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TRANSFORMATION OF THE STRUCTURE AND PROPERTIES OF LASER-IRRADIATED 
STEELS UNDER EXTERNAL THERMAL DEFORMATION ACTION 

G. I. Brover1  and  E. E. Shcherbakova2 UDC 621.785: 669.14.018.29 

Processes of structure transformation in irradiated steel surface layers, occurring in tribological systems 
under external thermal deformation action, are considered.  It is established that by varying laser radia-
tion regime parameters it is possible to use the structural adaptability phenomenon of irradiated zones in 
steels intentionally, and to obtain structures within them that have a different degree of adaptation to ex-
ternal loading conditions during operation.  This has a positive effect on heat and wear resistance of  
irradiated products for various functional purposes.  It is shown that irradiation with a radiation power 
density of 80–120 MW/m2  (without melting) leads to strain ageing of laser-hardened martensite.   
This contributes to creation upon working surfaces of products whose structural state is almost indiffer-
ent to thermal deformation loading and is resistant to softening for a long time.  With an irradiation 
power density of 120–170 MW/m2  (with melting), surface structures are formed that adapt to external 
effects.  Laser-hardened austenite transforms into strain-induced martensite under thermal loading ac-
tion.  At the same time, martensite strain ageing occurs within laser irradiation zones.  Fine carbides,  
2–10 nm in size, precipitate during this time upon crystal structure defects with formation of a precipi-
tate texture.  As a result material heat resistance after laser irradiation increases by 50–100°C, and wear 
resistance by a factor of 2–4.  Based upon the experimental results, maps of regression modeling of the 
laser surface hardening production process are constructed.  This permits selection of regimes for both 
laser processing and operating conditions, and the subsequent product tempering temperature for various 
functional purposes.   
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Introduction 

In order to improve the efficiency of using material strengthening technology it is necessary to use the in-
ternal reserves of the structural capabilities of an object for various functional purposes towards operating condi-
tions [1, 2].   

A heterogeneous structure is the optimum within which with changes in external thermodynamic parameters 
(temperature, pressure, component concentration) under the effect of mechanical and thermal pulses it manages 
partially or completely to rebuild one structure into another stable at a higher level, that is a different degree of 
the phenomenon of structural energy adaptability is implemented [3–5].  The adapted structures formed most 
effectively scatter energy introduced into a system and minimize wear. 

With the aim of obtaining the version of structural state under consideration within component surface lay-
ers during laser treatment several ways are used for improving a set of material properties [6–8]:  
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1.  Refinement of a structure under action of high level temperature gradients, which leads to development 
within irradiated steel zones of local plastic deformation and to occurrence of austenite dynamic polygonization, 
whose substructure is inherited by martensite during accelerated cooling. 

2.  Material structure nanoprecipitation (formation of nanosize precipitates) under action of plastic defor-
mation during thermodynamic action of a pulsed laser beam and external temperature-force loading. 

 The aim of the present work was determination of the possibility of obtaining within steel and alloys treat-
ment zones of a self-limiting structure adapted to a different degree for temperature-force loading, which facili-
tates an increase in irradiated object operating properties. 

Research Procedure 

Materials for this study were steels R6M5 and R18.  Pulsed laser radiation is conducted in a Kvant-16  
production unit.  The change in radiation energy, degree of beam defocusing (3-6 mm), radiation pulse duration 
(1–6)·10−3 sec made it possible to vary the radiation power density over a wide range (70–250 MW/m2 ).  Iden-
tification of the phase composition and a study of material microstructure after laser treatment was accomplished 
by several procedures: metallographic, X-ray, hardness measurement, etc. 

Metallographic studies were conducted in cross and longitudinal microsections in MIM-7 and Nepphoy-21 
microscopes.  Microhardness measurement was accomplished in a PMT-3 instrument with a load 0.49 N. 

Experimental Results and Discussion 

As is well known [9–11] after laser treatment within a steel surface there is formation of quenched layer  
80–150 µm thick, whose hardness depends upon steel chemical composition, laser treatment regime, and it is 8–
11.5 GPa. 

