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Abstract. Peculiarities of steel matrix seturation by elements of non-metallic inclusions during different regimes of laser action were 
investigated. It was shown the role of that process in the formation of local structure of steel matrix near non-metallic inclusions. That allow 
to realize possibility of transformation of non-metallic inclusions how sources of inside alloying of steel matrix. It was fixed that in local 
areas of steel matrix liquational strengthened zones were formed. They represent different types of composite layers: gradiental zones with 
cascade and “spot” distribution of elements and nanohardness, dispercal zones with different types of strengthening micro- and nanophases, 
“tunnel” zones, and also zones with combine structure. It was shown role of non-metallic inclusions in development of microheterogeneous 
strengchening of steels under laser treatment. 
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1. Introduction 
Steels contain non-metallic inclusions which influence on the 
character of strengthening  during lazer quenching. In process of 
laser treatment non-metallic inclusions are fully or partly melted 
down or are remained hard [1]. In spite of short-term treatment 
energy of laser ray turns out  sufficient for melting of the high-
melting  and low-melting  inclusions, and also for the development 
of mass transfer processes which lead to enrichment of steel matrix 
by the elements of inclusions and also transfer of matrix elements to 
the surface zone of  inclusions. Areas of steel matrix near non-
metallic inclusions are strongly oversaturated solid solution [1]. In 
steel matrix near non-metallic inclusions relaxationaly processes are 
occured including speed  local shear-rotational  deformation  and 
elements of return and recrystallization. The character of steels 
strengthening depends on the types of non-metallic inclusions and 
steel matrix, and also speed transformations which flow in steel 
matrix, phase, deformation and high temperature hardening, 
dissolve of carbides, micro chemical  unhomogencity. The goal of 
this investigation was to research the influence of non-metallic 
inclusions on peculiarities of  structural changes in steel matrix 
under laser treatment.  
 
2. Materials and Procedures 
Specimens made of wheel steel R7, 08Yu, 08T, 08Kp, 
08Ch18N10T,ShCh15, NB-57, 12GS, E3 were irradiated by laser in 
GOS-30M installation with an excitation voltage of 2,5kV and pulse 
energy of 10, 18, 25 and 30J at heating rate of 105 oC/s and cooling 
rate of 106 oC/s with action time of (1,0, 2,5, 3,6, 4,2 и 6,0).10-3s. 
Non-metallic inclusions were identified by metallographic, X-ray 
microspectral and petrographic methods [1]. Distribution of 
elements and nanohardness of steel matrix near non-metallic 
inclusions were determined. 

3. Resalts and discussion 
In the laser strengthening zone of steels we can fix some 

defects relating to non-metallic inclusions: structural inhomogeneity 
(Fig. 1a),  brittle cracks and voids (Fig. 1b), geometrical disruption 
of strengthening case, sections of oxidation (Fig. 1c) [1]. During 
laser treatment there are some alterations in non-metallic inclusions 
and steel matrix. The behavior of non-metallic inclusions in steels 
under laser treatment depends on their type. High-melting non-
metallic inclusions (oxides Al2O3, Cr2O3, SiO2, TiO, MnO.Al2O3, 
MgO.Al2O3, MnO.Cr2O3, TiCN) are melted on surfase or remained 
hard during laser treatment (Fig. 2a). Low-melting non-metallic 
inclusions (silicates MnO.SiO2, FeO.SiO2, sulfides FeS, FeS-
(Mn,Fe)S, (Mn,Fe)S ) are melted and spread over a surface under 
shock wave ( Fig. 2b,c). The components of inclusions penetrate 
into steel matrix and saturate it (Fig. 3).  

Processes of mass transfer happening under laser 
treatment are made easier by movement of crystalline defects 
origining at heat impact, by melting and convective mass transfer, 
by electron and electromagnetic interaction between inclusions and 
steel matrix and also by formation areas with high dislocation 
density in surface zones of inclusions [2]. In accordance with 
principles of nonequilibrium thermodynamics the system of 
interacting objects “inclusion – interphase boundary – steel matrix” 
has stady of movement of quasi-particles – phonons and then stady 
of movement of atoms of components of inclusions and steel matrix 
under laser action [3]. In the nonequilibrium conditions of laser 
action directional mass transfer across interphase bounaries 
“inclusion – steel matrix” is complex value depending on level and 
heterogeneity of achieveming temperatures, stresses, chemical 
potentials and other factors. 
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Figure 1. Defects near non-metallic inclusions in laser treatment zone of steels; x200 
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Figure 2. High-melting TiCN (a) and low-melting  MnO.SiO2 (b), FeS-(Mn,Fe)S (c) non-metallic inclusions after laser treatment; x500 

