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Abstract. Melting and crystallization of  heterophase non-metallic inclusions “phases are beside” was investigated. It was shown that under 

laser action the initial structure of  inclusion-steel matrix boundaries transits into unstable equilibrium high-energy condition that cause 

development of the dissipation  processes connecting with aspiration of system inclusion-matrix to the state with minimum of the free 

energy. In the result of the system heterophase inclusion-matrix transits to the state of unstable equilibrium which determines structure and 

properties of laser-quenched interphase boundary. Processes of melting, fusion and dissolution of non-metallic inclusions “phases are beside” 

and also of the melting of steel matrix play the great role in transformation of interphase inclusion-matrix boundaries under laser action. 
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1.Introduction.  
In steels, heterophase type inclusions are often present, 

where the phases seem to exist side by side - these are the 

inclusions of the "phases are beside" ph1 and ph2 (Fig. 1) [1-3]. 

Respectively, the interphase boundaries of the inclusion-matrix 

can be designated ph1↔m and ph2↔m. These type of 

heterophase inclusions is associated with the appearance of the 

first phase ph1 serving as a substrate for the crystallization of the 

second phase ph2; however, here ph2 is not a shell or a matrix of 

inclusions, but exists next to the ph1 phase. There is not 

necessarily a great difference in the melting points of the phases, 

they can be quite comparable. Often there are such variants as, 

for example, Al2O3 + MnO · Al2O3, TiN + TiCN, TiCN + FeO · 

TiO2, FeO · Al2O3 + MnO · Al2O3, MgS + MnS and others. 

The goal of this investigation was to research the processes of 

melting, dissolution, crystallization of the heterophase non-

metallic inclusions "phases are beside" in hyper-nonequilibrium 

conditions and the influence of these inclusions on the 

peculiarities of  structural changes in steel matrix and its 

strengthening under laser treatment.  

 

              

                                     a                                                                    b                                                          c 

 
Figure. 1. Heterophase non-metallic inclusions “phases are beside” before laser action; х600 

 

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. heterophase non-metallic inclusions "phases are 

beside" were identified by metallographic, X-ray microspectral 

and petrographic methods, see [1]. Distribution of elements and 

nanohardness of steel matrix near inclusions were determined. 

3. Results and discussion.  

Both phases of  inclusions “phases are beside” in the moment of 

laser action are fully or partly melted. If the both phases are high-

melting they are fused or partly melted (Fig. 2, a, b). Liquid 

phases are mixed under convective flows in micrometallurgical 

bath that is accompanied with interaction of components of both 

phases of inclusion and steel matrix across both interphase 

inclusion-matrix boundaries ph1↔m and ph2↔m and also across 

interphase boundaries inside inclusions ph1↔ph2. If the both 

phases are low-melting they are fully melted in the moment of 

laser action (Fig. 2, c). Liquid phases are mixed and 

supersaturated liquid solutions are formed then they are 

crystallized with high speed and zones of liquation are formed 

too. If the phases of inclusion have very different temperatures of 

melting they show different behavior in the moment of laser 

action. Analysis discovered mutual mass transfer between each 

phase of inclusions and steel matrix and between both phases of 

inclusions “phases are beside”. Change of chemical composition 

on the surfaces of both phases of inclusions “phases are beside” 

and achievement limit of solubility of elements creates the 

conditions in each phase for transition of surface layer to liquid 

state with minimum expenditures of energy on the break of 

interatomic bonds. 
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Figure 2. Dissolution and melting of heterophase non-metallic inclusions “phases are beside” under laser action; a-e – x1000, f – x5000 

  
 Liquid steel matrix causes change of surface tension of 

both phases of inclusion that breaks equilibrium shape of 

inclusion-matrix boundary. In turn action of melted the phases of 

inclusion cause change of surface tension of interphase boundary 

ph1↔ ph2 and also breaks equilibrium shape of that boundary. 

