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Abstract. The relationship of technological input regimes of the laser transformation hardening on change the hardening depth,
hardening width, and hardening angle, as well as surface hardness of the tool steel AISI D2 using multifactor experiment with
elements of the analysis of variance and regression equations was determined. The laser transformation hardening process
implemented by controlling the heating temperature using Nd:YAG fiber laser with scanner, pyrometer and proportional-integral-
differential controller. The linear and quadratic regression models are developed, as well as response surface to determine the effect
of the heating temperature and feed rate of the treated surface on the energy density of the laser beam, hardening depths, hardening
width, hardening angle, and surface hardness are designed. The main effect on the energy density of the laser beam has a velocity
laser treatment, on the other hand, the main effect on the geometrical parameters of the laser hardened zone and surface hardness
has temperature heating are shown. The optimum magnitudes of the heating temperature (1270 °C) and feed rate of the treated
surface (90 mm/min) for laser transformation hardening of the tool steel AISI D2 using fiber laser with scanner were defined.
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Introduction

One of the most important problems solved by mechanical engineering is to improve surface microrelief and to
increase physical and mechanical properties of the surface layer of metal products, which work in extreme conditions,
by means of the developing and application of modern technologies for surface treatment. Solving this problem will
allow to increase both operating properties and competitiveness of the manufactured products. One of the technological
solutions to improve the wear resistance of the working surfaces of parts is the hardening of the surface layer by
changing its structure [1].

Application of highly-concentrated energy sources of plasma flow [2], electron beam [3] and laser [4] radiation
ensure high levels increasing the hardness of metal parts, but not always promote improving surface microrelief.
These high-energy methods surface treatment provide an opportunity the local hardening and promote increasing
productivity processes. Developed modern laser engineering systems have some important advantages (uniform
hardening depth, no vacuum environment, the possibility to transfer energy beam over long distances) compared to the
plasma treatment, electron-beam treatment and other methods of surface thermal hardening [5]. Laser surface hardening
of the tool steels by means of the laser transformation hardening (LTH) without melting [6] or with melting surface [7],
and shock peening [8], by analogy with other types of hardening is the formation of the austenitic structure with the
dissolution of carbide phases during rapid-action heating and its following transformation to martensite structure during
cooling due to absorbing and transferring energy high concentrations to thin surface layer. Herewith time heating and
cooling is minor, and practically absent dwell time at heating. These conditions provide high heating and cooling rates
of the processed surface areas.

High-alloyed tool steel AISI D2 with high chromium content is widely used in mechanical engineering.
In particular, at the manufacturing of cutting edge blanking dies and dies of cold and hot pressing. These tool steels
should be characterized by high hardness and wear resistance with sufficient viscosity in hot conditions and the
possibility to maintain these properties over a significant period of working (exploitation). The cost of die
tool is 8...20% of the cost forgings, and suspension of operation of the die tools in consequence of breakage is ~30%,
wear loss is ~18%, unsuccessful selection of steel for dies is ~11% and from non-compliance of heat treatment
regime is ~6% [9].
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It is known [10] that the melting of the surface layer of high-alloy steels causes reduction surface hardness due to
complete dissolution of carbides and a significant increasing in residual austenite. Tool steel AISI D2 is no exception.
Melted layer of the tool steel AISI D2 has dendritic austenite structure with between dendritic interlayers of carbides
cementite type. Diffusion of chromium occurs a quite slowly. As a result, chromium carbides don't have time to form
through high cooling rate. In connection with this, high-alloy steels should be hardened without melting or with the
minimal melting of surfaces [11].

Therefore, laser transformation hardening process is desirable to perform via the method of maintaining a
constant temperature in the laser beam area by controlling the heating temperature treated surface [12].

Purpose

To determine the relationship of technological input LTH regimes at the action of the fiber laser with scanner on
change the hardening depth, hardening width, and hardening angle, as well as surface hardness of the tool steel AISI D2
using multifactor experiment with elements of the analysis of variance and regression equations.