The main prerequisites for improving the operating properties laser-irradiated steels are the following struc-
tural state features: the fine structure of the main phases; incompletion of homogenization process during partial 
or complete dissolution of carbides; an increase in defect density of the crystal structure of α - and γ -solid solu-
tions defect density, facilitating particle precipitation during tempering or on heating during the operating pro-
cess of fine inclusions of cementite type strengthening irradiated metal. 

Metallographic studies of irradiated steel structure self organization were performed under conditions of 
thermal deformation action of external factors (heating temperature, mechanical loads).   

The degree of laser hardening structural stability towards weakening with a heating temperature up to 100–
650°C, i.e., thermal stability, and to loss of hardness under friction condition conditions without lubrication was 
determined. 

Maps of regression modeling of hardness measurement results are provided in Fig. 1 for the hardness of ir-
radiated specimens of steel R6M5 before (see Fig. 1a) and after (see Fig. 1b) heating to different temperatures.  
They were obtained by statistical treatment of a mass of metallophysical experiments within a Statistica pro-
gram.   

As is seen, within irradiated zones in alloy steels a high hardness is retained up to a heating temperature of 
more than 600°C, i.e., pulsed laser treatment leads to an increase in heat resistance by 50–120°C. 

It should be noted that the regression models developed make it possible to predict mechanical and operat-
ing properties of irradiated materials in relation to laser treatment regime, and the subsequent heating tempera-
ture [12]. 
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 (a) (b) 

Fig. 1. Regression modeling of the dependence of steel R9M5 laser-hardened layer hardness before (a) and after (b) tempering at dif-
ferent temperatures. 

   
 (a) (b) 

Fig. 2. Structure of laser-hardened steel R6M5 after heating to 550°C: (a) optical microscopy; (b) distribution histogram for surface 
profile height (image treatment in a Gwyddion program). 

With the aim of explaining possible reasons for the results obtained metallographic studies have been per-
formed showing that on heating within a strengthened layer there is orientated precipitation of carbide phase 
with its localization in shear lines and formation of a fine precipitate texture (Fig. 2a) with a size of 2–10 nm 
(Fig. 2b). 

The effect observed is a consequence of presence within laser-irradiated metal of high-density crystal struc-
ture defects. 

Under these conditions from a thermodynamic point of view there is possibly also preferential formation 
during heating of irradiated metal of finely dispersed carbides and dislocations.  In the initial stages of this pro-
cess their formation there is deposition of carbon atoms on structural imperfections, which are characterized by 
high reaction energy with impurity atoms (0.5–1.0 eV in a dislocation force field) [13–15]. 

It should be noted that an important contribution to an increase in steel thermal stability is slow decomposi-
tion of laser-hardened martensite.  The main reason is not formation during heating of ε-carbide with low carbon 
atom bond energy with an  α -solid solution lattice (0.27 eV), but stable existence of a carbon atom atmosphere 
at martensite lattice dislocations up to higher heating temperatures than is possible with bulk hardening. 
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 (a) (b) 

Fig. 3. Creep (a) an friction coefficient (b) curves for steel R6M5 specimens after standard bulk heat treatment (1), laser hardening 
without melting (2), laser melting and alloying with tungsten carbide from a powder coating (3). 

It has been established that with optimization of laser treatment regimes and subsequent tempering there is 
a possible contribution to metal strengthening of both high density defects of the crystal structure, and also de-
velopment of fine carbide particle precipitates.   

In order to determine the degree of occurrence within steel irradiated surface layers of structural adaptability 
to thermal deformation action conditions tribological conjugation tests were conducted in the work for wear re-
sistance under friction conditions without lubrication. 

Experiments were performed in an MI-1m device according to a “disk-block” scheme with a load of 500 N 
and a linear sliding rate of 190 m/min.  Disks of steel R6M5 were subjected to bulk hardening and three-stage 
tempering.  Some of the disks were irradiated over the side contact surface with a width of 10 mm.  A friction 
pair was bushes of steel ShKh15 with hardness HRC  50–55.  Disk wear before and after laser radiation was de-
termined according to weight loss by periodic weighing on an analytical balance with accuracy up to 0.0001 g. 