Besides that interphase boundary ph1↔ ph2 in the moment of 

melting of inclusion phases represents liquid zone of components 

interaction accompanying with convective flows and formation 

of complicated chemical compositions it is become blurring and 

can to disappear. Since in the conditions of laser action  the 

relaxation processes in surface layers of both phases of inclusion 

“phases are beside” are not have time for happen. So the time for 

the achievement of quasiequilibrium conditions on both 

interphase inclusion-matrix boundaries ph1↔m  and  ph2↔m 

and also on the interphase boundary inside inclusion ph1↔ph2 is 

increased considerably. Inner stresses in surface layers of both 

phases of inclusion control the development of melting process 

which happens in limited volume owing to preservation of 

contact between phases of inclusion and also between each phase 

of inclusion and steel matrix. Elementary act of  the stresses 

relaxation causes activation and drawing in considerable number 

of atoms of both phases of inclusion to the process of disordered 

similar melting. In the moment of laser melting of inclusions 

“phases are beside” origin high degree of nonequilibrium of 

liquid phases (both phases of inclusion and steel matrix) and 

bifurcation instability of melt. This ensures gradient of vibration 

pressure on both interphase inclusion-matrix boundaries ph1↔m 

and ph2↔m and also on the interphase boundary inside 

inclusions ph1↔ph2 (fully or partly liquid) which checks 

convective and abnormal flows of mass transfer. Considerable 

stresses appearing in thin surface layers of both phases of 

inclusion and steel matrix in the result of local heat flashes of 

laser radiation  together with action of reactive forces of recoil by 

ejection from zone of treatment of liquid allows to high-

temperature deformation of liquid interlayers continuing under 

crystallization during rapid cooling. 

After high-speed melting of inclusions “phases are 

beside” happens the hyper-nonequilibrium crystallization 

connecting with formation of heavy supersaturated solid 

solutions with liquational zones (including liquation connecting 

with separation of liquid solutions) and also with microphases,  

nanophases and sometimes with amorphous phases of inclusions. 

Zones with ultrasmall grains, columner shape of grains and 

liquation and also with mixed amorphous-nanocrystalline 

structures are formed in both phases of inclusions (Fig. 2, a - d). 

Evidently silicate compositions have tendency for amorphization 

mostly display but amorphization of another phases of inclusions 

was observed too. Besides that “satellite” particles in steel matrix 

near different phases of inclusion (Fig. 2, e) and new phases with 

different chemical compositions on interphase boundaries 

ph1↔ph2 inside inclusions were observed (Fig. 2, f). 

Sequence of heavy distortion areas on the surfaces of 

both phases ph1 and ph2 of inclusion “phases are beside” and 

also the movement of both parts of interphase boundary 

inclusion-steel matrix ph1↔m and ph2↔m and interphase 

boundary inside inclusion ph1↔ph2 in the process of melting 

one can present with next image (Fig. 3). On the surfaces of both 

phases of inclusion saturating with elements of steel matrix the 

heavy disordered areas (the areas of melting) are formed (Fig. 3, 

a). The whole these areas pass into liquid steel matrix and are 

dissolved saturating it with elements of phases of inclusion. 

Character of saturating of steel matrix is different near various 

phases of inclusion. Position of the inclusion-steel matrix 

boundary is changed owing to melting in dependence on 

character of mass transfer between each phase of inclusion and 

steel matrix (Fig. 3, b, c).  

Evidently one of phases of inclusion is melted scarcely 

earlier than other and its nucleuses of melting promote 

disordering and melting of interphase boundary inside inclusion. 

That promotes the melting of other phase of inclusion and its 

nucleuses of melting wholly pass to liquid zone on the interphase 

boundary inside inclusion (Fig. 3, c). Grain boundaries of the 

both phases of inclusion contacting with liquid steel matrix are 

melted more quickly than body of grains. It is possible the speed 

melting along grain boundaries of both phases of inclusion and 

their separation or “fracture” on the isolated grains is happened 

(Fig. 3, d, e). That will causes the transition of complexes of 

former grains (micrograins, nanograins) of both phases of 

inclusion into liquid state. These complexes of phases 1and 2 are 

become the component of structure of liquid steel matrix and 

liquid layer on the boundary of phases of inclusion containing 

both complexes of phase of inclusion has complicated structure. 
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d                                               e 
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Figure 3. Schemes of laser melting of inclusions “phases are beside”: σh-l – stresses on boundary between hard  heavy distortion  area of 

inclusion and liquid steel matrix, σh-disor -  stresses on boundary between  disordered area and hard inclusion or liquid steel matrix, 1 – 

inclusion-matrix boundary, 2 – zone of steel matrix saturation with elements of inclusion, 3 – zone of phase 1 of inclusion saturation with 

elements of steel matrix, 4 – zone of phase 2 of inclusion saturation with elements of steel matrix, 5 – initial position of inclusion-matrix 

boundary, 6 – interphase boundary inside inclusion, 7 – zone of saturation of phase 1 with elements of phase 2 of inclusion, 8 – zone of 

saturation of phase 2 with elements of phase 1 of inclusion, 9 – initial position of interphase boundary inside inclusion 

 
Process of melting of the inclusions “phases are beside” 

is corresponded with the change of distribution of the forces near 

heavy disordered areas in the surface layers in both phases (Fig. 