Methodology

Plane specimens of tool steel AISI D2 (dimensions 69 x 9 x 69 mm) were initially heated to 850 °C, then slowly
cooled in the furnace to 650 °C (10 °C per hour), and then cooled in the environment air. This thermal treatment results
in a typical microstructure contained the alloyed o-ferrite and carbides. The chemical composition and mechanical
properties of the studied steel at 7= 20 °C are listed in Table 1.

Table 1
Chemical composition and mechanical properties of the tool steel AISI D2

C Cr Mo \% Mn Si Ni Cu P, S | Fe Oy oy ) E HRC H/,l0.05
)| (%) (%) | (%) | (%) | (%) | (%) | (%) (%) |(%)| (MPa) | (MPa) | (%) | (GPa) | * '| (GPa)
v | o en N © N v ) 8 < S i © o = o © a
A R [ R S s I = ST % N Al S |22 2 o

oy 1s the tensile yield strength, oy is the tensile ultimate strength, ¢ is relative elongation, £ is the Young’s modulus,
1 is Poisson's ratio, HRC is the surface hardness, Hy 5 is the microhardness in the specimens’ cross-sections

Measured and calculated magnitudes of surface hardness (HRC) and microhardness (Hy) the surface layer in
cross section (according to Vickers hardness test procedure) are given in Table 1.

Laser surface hardening process of parts was carried out by a high power Nd:YAG fiber laser in continuous mode
(Rofin Sinar FLO10 fiber laser) with a maximum power output of 1 kW and a wavelength A = 1.07 um (Fig. 1a).
A galvanometric 2D scanner produced by Scanlab was placed into the special machine Kondia Aktinos B500 (Fig. 1b)
with numerical control for moving treated surface. The scanner head is composed by a collimating lens, focus lenses,
and two galvanometers. The scanning velocity and width of the laser beam was controlled using the software of the
scanner.

Puc. 1. Laser surface hardening process: a — fiber laser, b — machine center, ¢ — scheme of LTH

Measured magnitudes of the heating temperature by two-color pyrometer Impac Igar 12LO during LTH were
transferred through a proportional-integral-differential controller on a special board of the collection and data
processing, which transformed the digital signal to analog signal laser power required to maintain a constant
temperature in the laser beam area (Fig. 2).

To determine the effect of LTH regimes (factors) on the geometrical parameters hardening zones, as well as the
magnitudes of the energy density of the laser beam and the surface hardness (dependent output variables) of the studied
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steel was used methods of mathematical planning of
the experiment because of a large number of technological
regimes.

These methods allow reducing the number of
needed experiments, to establish the relationship between
the studied parameters and LTH regimes, and optimize
process.

Experimental studies were conducted based on the
design of a multifactor experiment. Herewith as input
factors (independent input variables) were used the
following technological regimes of LTH process: the
heating temperature and feed rate of the treated surface
(Table. 2).

controlled laser power Table 2
Variation limits of factors
Levels factors
Factors
Xmin (' 1 ) Xmax (+ 1 ) X0 (0) Ax
A(x,) is the heating temperature 7 (°C) 1200 1340 1270 70
B(x,) is the feed rate of the treated surface S (mm/min) 40 140 90 50

The magnitudes of other technological processing regimes (scanning velocity and width of the laser beam,
focused position, and etc.) were installed constant, which were defined based on previous studies and
recommendations [S]. The LTH process was carried out was carried out with a scanning velocity 1000 mm/s which
produced the track 10 mm wide on the specimen surface.

The studied output parameters (dependent output variables) were energy density of the laser beam (E;) and
hardening depth (#,), hardening width (b;) and hardening angle (a;) (Fig. 3), as well as surface hardness (HRC) of the
laser track (Table. 3).

Hardening width

The energy density (kJ/cm?) of the laser beam was determined by the formula [12]:

)

where P is the laser power (laser power magnitudes was determined by means of a special software), W; dy, is the
diameter of the laser beam, cm; S is the feed rate of the treated surface, cm.