 
Analysis of oversaturated steel matrix areas near non-

metallic inclusions was shown that their structure is heterogeneous. 
There are a few versions of their structure revealing by heat etching 
under laser action. It may be one zone (Fig. 4a), or two zones (Fig. 
4b), or three zones (Fig. 4c). By that in non-metallic inclusions 
surface zone may be absebt or may be one zone (Fig. 4c) or two 
zones (Fig.  4b).  
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Figure 3. Distribution of chemical elements in inclusions  Cr2O3 (a) 
and (Fe,Mn)S  (b)  and steel matrix after laser treatment 
 

Quantity of oversaturated zones in steel matrix did not 
depends on type and condition of non-metallic inclusions in the 
moment of laser action but depends on regime of laser treatment: 
when impuls energy was higher and action time was bigger the 
tendency of multy-layers formings was bigger too. This is caused 
by activation of mass transfer by rise of energy of laser impuls and 
increase of possibility of its realization at increase of action time. 
Oversaturated areas of steel matrix near non-metallic inclusions are 
differed by distribution of chemical elements. At presence of one 

oversaturated zone near inclusion the gradual decrease of quantity 
of elements of non-metallic inclusion by removing from inclusion 
was observed (see Fig. 3). At presence of two or three oversaturated  
zones in each of them gradual decrease of quantity of elements of 
non-metallic inclusion by removing from inclusion was observed 
but quantity of elements in second zone was less then in first zone 
and also quantity of elements in third zone was less then in first and 
second zones. Thus at presence of a few oversaturated zones in steel 
matrix the cascade of elements concentration in zones of inclusion – 
steel matrix interaction with gradual decrease of quantity of 
elements in each zone were onserved (Fig. 5a).  

Relationships of elements concentration in these zones 
were different and were oscillated in interval 1,2 – 1,8 that connects 
with heterogeneous field of temperatures and stresses and also with 
wave character of speed mass transfer in the conditions of impuls 
laser action. Impuls laser action is similar explosion [1] and is 
accompaned by wave relaxation of stresses activing of mass 
transfer.  There is another type of distribution of elements of non-
metallic inclusions in areas of steel matrix. By collective mass 
transfer connecting with dissolution of nano-graines of non-metallic 
inclusion [1] “spot” distribution of elements of inclusion in areas of 
steel matrix was observed (Fig. 5b). 

Results of distribution of nanohardness of steel matrix 
were shown that its value ( H i

n) near non-metallic inclusions (one 
oversaturated zone or first zone) is more bigger then far from non-
metallic inclusions (Table 1). Its value depends from chemical 
composition and structure of steel defining degree of strengthening 
by laser action. In the first (or sole) oversaturated zone values of  
( H i

n) in 1,45 – 1,8 times bigger (coefficient Ki)  then in steel matrix 
far from inclusion. These results are closed  to resulrs obtaining in 
[1]. In the second and third oversaturated zones values of 
nanohardness lower then in the first zone but exceeds values of 
H n far from non-metallic inclusions accordingly in 1,25 – 1,64 and 

1,1 – 1,3 times. Thus cascade of nanohardness values by removal 
from non-metallic inclusions was observed. Value of nanohardness 
of steel matrix in all oversaturated zones near non-metallic 
inclusions and value of coefficient Ki depends from condition of 
non-metallic inclusion and steel matrix in the moment of laser 
action. Values of H i

n and Ki are maximum by fusion of non-
metallic inclusions and steel matrix, they are decreased by fusion of 
steel matrix near hard non-metallic inclusion and they are minimum 
in the cases of hard condition of non-metallic inclusion and steel 
matrix. This connect with phenomemom of maximum satiration of 
liquid steel matrix by fusion or full melting of non-metallic 
inclusions [1]. In cases of fusion of oxides, sulphides, silicates in 
the moment of laser action nanohardness of steel matrix near non-
metallic inclusions bigger then near hard non-metallic inclusions 
and values of coefficient Ki in all oversaturated zones increase. 
Saturation of steel matrix by elements of non-metallic inclusions 
and their fix in solid solusion promotes increase of H i

n and Ki 
values. Degree of steel matrix saturation in the second and third 
zones less then directly near non-metallic inclusions (in the first 
zone) that is confirmed by difference of H i

n and Ki values. 
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Figure 4. Zones of interaction between non-metallic inclusions and steel matrix under laser treatment: 

a - SiO2 steel E3; b,c -  FeS-(Fe,Mn)S, steel NB-57; х500х6 
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Figure 5. Distribution of chemical elements in non-metallic 
inclusions TiO2 (a) and MnO.Al2O3 (b) and oversaturated zones in 

steel matrix after laser treatment 

 

Dependence of nanohardness of the first (or sole) 
oversaturated zone of steel matrix near non-metallic inclusions has 
non-monotonic view for all laser action time (Table 2). This 
evidence about existence of certain ranges of laser beam energy 
values that correspond to maximum strenghtening of local layers of 
steel matrix. 

