characterize the 
ratio of the total amount of heat that occurs at the moment 
of the impact loading by the pins of the metallic surface at 
depth z [25]:

( ) ( )2( ) 2 / exp / 4 / 2 ,us us usf y z z erfc z= π τ − τ − ⋅ τ

0 0(1 ) ,ust sPe K Pe K Pe± = ± −

0 ( / ( )),

2 / , 2 / ,
ust

ust ust s ust

c s s c ust s

K Pe

d Pe d

= λ λ + λ =
= ρ α = ρ α

where Реust, Реs are the Peclet criteria for the ultrasonic tool 
and the specimen, 0

ustT  and 0
sT  is the initial temperature of 

the pins and the specimen, °С; ρust and ρs is the density of the 
pins material and the specimen, kg/m3; dc is the diameter of 
the contact area, m; τus is the duration of UIT (s), which was 
determined according to the formula τus=dc/S.

5. Results of the research of the beginning temperature 
determination of intense SPD

The following equation (1)–(3) was used to determine the 
temperature critical points of structural-phase transforma- 
tions (AC1=712 °C, AC3=784 °C, Ar1=603 °C, Ar3=710 °C, Ms= 
=358 °C, Mf=243 °C). The calculated temperature critical 
points of structural-phase transformations of AISI 1045 steel  

allowed preliminary to predict the heating temperature 
range of the surface layer by the scanning laser beam at LHT 
speeds of 50...150 mm/min (Fig. 4), avoiding melting.

 
 
 
 
 
 
 
 
 
 
 

a  

b 
Fig. 4. Temperature range of critical points change of  

AISI 1045 steel: a – the formation of austenite;  
b – the formation of martensite with temperature distribution in 

the specimen depth at the LHT speed of 90 mm/min

The calculations of the temperature gradients both 
on the surface and in the specimen depth were carried 
out using special software by the finite difference meth-
od [19, 22, 23]. The calculated magnitude of the laser beam 
power was approximately 690 W at the heating tem-
perature of 1,200 °C and the LHT speed of 90 mm/min  

(Fig. 5). Herewith, the calculated power density was in the 
range of 103...104 W/cm2 with the laser exposure duration 
of ~0.5 s, which provided surface thermal hardening with-
out surface melting. Fig. 4, b shows that the determined 
magnitude of temperature on the treated surface correlates 
well with the temperature measured by the laser pyrometer  
(Fig. 5), which beam was focused in the center of the laser 
track. Moreover, Fig. 5 shows that higher laser power should 
be provided at the beginning of the LHT. Almost constant 
laser power in the intermediate zone of the laser track is ob-
served after reaching the required temperature on the treat-
ed surface. The laser power decreases when the laser beam 
reaches the edge of the treated surface (Fig. 5, point B).

Thus, the used process of measuring and controlling the 
heating temperature in the laser beam area is sufficiently 
accurate. On the other hand, the magnitudes of the laser 
beam power obtained in the LHT by maintaining a constant 
temperature allow estimating the amount of laser beam en-
ergy consumed to achieve the required heating temperature.

Herewith, it was found that the laser power increases 
proportionally with the increase in the feed rate of the treat-
ed specimen (Fig. 6, a). The hardening depth and microhard-
ness of the surface layer grow with increasing heating tem-
perature (Fig. 6, b). In particular, the depth of the hardened 

 

( ){ }0 0 0
0
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layer is 350...450 μm at a heating temperature of 1,300 °C 
and the specimen feed rate of 40...90 mm/min. Despite the 
high hardness in the near-surface layer (~900 HV), melting 
zones and cracks were not found in it. However, a further 
increase in temperature can lead not only to an increase 
in the hardening depth, but also a decrease in the surface 
hardness and the melting of the microasperities peaks of the 
treated surface, which is not permissible in the manufacture 
of end products.