Table 3
Design matrix with code independent input variables and dependent output variables
Experim-| Run Coded variable Actual variable Experimental measured responses
enalNo-Jorder [ () [ ® | x| %) | v (En) iom? [y () ] ys () wm [ ya () ° [ys (HRO)
LTH7 4 - - 1200 40 72 170 9500 3,5 47
LTH8 7 - 0 1200 90 39 140 7800 2,5 45.2
LTH9 5 - + 1200 140 28 80 7600 2 33.8
LTHI10 9 0 - 1270 40 78 380 10500 8,2 51.2
LTHI11 1 0 0 1270 90 40 310 10200 7,1 52.1
LTHI2 8 0 + 1270 140 30 230 9500 5,5 54.8
LTHI13 6 + - 1340 40 87 290 10100 7 51.5
LTHI14 3 + 0 1340 90 42 270 10000 6,8 524
LTHI15 2 + + 1340 140 29 240 9500 6,2 52.7
Linear and quadratic regression model obtained in the form:
y=by+bx; +byxy +bxx5, 2)
Y =by +byx; + byxy + biyx;xy + by x50+ byyxy” 3)
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where y is the response calculated by model (dependent output variables), by is the constant regression coefficient;
by, by, by, b11, by 1s the regression coefficients; xi, x, are the variables corresponding to independent input variables.

The geometrical features of the laser hardened zone were investigated using optical microscope-profilometer
Leica DCM3D with 10XLD confocal lens and appropriate software. The surface hardness prior to and after
LTH process was measured using a Computest SC tester at a load on indenter of 10 N at the dwell time of 3 s.

Design matrix evaluation for surface response linear and quadratic models, analysis of model statistics and
diagnostic plots, as well as creation of model graphs and optimization of experimental results were performed using a
Design-Expert statistical software program, in particular response surface methodology (RSM). RSM designs help to
determine the relationships between the input factors and one or more measured responses.

Results and discussion

The typical geometric dimensions of the laser hardened zones in cross section obtained by a high power fiber
laser with a galvanometric scanner at high scanning velocities are showed in Table 4. It is known that temperature peaks
at the terminations are lower than the center of the track at high scanning velocities [5]. As a result, the maximum
hardened thickness is in the center of the track.

Table 4
Hardened zone at different LTH regimes

Reoi Temperature, T (°C)
cgtmes 1270 °C 1340°C
ChE:
=
g
&
5]
N ()
8 N
s
o)
3
2lg

In order to determine the heating temperature and feed rate of the treated surface effect on energy destiny,
geometrical parameters of the laser hardened zone and surface hardness, the design of experiment full factorial three-
level design with response surface methodology and analysis of variance (ANOVA) was applied. ANOVA results of
RSM linear and quadratic models are given in Table 5.

Table 5
ANOVA for response surface linear and quadratic models

Model Linear |Quadratic| Linear |Quadratic| Linear |Quadratic| Linear |Quadratic| Linear |Quadratic
Measured responses y1 (En) 2 (hi) y3 (by) ya (o) ys (HRC)
F value 16.70 | 22191 | 2.74 18.20 4.30 11.53 4.21 25.66 | 12.99 | 36.61
p-value prob. > F 0.004 | 0.0005 | 0.152 | 0.018 | 0.075 | 0.035 | 0.077 | 0.011 | 0.008 | 0.006
R’ 0.90 0.99 0.62 0.96 0.72 0.95 0.71 0.97 0.88 0.98
Adjusted R? 0.85 0.99 0.39 0.91 0.55 0.86 0.54 0.93 0.81 0.95
Predicted R” 0.65 0.96 -0.56 0.61 0.17 0.45 -0.05 0.72 0.61 0.80
Adequate precision | 9.74 35.74 4.87 12.87 5.93 10.64 5.63 13.64 | 10.04 | 16.86