3, f, g). Action of liquid steel matrix causes the change of surface 

tension of both phases of inclusion ph1 and ph2 and  that breaks 

equilibrium shape of both parts of interphase boundary ph1↔ m 

and  ph2↔ m.  Action of liquid phase 1 or liquid phase 2 of 

inclusion causes the change of surface tension of both phases and  

that breaks equilibrium shape of the boundary ph1↔ ph2. 

Previous studies have shown that in the process of pulsed 

laser action between nonmetallic inclusion and steel matrix, a 

high-speed exchange of atoms across the interface occurs under 

anomalously high mobility of atoms that does not meet the 

conditions of classical diffusion (anomalous mass transfer) 

[1,4,5]. The driving force of such an exchange in the case of 

heterophase inclusions is the drop in the chemical potentials of 

the elements contained in the various phases of inclusions in 

contact with the metal matrix and in the surrounding steel matrix. 

It is known that an important role in this process is played by the 

fact that the diffusion coefficients of the interstitial and 

replacement atoms that make up the matrix and the phases of 

inclusions in the conditions of laser action exceed the equilibrium 

value by an order of magnitude or more [1,4,5]. In addition, the 

factors of mass transfer are influenced by such factors and 

processes as the possibility of ionizing the atoms of steel 

components and inclusions under irradiation, heating to high 

temperatures and the movement of defects in the crystalline 

structure arising from thermal shock, melting and convective 

mixing, electronic and electromagnetic interaction of the phases 

of the inclusions and matrices, formation in the surface areas of 

inclusions of zones with an increased density of dislocations. 
Obviously, under nonequilibrium conditions of laser action, the 

directed mass transfer of elements across the boundaries of a 

two-phase inclusion-matrix is a complex quantity that depends on 

the level and inhomogeneity of the temperatures, stresses, 

chemical potentials of the inclusion phase elements and other 

factors. For heterophase inclusions of the " phases are beside " 

type, where both phases зр1 and зр2 of the inclusion are in 

contact with the metal matrix, the mass transfer rates of the 

element through the boundaries зр1↔m and зр2↔m will be 

different and each of them contributes to the total mass transfer 

rate of the element. 

Peculiarities of the structure of saturated  zones in steel 

matrix near heterophase non-metallic inclusions depends on their 

type. All heterophase non-metallic inclusions promote the 

heterogeneous strengthening of steel matrix. That connects with 

its microalloying from inner sources – the different phases of 

non-metallic inclusions and also with the origin of thermal 
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stresses, big density of crystalline defects and localization of 

relaxation processes having high-speed character. The interaction 

between phases of non-metallic inclusions and steel matrix 

promote the formation of complicated composite zones in the 

areas of saturating. Such zones consist of microstructural, 

nanostructural and amorphous elements.  

Near inclusions “phases are beside” formation of 

saturated zones is controlled with both phases ph1 and ph2 of  

inclusions which are the sources of alloying of steel matrix . In 

the results near these inclusions the composite liquation zones of 

a few types are formed: the cascade type with structure of layer 

composite; “spot” type with heterogeneous distribution of 

elements of phases ph1 and ph2 of inclusion and steel matrix; 

dispersed type with “satellite” particles; mixed layer-dispersed 

composite with cascade distribution of chemical elements of 

phases ph1 and ph2 of inclusion. Characteristic sign of saturated 

zones is various structures near different phases of inclusions 

having different behavior and abilities of their elements for the 

speed mass transfer to steel matrix in the moment of laser action. 

The analysis of the sections of the steel matrix adjacent 

to the two-phase inclusions of the " phases are beside " type, 

where both phases ph1 and ph2 of the inclusion are contacted 

with the matrix, showed that their structure is non-uniform not 

only near each phase, but also near different phases of the same 

inclusion. Various variants of their structure are possible, 

revealed by thermal etching in the course of laser action. Near 

each of the two inclusion phases, this can be one, two, three 

saturation zones of the metal matrix (Figure 4). 

     

          

a                                      b                                             c 

 

Figure  4. Zones of interaction of the matrix with nonmetallic inclusions of the " phases are beside " type under laser action: 

a - (Fe,Mn)O+MnO·SiO2, 08kp, b – (Fe,Mn)O+(Fe,Mn)S, NB-57, c - FeO.+ MnO·SiO2, 08kp; х1000 

 

The sections of the steel matrix adjacent to the 

inclusion are distinguished by the distribution of the chemical 

elements, which is established by microroentgen spectral analysis 

of the saturation zones (Fig. 5). 