Studies showed that laser radiation of steel R6M5 without specimen surface melting should be carried out 
with a radiation power density within the limits of 80–120 MW/m2 , and with melting 120–170 MW/m2 .  This 
makes it possible to obtain within irradiated zones hardness at the level of 10–11.5 GPa.   

Test results for wear resistance provided in Fig. 3a confirm a clear advantage for steel after surface laser 
treatment.  With an increase in test time as a result of structural adaptation of laser strengthened steel to friction 
conditions their preference increase by a factor of 13 times. 

Another greater effect, as is seen in Fig. 3b and 4, is given by laser melting and laser alloying of the surface 
of specimens in contact with a counterbody of powder coatings containing hard fine tungsten carbide particles.  
Wear resistance increases significantly in the case of performing tempering at 550°C for 1 h after laser treatment 
(Fig. 4, curves 4, 5).   

We consider features of phase transformation and structure formation in laser hardened surface layers pro-
ceeding within friction pairs and leading to an increase in irradiated material wear resistance. 

For this purpose X-ray structural studies of laser irradiated specimens of steel R6M5 were conducted before 
and after testing for wear resistance for 15 and 150 min. 

As is seen in Fig. 5 (curve 1), a steel surface layer before testing has a two-phase austenite-martensite struc-
ture.  In X-ray diffraction patterns for steel after laser treatment and friction testing (curves 2 and 3) it is noted 
that the intensity for austenite reflections, and consequently its amount within the structure, decreases signifi-
cantly with an increase in test time, apparently by its transformation into strain-induced martensite [16]. 
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Fig. 4. Steel R6M5 wear resistance after: 1 — laser hardening without melting; 2 — with surface melting; 3 — laser alloying with 
tungsten carbide; 4, 5 — versions 2 and 3 followed by heating to 550°C for 1 h. 

 

Fig. 5.  Fragments of X-ray diffraction pattern for steel R6M5 after: 1 — laser hardening; 2 — friction test for 15 min; 3 — for 150 min. 

In addition, curves 2 and 3 in Fig. 5 indicate that laser hardening of martensite under action of temperature-
force loading within friction zones is also transformed due to strain ageing [17].  In X-ray diffraction patterns 
this is expressed as a shift in  α -phase reflections to larger reflection angles and a reduction in their width due to 
precipitation of fine carbide inclusions. 

Metal physics methods have confirmed that in laser irradiated metal under action of high pressure and tem-
perature, as also in thermal stability tests (see Fig. 2), presence of strengthening action fine carbide is observed 
within contact zones. 

Separately there should be consideration of features of transformation of the laser quenching zone structure 
from a liquid conditions [18, 19].  Presence of this zone is even required in the case of performing laser alloying 
of steel for coatings of different composition [20]. 
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Fig. 6.  Textural effects within steel R6M5 surface layers after bulk hardening (1) and laser treatment with surface melting (2). 

   
 (a) (b) 

Fig. 7. Structure of laser-melted steel R6M5 after heating at 500°C for 1 h: (a) optical microscopy; (b) distribution histogram for sur-
face profile height (image treatment in a Gwyddion program). 

As X-ray structural studies of irradiated steels and alloys have shown, within melted zones an anomalous  
ratio of diffraction line intensities is recorded, for example, martensite in steel R6M5, i.e., textural effects devel-
op (Fig. 6). 

Texture formation proceeds due to directional heat transfer during surface layer cooling in the laser harden-
ing process.  A consequence is additional reduction in friction coefficient of irradiated steels and an increase  
in their wear resistance. 