ANOVA showed that designed both the linear and quadratic regression model response of the energy density
magnitude of the laser beam (£);) and surface hardness (HRC) are significant because the probability values of models
are less than 0.05 (Table. 5). Moreover, the determination coefficients are in the range 0 < R* < 1, adequate precision
ratios are greater than 4 and values of the variation coefficients of models are comparatively low that allows to state
about a high accuracy and reliability of the results. It should be noted that obtained by linear regression models response
of the hardening depths (%,), hardening width (b,) and hardening angle (a;) are less important compared to developed
quadratic regression models because of a smaller number of freedom degrees. In particular, Table 4 shows that the
linear regression models response of the hardening depths, hardening width and angle don’t provide conditions
according to Fisher criterion. Furthermore, the predicted determination coefficient extends beyond the
conditions 0 <R*< 1. Inapplying the quadratic regression models these disadvantages are eliminated because
the quadratic models with five degrees of freedom for Fisher criterion is more significant compared with linear models
with three degrees of freedom. A value of significance models is less than 0.05 that indicate about their adequacy.
Thus, quadratic regression models response of the hardening depths, hardening width and angle are significant.
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Moreover, correlation coefficients (R?) in the quadratic regression models are very close 1 in comparison with linear
regression models that indicate about the high adequacy of the results.

As a consequence, the results obtained according to ANOVA showed that the main influence on the magnitude
the energy density of the laser beam has the feed rate of the treated surface (velocity of laser heat treatment).
On the other hand, the main influence on the magnitude hardening depths, hardening width, hardening angle and
surface hardness have the heating temperature regardless of the investigated regression models.

Linear and quadratic regression equations (mathematical models) for the response of the energy density of the
laser beam (E}), hardening depths (%;), hardening width (b,), hardening angle (a;) and surface hardness (HRC) of the
tool steel AISI D2 according to full factorial three-level design for the coded values of factors are as follows:

E, =49.44+3.174-25.0B-3.548, “

h, =234.44+68.334—-48.33B+10.04B , &)

b, =9411.11+783.334—-583.33B+325.048, (6)
a,=554+2.04-0.83B+0.174B, 7

HRC =50.97+2.454+1.1B+0.374B , (8)

E, =40.22+3.174-25.0B-3.504B+0.174> +13.67B%, )
h,=312.22+68334-48.33B+10.04B-108.334> —8.33B7, (10)

b, =9988.89 + 783.334 — 583.33B +325.048 - 983.334% +116.67B7, (11)
,=698+2.04-083B+0.174B-2.274> -0.067B%, (12)

HRC =51.93+2.454+1.10B+0.374B —1.554 +0.10B?, (13)

Accordingly, linear and quadratic regression equations (experimental models) for the actual values of factors
have the form:

E, =-77,30+0,137 + 0,775 -1.0-107°TS , (14)

h, =-591.74+0.71T —4.595 +2.85-107°TS , (15)

b, =6862.77+2.83T —129.595 + 0.0927S , (16)

@, =-23.64+0.02T —0.085+5.0-107°TS , (17)

HRC =16.78+0.02T —0.118 +1.07-107* TS, (18)

E, =12.61+0.04T —0.215 —1.0-10°TS +3.40-10 572 +5.46-107°52, (19)
h, =-36200.32+56.87T —3.995 +2.85-107°TS - 0.027> -3.33-1073 52, (20)
b, =-3.15-107> +512.567 —137.99S + 0.097S — 0.20T* + 0.045 7, (21)
a,=-768.41+1.194-0.07B+5.0-10° 4B -4.62-107* 4% -2.66-107° B?, (22)
HRC =-492.12+0.82T —0.12S +1.07-107*7S -3.16-107*T* + 4.0-107°S?, (23)

The above obtained mathematical models (Equations 4-13) for the coded factors that associated with the coded
LTH process regimes and experimental models (Equations 14-23) for the actual factors that associated with the actual
(experimental) values of LTH process regimes. Thus, obtained the quadratic regression models (Equations 9-13 and
19-23) based on above mentioned the ANOVA characterized by high accuracy and can be used to control the energy
density of the laser beam, hardening depths, hardening width, hardening angle and surface hardness of the tool steel
AISI D2 depending on the heating temperature and feed rate of the treated surface.

Fig. 4 shows the effect of the laser transformation hardening process regimes on the energy density of the laser
beam. Energy density magnitudes of the laser beam are directly related to power and diameter of the laser beam,
as well as the feed rate of the treated surface (Formula 1).
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Fig. 4. Response surface and contour plot for effect of heating temperature and feed rate of the treated surface on
energy destiny at LTH of the tool steel AISI D2
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The laser power magnitudes were determined by means of implementation the proportional-integral-differential
controller and special software. The energy density magnitudes of the laser beam are significantly reduced with
increasing the feed rate of the treated surface (Fig. 4). Increasing the heating temperature indicates a slight increment
the energy density of the laser beam. In addition, the largest the energy density magnitudes of the laser beam are
focused at maximum heating temperature and minimum velocity processing (Fig. 4 right).