Main factor of laser strengthening of local areas of steel 
matrix is its microalloying from inner sources - non-metallic 
inclusions. Creation of cascade of oversaturated zones near 
inclusions by formation of local liquational strengthened areas is 
formation of layers composite near non-metallic inclusions. 
Structure of these zones maybe single-phase (oversaturated solid 
solusions) but often dispersal microphases and nanophases – 
“satellite” particles are observed (Fig. 4a,b, 6). Chemical 
composition of “satellite” particles connects with initial inclusion 
but slightly differs from it thanks to participation of elements of 
steel matrix in their formation [3]. For example, near inclusion 
Al2O3 in steel R7 “satellite” particles MnO·Al2O3 , (Fe,MnO)·Al2O3 
were observed. 

Process of “satellite” particles formation is connected 
with abnormal mass transfer in the moment of inclusions and steel 
matrix melting then in steel matrix areas enriching by elements of 
inclusions and also containing of complexes (clusters) of former 
nano-graines of non-metallic inclusions are formed. Local areas of 
the type of metallic emulsion smelts are formed. They are “freezed” 
by abrupt cooling and clusters of former nano-graines of non-
metallic inclusions are crystallized into “satellite” particles. And 
also process of “satellite” particles formation maybe connects with 
decrease of solubility of elements of non-metallic inclusions in 
areas of enrichment of liquid or hard steel matrix by abrupt cooling. 
In the result in steel matrix near initial inclusions composite 
structure with dispersal particles are formed. 
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Figure 6. “Satellite” particles near initial inclusions after laser action: a - Al2O3, steel 08Yu, b - (Mn,Fe)S, steel 08kp;  х500х6 
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Table 1. 

Values of nanohardness  of steel matrix near near non-metallic inclusions ( H i
n) and far from them H n  under impuls energy 25J and action 

time 3,6. 10-3 s 
 

 
Inclusion, steel 

 

Condition of inclusion in 
the time of laser action 

Condition of steel matrix 
in the time of laser action 

H n, 
х 10, 
МПа 

 

H i
n, х 10, МПа 
in zones 

1             2            3 

Al2O3, 
MgO·Al2O3,, R7 

fusion liquid 620       1100         -            - 
1085     942       744 

SiO2, R7 hard liquid 
hard 

620       1080      858         - 
960         -           - 

MnO·SiO2 
2MnO·SiO2, NB-57 

 
liquid 

 
liquid 

 
748 

      1130      1050       - 
      1260      950     810 

TiN, TiCN, 08Т hard, fusion liquid 280 502        380       - 
Al2O3, 

MnO·Al2O3, 08Yu 
hard/ 
fusion 

hard 
liquid 

 
286 

   450        385     340 
520        450       - 

FeO, 
FeO-MnO, 08kp 

liquid/ 
fusion 

liquid 
hard 

260 460        320       - 
415          -          - 

FeS-(Fe,Mn)S, 
NB-57 

liquid liquid 
 

 
748 

1220     1100    840 
       1120          -          - 

 

 
Table 2. 

Influence of laser beam energy on nanohardness of steel matrix near inclusion  MnO·Al2O3 in steel R7 under different time of action 

τimp, . 10-3, s 
Wimp, J 

10 18 25 30  

1,0 820 1170 1060 910  
3,6 850 1140 1100 950  

             
 
 “Satellite” particles can be near non-metallic inclusion and also on 
the some distance from it (in the second and third oversaturated 
zones). It connects with local heterogeneity of oversaturated zones 
in steel matrix and also with nonuniform distribution of dislocations 
and vacances in steel matrix near non-metallic inclusions. It is 
known the influence of crystalline defects on impurity atmosphere 
formation and also on decrease of crytical sizes of new phases 
nucleuses by dislocational mechanism of their nucleation. 
Nonuniform distribution of crystalline defects in the hyper-
nonequilibrium conditions of laser action is result of wave 
relaxation of shear-rotational stresses and also of rapid 
recrystallization near non-metallic inclusions [1]. 

Appearance of “satellite” particles promotes formation of 
dispersal composite layers or by presence in steel matrix it promotes 
formation of zones with combine layers-dispersal structure near 
non-metallic inclusions. Obviously variation of regime of laser 
action will allows to regulate structure of these composite systems.  

 
4. Conclusions.  
Peculiarities of formation of contact interaction zones in 

steel matrix in the conditions of abnormal mass transfer from inner 

sources (non-metallic inclusions) by laser treatment are connected 
with origin of  liquational strengthened zones representing different 
types of composite layers. Gradiental zones with cascade and “spot” 
distribution of elements and nanohardness, dispercal zones with 
different types of strengthening micro- and nanophases, “tunnel” 
zones, and also zones with combine structure were formed. 
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