 
 
 
 
 
 
 
 
 
 
 
а  

b 
Fig. 6. Effects of heating temperature and LHT speed on:  

a – the change of laser power; b – the change in  
the hardening depth and microhardness of  

the surface layer

Thus, the above obtained results of experimental and 
theoretical studies allowed narrowing the range of optimum 
LHT regimes using the fiber laser and scanner.

The surface temperature in the UIT was determined to 
implement the combined or hybrid laser-ultrasonic hard-
ening and finishing process. The results of the calculation 
according to formulas (7) allowed both calculating the 
temperature distribution along the depth of the specimen 

and estimating the deformation heating temperature on the 
treated surface, which was ~40 °С (Fig. 7).

Thus, the additional deformation heating of the surface 
by the tip is ~50 °C in the UIT with a multi-tip impact head 
allows expanding the temperature range of the hybrid ther-
mo-deformation hardening and finishing.

In Fig. 8, the results of temperature distribution on the 
specimen surface from time, when carbon steel AISI 1045 
was hardened by the scanning laser beam, based on exper-

imental data of temperature change 
from time by means of measuring 
the heating (cooling) temperature 
by the pyrometer is given. In this 
case, the zone of deformation action 
was finally determined taking into 
account theoretical calculations of 
the magnitude of the beginning and 
end temperature of the martensitic 
transformation during the specimen 
cooling.

The deformation treatment of 
large-sized surfaces of products by 
the multi-pin ultrasonic tool heated 
by the scanning laser beam provides 

a high specific number of impacts at different cooling tem-
peratures. In particular, applying the extreme working sur-
face of the multi-pin ultrasonic tool at a cooling temperature 
in the range of 400...550 °C (Fig. 8, point O) will contribute 
to the change in the structural components in a still heated 
state of the surface layers after the preliminary laser heating 
[8, 19] and simultaneous improvement of the parameters 
of the surface microrelief [9]. Additionally, the start of the 
martensitic transformation is slowed down by about 2...3 s 
due to the deformation heating of the surface ~50...100 °C.

Fig. 7. Temperature distribution in the specimen depth in UIT 
of AISI 1045 steel 

It should be noted that at a large distance between the 
laser beam and the ultrasonic tool, applying the hybrid la-
ser-ultrasonic treatment is inappropriate because of interme-
diate deformation of the treated surface before martensitic 
transformation. To reduce the distance between the laser 
beam and the ultrasonic tool, it is necessary to install a scan-
ner in the hand of the robot, which will allow focusing the 
laser beam at a slight angle (6...12°) to the treated surface, 
providing a distance of 8...10 mm. This distance corresponds 
to a cooling temperature of ~500 °C between the extreme 
working surfaces of the pin and the laser beam.

The results of experimental studies have established that 
hybrid treatment provides the greatest microhardness of 
the surface layer (Fig. 9) and the lowest surface roughness  

 

Fig. 5. Variation the laser power at a heating temperature of 1,200 °C and specimen 
feed rate of 90 mm/min
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(Fig. 10). However, it was found that a surface profile with 
a larger surface wavelength is formed after the hybrid treat-
ment (Fig. 9) due to the intense plastic deformation of the 
surface in a still heated state.

Fig. 9. Microhardness distribution in the depth of the surface 
layer of AISI 1045 steel after LHT, UIT, combined and hybrid 

LHT+UIT 

In comparison with the initial state, the hybrid laser-ul-
trasonic treatment allowed increasing the surface hardness 
more than 3 times and reducing the roughness parameter Ra 
approximately 3 times (Fig. 9, 10). Herewith, the hardening 
is deeper compared to the combined treatment.

Furthermore, in contrast to the combined treatment, 
the hybrid laser-ultrasonic treatment provides a more even 
microhardness distribution in the near-surface layer (Fig. 9).