Response surface and contour plot to determine the effect of the heating temperature and feed rate of the treated
surface on hardening depths, hardening width and angle, as well as surface hardness at LTH of the tool steel AISI D2
are presented in Fig. 5. The previous experimental studies showed that at the heating temperature below 1200 °C and
specimen feed rate 40 ... 140 mm/min wasn't found the heat affected zone. The hardening depth of the surface layer is
approximately 130 microns (surface hardness ~ 45 HRC) at the heating temperature of 1200 ° C that is insufficient at
the working (exploitation) of products in extreme conditions. The temperature heating enhancement to 1270 °C
caused increase both the geometrical parameters of the laser hardened zone and the surface hardness (Fig. 5).
However, at the heating temperature to 1340 °C is observed a slight decrease in hardened zone parameters in
comparison with heating temperature 1270 °C. It may be related that at these LTH regimes of the investigated steel
occurs excessive heating of the surface. Herewith, both surface hardness (~ HRC 52) and microhardness in cross section
of the surface layer (Fig. 6a) almost unchanged.
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Fig. 6. Microhardness profiles along the track depth (a) at LTH of the tool steel AISI D2 and microhardness profile along the
track depth (b) at the optimum regime (heating temperature 1270 °C and feed rate of the treated surface 90 mm/min)

Furthermore, it was found that at laser heat treatment is observed reduction hardened zone parameters and
increase the surface hardness with increasing the velocity processing (S = 140 mm/min) due to decreasing the cooling
rate of subsurface layers (Fig. 5, Table 4). It promotes to creating more homogeneous microstructure of the hardened
layer. Despite the better surface hardness, hardened zone has insufficient hardening depth (~ 240 pm) at the maximum
velocity processing. The highest the surface hardness magnitudes are observed at the maximum heating temperature and
feed rate of the treated surface (Fig. 5d right).

Thus, the laser transformation hardening process of the tool steel AISI D2 using the fiber laser with scanner
should implement at the heating temperature not more than 1300 °C and feed rate of the treated surface
about 90 mm/min for ensuring full austenitization heated surface layers (Fig. 6b). The results in work [12] confirm that
defined the optimum LTH regimes the studied steel to avoid melting surface. In addition, cracks in the hardened
subsurface layer by scanning laser beam are not found.

Conclusions

The relationship of technological input LTH regimes at the action of laser beam scanning on change the
hardening depth, hardening width, and hardening angle, as well as surface hardness of the tool steel AISI D2 using
multifactor experiment with elements of the analysis of variance and regression equations was determined.

The level of effect of the heating temperature and feed rate of the treated surface on the energy density of the
laser beam, hardening depths, hardening width, and hardening angle, as well as surface hardness at LTH of the tool steel
AISI D2 was established. The desired hardened depth and surface hardness of LHT process can be achieved by means
of the developed quadratic models. According to ANOVA, the heating temperature is the main factor affecting on the
hardened depth and surface hardness.

The optimum magnitudes of the heating temperature (1270 °C) and feed rate of the treated surface (90 mm/min)
for laser transformation hardening of the tool steel AISI D2 using fiber laser with scanner were defined.