Metal physics studies have also established such a feature of the steel structure after laser treatment with 
surface melting as presence within irradiated zones of a significant amount of residual austenite (40–60%), 
which during thermal deformation loading, as is seen in Fig. 7a, is inclined to a greater extent towards precipita-
tion hardening than 20–40% austenite of the laser hardening zone from a hardened condition (see Fig. 2).   
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Fig. 8. Wear resistance of steel R18 cutters after bulk heat treatment (1), laser hardening without melting (2), with surface melting (3), 
laser hardening with tungsten carbide (4). 

It should be noted that a noticeable effect in the plan of dispersed fine carbide separation is additional heat-
ing at 550°C for 1 h.  After performing laser alloying carbides melted from a coating are added to carbides sepa-
rating during heating.  This leads to a greater increase wear resistance of laser irradiated steels. 

Full-scale tests of cutters of steel R18 were also performed in the work.  Wear resistance was determined 
under cutting conditions of components made of steel 45.  Cutters were subjected to various versions of surface 
treatment: laser hardening with melting and without melting the surface, laser alloying with tungsten carbide, 
laser radiation followed by heating to 550°C for 1 h.  The degree of wear was evaluated in an instrument micro-
scope according to the magnitude of the wear surface over the rear edge of a cutter with an identical cutting path 
for different versions of surface strengthening. 

As is seen in Fig. 8, for cutters subjected to laser hardening with all cutting rates there is a reduction in wear, 
i.e., there is an increase by a factor of 1.5-2 in their wear resistance. 

Minimum wear is achieved in the case of laser melting and especially alloying of cutter working surfaces 
with tungsten carbide from powder coatings.  

The results of experiments, worked out in a Statistica program, and provided in Fig. 9, from which is may 
be concluded that laser treatment minimizes cutter wear after radiation with a radiation current density of 80–
170 MW/m2 .  These results of experiments make it possible to select a laser treatment regime with the aim of 
obtaining the required irradiated steel wear resistance. 

 Therefore, it has been demonstrated in this work that a change in laser treatment regime provides the possi-
bility of obtaining within an alloy steel surface a structural state with prescribed wear resistance due to a differ-
ent degree of adaptation (structural adaptability) of t a structure towards thermal deformation loading. 
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Fig. 9.  Regression modeling maps for wear resistance of steel R18 laser-hardened cutters. 

Irradiation with a radiation current density of 80–1020 MW/m2  (without melting) facilitates creation with-
in a component working surface of a structural condition with a low degree of adaptation almost indifferent to 
temperature-force loading, i.e., resistant for a long time to weakening.  During irradiation with a power density 
of 120–170 MW/m2  (with melting) at the surface there is formation of structures adapted to a considerable ex-
tent to external thermal deformation action. 

As a result of the structural self organization of laser irradiated metal described material heat resistance after 
laser radiation increases by 50–100°C, and wear resistance by a factor of 2–4. 

CONCLUSIONS 

1.  It has been established the main prerequisites for improving operating properties are features of the 
structural state of irradiated metal: fragmentation of the structure of the main phases; incompleteness of homog-
enization processes with partial or complete dissolution of excess phases; an increase in crystal structure defect 
density. 

2.  Steel surface structure formed during laser radiation is adapted to a different extent to external defor-
mation action.  An increase in the set of irradiated metal properties proceeds as a result of transformation of laser 
hardened austenite into strain-induced martensite and simultaneous strain ageing of martensite.  A significant 
contribution to strengthening is fine carbides separated at crystal structure defects with formation of a precipita-
tion texture. 

3.  Textural effects observed within martensite in steels melted using laser radiation are retained up to high 
heating temperatures and lead to property anisotropy, especially towards a significant reduction in friction coef-
ficient. 

4.  It is established that and additional contribution to an increase in hardness  and wear resistance of surface 
irradiated layers is contributed by surface laser alloying for coatings containing hard fine carbide particles due to 
a combination of melted particle properties with an irradiated metal precipitation hardening effect. 

5.  Steel pulsed laser treatment makes it possible to increase the hardness of irradiated areas by up to 8–
13.5 GPa, and heat resistance by 50–100°C, which facilitates improved operating properties of strengthened 
components. 
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