6. Discussion of surface hardening 
and finishing of metallic products 

by hybrid LHT+UIT 

It should be noted that the iden-
tified critical points of austenite and 
martensite formation temperature at 
the heating/cooling stage of the hy-
po-eutectoid steel by the laser beam 
(Fig. 4) correlate well with the known 
works [1, 22]. As a consequence, this 
allows reducing the range of optimum 
LHT regimes using the fiber laser and 
scanning optics, providing high hard-
ness and required hardening depth of 
the surface layer (Fig. 6, b).

Moreover, the previous theo-
retical and experimental studies of 
the temperature gradient separate-
ly both for the LHT and the UIT  

(Fig. 4, 7, 8) allowed determining the magnitude of the 
cooling temperature and the distance from the center of 
the laser beam to the point of applying the deformation 
tool. The determined magnitudes are in good agreement 
with the work [19], where the authors implement the hybrid 
thermo-deformation method of surface hardening of AISI 
1045 steel using the CO2 laser and roller.

The results of experimental studies have confirmed that 
in comparison with the applied methods of surface harden-
ing, the lower surface roughness and the highest hardness 
of the treated surface are after the hybrid laser-ultrasonic 
treatment. Moreover, it should be noted that the rough-
ness parameter Ra is smaller after the hybrid LHT+UIT  
(Ra~0.2 μm) than after the hybrid thermo-deformation 
hardening process using a Nd:YAG laser and roller (Ra 
0.5...1 μm) [9]. Herewith, the magnitudes of the surface 
hardness and the hardening depth of the surface layer are 
twice as much after the proposed hybrid LHT+UIT method.

Thus, the use of ultrafast laser heating and cooling of 
materials combined with the SPD process by the multi-pin ul-
trasonic tip will allow the formation of hardening layers with 
fine-grained structures and guaranteed residual compressive 
macrostresses [12]. This allows increasing the operational 
properties of the responsible large-sized parts, which work in 
extreme conditions.

It should be noted that in comparison 
with the hybrid treatment, the combined 
laser-ultrasonic treatment can successfully 
be used both for treatment of small-sized and 
large-sized parts, especially of the complex 
profile. On the other hand, the implementa-
tion of the proposed hybrid laser-ultrasonic 
process of hardening and finishing of me-
tallic large-sized products in manufacturing 
requires additional costs in the first stage of 
technology application.

The determination of the influence of the 
beginning temperature of deformation hard-
ening depending on the type of the treated 
material is planned in more detail in order to 
apply the hybrid LHT+UIT in manufactur-
ing. Additionally, it is necessary to conduct 
a study of microstructural patterns and their 
impact on the operational properties.

 
Fig. 8. Calculation-experimental dependence of the heating and cooling surface 

temperature of AISI 1045 steel on time in the LHT with the deformation action zone: 
A – austenization, B – homonization, C – quenching and SPD, О – extreme point of 

the working surface of deformation tool

 

Fig. 10. Surface roughness and wavelength of AISI 1045 steel in the initial 
state and after LHT, UIT, combined and hybrid LHT+UIT 
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7. Conclusions

1. The austenization temperature range (1,050... 
1,350 °C) at different speeds (50...150 mm/min) of LHT 
without surface melting by the scanning laser beam, as 
well as the beginning temperature of the martensitic 
transformation (~360 °C) during the specimen cooling 
were determined.

2. It is shown that the determined magnitude of tem-
perature on the specimen surface of AISI 1045 steel by 
means of the thermo-physical model correlates well with 
the heating temperature (1,200 °C) measured by the py-
rometer. The beginning temperature (400...550 °C) of the 
intense SPD of steel products and the application distance  
(8...10 mm) of the multi-pin ultrasonic tool during the spec-
imen cooling were determined.

3. It was found that the proposed hybrid LHT+UIT 
allowed increasing the microhardness of surface layers 
more than 3 times and reducing the roughness parameter 
Ra approximately 3 times compared to the initial state, 
provided favorable conditions to trap oil on the product 
surface.
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