32



ISSN 2521-1943 Mechanics and Advanced Technologies #1 (79), 2017

BB 1a3epHOro TepMo3MillHEHHsI HA 0COOJTMBOCTI 30HHM 3MIIITHEHHSI Ta
TBEPAICTH MOBEPXHi iHCTPYMeHTaNBbHOI cTajai X12M P

I.A. Jlecuk, B.B. :xemeaincbkuii, C. Maprines, A. Jlamikis, O.0. Januieiiko, B.B. XuskeBcbkuii

Anomauia. Busnaueno 63a€mo36’a30Kk 8XiOHUX MEXHONOLIYHUX PENHCUMIB TA3ePHO20 MEPMOIMIYHEHHS HA 3MIHY eTUOUHU, WUPUHU |
KVma 3MIYHeHHs, a MAaKoic meepoocmi noeepxwi incmpymenmanvuoi cmani X12M®, 3 euxopucmanuam 0acamoghaxmoprozo
eKCnepuMenmy i3 eleMenmamu ananizy oucnepcii ma pisHsHo peepecii. Ilpoyec 1azepHo20 MepMOIMIYHEHHST Peaniz08aH0 UISIXOM
KOHMPONIO MeMnepamypu HazpieanHs 3 Gukopucmannam 6oaokonnoco Nd:YAG nasepa 3 ckamamopom, nipomempa ma
nponopyiiHo-inmezpanrbHo-ougepenyiarsio2o Konmpoaepa. Pospobneno ninitini ma xeadpamuuni peepeciiini mMooeni, a maxoxic
1n006y008aHO NOGEPXHI I02YKi8 ONsl GUSHAYEHHA 6NAUEY MeMNepamypu HASPiBaHHs ma WeUOKocmi nepemiwjeHHs oOpoOn0eanoi
Nn0BepxHi Ha 2yCMUHY eHepeil 1a3epHo20 NPOMEHS, 2IUOUHY, WUPUHY | KV 3MIYHeHHA, a makodic meepdicms nogepxti. Iloxkazano, wjo
OCHOGHUIl 6NIUE HA BEAUYUHY 2YCIMUMU eHep2ii 1a3epHO20 NPOMeHSA MAE WEUOKICMb 1a3epHoi obpodku, a Ha 2eomempuuui
napamempu 30Hu 1a3epHO20 3MIYHEHHS ma meepOOoCmi NOBepXHi — memnepamypa Hazpieanns. Busnaueno onmumanvhi 3nauenis
memnepamypu naepieanus (1270 °C) ma weudxocmi nepemiwenns obdpobnioganoi nosepxni (90 mm/xe) Ona naszepnoco
mepmozmiynenns cmani X12M® npu euxopucmanti 6010KOHHO20 1A3epa 3 CKAHAMOPOM.

Kniouoei crnosa: nazepne mepmosmiynenns, nogepxmesuli wap, 30Ha smiynens, meepoicms, incmpymenmanvua cmans X12MO

Biusinue Jia3epHOr0 TEPMOYIPOYHEHHMSI OCOOCHHOCTH 30HbI YKpeIUICHHS H
TBEPAOCTH MOBEPXHOCTH HHCTPYMEHTAIBHOM cTanu X12M®

I.A. Jlecuk, B.B. I:xemenunckmii, C. MapTunes, A. Jlamukus, O.0. lanuieiiko, B.B. Xum:keBckuii

Annomayun. Onpedenena 63auMOC6:3b 6XOOHLIX MEXHONIOSUYECKUX DEeJCUMO8 NA3ePHO20 MEPMOYNPOYHEHUs. HA U3MEHeHUe
2NYOUHbL, WUPUHBL U YA YIPOUHEHUsl, A MAKJCce MEepOOCmU NO8EPXHOCIU uHcmpymenmanvhou cmanu X12M®, ¢ ucnonvzosanuem
MHO2OQAKMOPHO2O ~ IKCREPUMEHMA ¢ JIeMEeHmaMy aHaiu3a oucnepcuu u ypasmenuu peepeccuu. Ilpoyecc nasepHoeo
MEPMOYNPOUHEHUs. Peanu308aH0 NYymeM KOHMPOIs MEeMRepamypbl HaA2peéda C UCNONb308anueMm 6010konno2o Nd:YAG nasepa c
CKAHAMOPOM, RUpPOMempd U NPONOPYUOHAILHO-UHMESPATbHO-0Uppepenyuansnozo Koumponepa. Pazpabomanwi nuneiinvie u
K6aopamuynvle pecpecCuonnble MOOeau, d Mmakdice NOCMPOEHO NOBEPXHOCHU OM3blE08 O/ ONPeOeNeHUsl GIUSHUS MeMNePamypol
Hazpesa u CKOpOCMu nepemewerus 0opabamuléaemoli NOBEPXHOCMU HA NIOMHOCHb HEPSUU TIA3EPHO20 TyYd, 2YOUHY, WUPUHY U
V2Ol YNPOuUHEeHusl, a makdce meepoocms nosepxnocmu. Ilokazano, umo 0CHOGHOe GIUSHUE HA GEAUYUHY NIOMHOCMU IHepeUl
JIA3epHO20 JIyYa umeem CKOpOCMb JA3epHOU 00pabomKu, a Ha ceomempuyeckue Napamempbsl 30Hbl J1A3EPHO20 YNPOUHEHUS. U
meepooCcmu noGepxXHOCmu — memnepamypa Hazpesa. Onpedeienvl OnmuMaibHvle 3Hayenus memnepamypvl vaepesa (1270 °C) u
ckopocmu nepemeujenus oopabamuvieaemou nogepxnocmu (90 mm/mun) ons aazepnoco mepmoynpounenus cmanu X12M® npu
UCNOIL308AHUU BOJIOKOHHO2O0 1A3ePd ¢ CKAHATNOPOM.