The results of  a study of the distribution of 

nanohardness in the zones of saturation of the metal matrix 

adjacent to the phases of ph1 and ph2 inclusions of the " phases 

are beside " type showed that the nanohardness is much higher 

than its average value for the matrix far from the inclusions 

(Table 1). Of course, the level of nanohardness of each zone of 

the metal matrix is determined by the type of steel, since the 

degree of hardening in the process of laser action depends on its 

composition and structure. In the first saturation zone, the values 

of (
в

мН ) at a pulse energy of 25 J and an exposure time of 3.6. 

10-3 s at 1.35 ... 1.75 times higher than in the steel matrix far 

from the inclusion. In the second and third saturation zones, the 

values of the nanohardness of the steel matrix are lower than in 

the first zone, but exceed the values of Нм for the matrix far from 

the inclusions, respectively, in 1.35 ... 1.75 and 1.1 ... 1.3 times at 

a pulse energy of 25 J and exposure time 3.6. 10-3 sec. 

Obviously, a cascade distribution of the values of the 

nanohardness of the metallic matrix is observed at a distance 

from the phases φ1 and φ2 of the inclusion. 

 

                            

 

   I,imp/s   

 

a 
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       b 

Figure  4. Distribution of elements near inclusions of the " phases are beside " type 

Table 1. 

 

Nanohardness values of the saturation zones of the steel matrix near the phases inclusions of the "phases are beside " type
в

мН  and far from 

them, Нм, as well as the coefficient (Ki) at a pulse energy of 25 J and an exposure time of 3.6. 10-3 s 

 

inclusion ph1+ph2,  

steel, Нм,х 10, MPа 

Phases of 

inclusion  

Condition of phases under 

laser action* 

в

мН , х 10, МПа and (Ki) in zones 

      1                               2                       3 ph1 or ph2 matrix 

TiCN+TiО, 

08H18N10Т, 

340 

TiCN solid/melted liquid 459(1,35)/ 

516 (1,52) 

408(1,2)/ 

469 

(1,38) 

- / 

418 (1,23) 

TiО2 liquid liquid 595 (1,75) 561 

(1,65) 

442 (1,3) 

MnO·Al2O3+ (Fe,Mn)S, 

08Uy, 290 

MnO·Al2O3 solid / melted solid / liquid 392(1,35)/ 

424 (1,46) 

- / 

377 (1,3) 

- / 

- 

(Fe,Mn)S liquid solid / liquid 426(1,47)/ 

440 (1,52) 

405 (1,4) 

/397 (1,37) 

- /328 (1,13) 

(Fe,Mn)O+ 

MnO·SiO2, 08kp, 260 

(Fe,Mn)O liquid liquid 364 (1,4) 338 (1,3) 304 (1,17) 

MnO·SiO2 liquid liquid 382 (1,47) 315 (1,21) - 

MnO·Al2O3+MnO·SiO2

, 08Uy, 290 

MnO·Al2O3 solid / melted liquid 386(1,33)/ 

446 (1,54) 

351(1,21) 

/367 (1,27) 

- / 

- 

MnO·SiO2 liquid liquid 438 (1,51) 396 (1,37) - 

 
The main factor for strengthening the phase-adjacent type 

of " phases are beside " the metal matrix is its microalloying from 

internal sources, which are the phases of ph1 and ph2 of 

nonmetallic inclusion. In this case, by forming local liquation 

zones near each inclusion phase, saturation zones of a cascade-

type steel matrix are created, which are layered composite 

regions near the phase differences of nonmetallic inclusions. 

4. Conclusions.  

Near the heterophase inclusions of the type of " phases are beside 

", the formation of the saturation zones of the matrix is controlled 

by both phases of phi and ph2 inclusions, which are sources of 

internal doping of the steel matrix. In the vicinity of both phases 

of inclusions, we observed composite liquation zones of 

saturation of a steel matrix of several types. 

A characteristic feature of the saturation zones of the steel matrix 

for heterophase inclusions of this type is that near the different 

phases of the ph1 and ph2 inclusions saturation zones of the 

matrix with different structures were encountered. Therefore, 

their formation depends on the behavior of different phases of 

inclusion, as well as the ability to speed mass transfer of the 

elements of these phases to the surrounding steel matrix under 

conditions of pulsed laser action. 
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