Kniouesvie crosa: naseproe mepmoynpounenus; NOBEPXHOCMHbIU CIOU, 30HA YNPOUHEHUs, MEepOOCHb;, UHCMPYMEHMANbHAA
cmane X12MD

References

1. Poprawe, R. (2011), Tailored Light 2. Laser application technology, Springer-Verlag Berlin, Heidelberg, pp. 173-241.

2. Ismail, M.I.S., Taha, Z. (2014), Surface hardening of tool steel by plasma arc with multiple, /nernational Journal Technol,
Vol. 5,No 1, pp. 79-87, DOI: https://doi.org/10.14716/ijtech.v5il.156

3. Zenker, R. and Buchwalder, A. (2013), Electron beam surface hardening, ASM International, Vol. 14, pp. 462-475.

4. Kovalenko, V. (1998), Ways to intensify laser hardening technology, CIRP Annals — Manufacturing Technology, Vol. 47,
pp. 133-136.

5. Martinez, S., Lamikiz, A., Ukar, E., Tabernero, 1. and Arrizubieta, 1. (2016), Control loop tuning by thermal simulation
applied to the laser transformation hardening with scanning optics process, Applied Thermal Engineering, Vol., pp. 49-60.

6. Li, C., Wangn, Y., Han, B. and Rena, L. (2011), Microstructure, hardness and stress in melted zone of 42CrMo steel by wide-
band laser surface melting, Optics and Lasers in Engineering, Vol. 49, pp. 530-535.

7. Kusinski, J., Kac, S., Radziszewska, A., Rozmus-Gornikowska, M., Major, B., Marczak, J. and Lisiecki, A. (2012), Laser
modification of the materials surface layer — a rewire paper, Technical Sciences, Vol. 60, pp. 710-728.

8. Rozmus-Gornikowska, M., Kusinski, J. and Blicharski, M. (2010), Laser shock processing of an austenitic stainless steel,
Archives of Metallurgy, Vol. 55, pp. 635-639.

9. Lisovsky, A.L. and Pletenev, I.V. (2008), Laser hardening of the die tool, Bulletin of the Belarusian-Russian University, No.

3(20), pp. 90-99.

10. Leech, P.W. (2014), Laser surface melting of a complex high alloy steel, Materials and Design, Vol. 54, pp. 539-543.

11. Golovko, L.F. and Lukyanenko, S.O. (2009), Laser technology and computer simulation [Lazerni tehnologiyi ta
komp’yuterne modelyuvannya], Vistka, Kyiv, Ukraine.

12. Lesyk, D.A., Martinez, S., Dzhemelinskyi, V.V., Mordyuk, B.N., Lamikiz, A. and Prokopenko, G.I. (2015), Surface
microrelief and hardness of laser hardened and ultrasonically peened AISI D2 tool steel, Surface & Coating Technology, Vol.
278, pp. 108-120, DOI 10.1016/j.surfcoat.2015.07.049.

33





