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Abstract

Based on the use of methods for solving the inversklem of heat conduction, we developed an
algorithm for calculating the power density distion of the laser beam to create a desired thermal

effect on technological objects. It was shown

thatredistribution of power density of moving dis-

tributed surface heat sources can adjust the tetyperdistribution in the treated zone. The resflts
thermal processes calculation show the abilityhefdeveloped algorithm to create a more uniform
temperature field across the width of the heatctdfit zone. Equalization of maximum temperature
values is achieved in the center and on the paypifehe heat affected zone with an increaseén th
width of the regions, where required temperatureashed. The application of diffractive optical el

ements gives an opportunity to obtain the req
zone. The research performed has enabled

yregberties of treated materials in the heat aftecte
paranoéténe temperature field in chrome-nickel-

molybdenum steel to be adjusted for laser heatnieya. In addition to achieving uniform tempera-
ture conditions across the width of the heat aféone, the proposed approach allows the increase
of the width of the isotherms of the temperatuedds; this provides an opportunity to process gt lar
er area per unit time at the same laser beam power.
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Introduction

Laser beam machining is a progressive process
improving of parts properties and service charésties.
The feasibility and advantages of the use of lasersa-
terial processing process steps are determinetdebpds-
sibility of non-contact, strictly dosed intensivepply of
energy to the product surface. Laser technologiesised
to process remote and local areas of parts in ltiseree
of vibrations and other negative effects on theemialt
These and other significant advantages leads tatagrd
potential of using laser processing of the presem: as
well as in the future.

treatment zone. However, virtually there are nmiinf
fgpation and recommendations for the implementation o
an existing capacity control of energy spatial ritist-
tion input into the processed material. MismatcHdiisr
tribution of the heat flow on the surface of thired
parts leads to the formation of various defectghsas
burnout, coarse-grained structure, local meltingl an
warpage of blanks due to uneven heat across thih wid
of the heat affected zone, this occurs alreadhénpro-
cessing stage. For large volume parts the followdeg
fects are typical: uneven distribution of mechahica
properties across the width of the heat affectedezo

Achievements in the study of the physical characteruneven working depth; local melting; increasedtlext

istics of laser beam processing are reflected marous
papers and monographs-3B], and experience in thq
application of laser equipment in the productiorvafi-

ous products technologies, which were describedein
tail in reference books HM46]. For technological laserg
used for the material processing the followingiset At
the treatment of materials by laser irradiationais-
sorbed portion of the incident energy that lead$ote
mation the heat source on the surface or in voloing
the object, the energy and space-time charactsist
which are determined by the parameters of lasembe
The heat from the source is distributed in the m@wf

the object, causing it heating. Numerous publisbed

perimental results show that the most importantoiac
that make influence on the formation of the phylsicad

mechanical properties of materials and performanfce

ness of the product due to overheating of the aéatid

L insufficient hardness due to underheating in theppe
eral regions of the heat affected zone. Howevepr&
vent these defects, efficiently processed materdais
commonly used, instead of those that better fuiH
quired material properties after laser beam treatme

Different laser optical systems are used to lasenb

shaping [6-8], but none of them can provide a simulta-
neous combination of properties such as the creatia
desired distribution of laser power density, coticion

4 Of the laser beam power within a treatment zonenigaa
specific shape and high reliability. Diffractive taal
elements (DOEs) can be used to create the reqdised
tribution of laser radiation intensity {912]. In this case,
it is appropriate to use new approaches that demitao
account the specifics of creating a predetermimpettific

products under laser irradiation, is a temperatarthe

heat flow through surface of object.
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The study of thermal processes allows to identifjn-c
mon relations and the main areas for improvemeitaii-
nological processes of material processing witttentrated
energy flows. It is known that lasers’ effects @ague ma-
terials in a wide range of flow densities, up t¢*10/n? is
satisfactorily described by the thermal model{18]. The
required material properties under laser irradiati@re
achieved by a corresponding change of the thertatd. §
The nature of thermal processes is determined doyhidr-
mophysical characteristics of processed materialg.,(
thermal conductivity, specific heat capacity, stefeheat
transfer coefficient), absorption state of theifates, laser-
beam parameters (e.g., laser power density, ceotisisal
laser intensity distribution, geometrical paramgteand
laser beam irradiation time [16, 17]. However,hre fibove
Refs. a calculation of the power density distritntof the
laser beam to create a desired thermal effectaimaddogi-
cal objects was not performed. It is appropriatese new
approaches that can take into account the speofficeeat-
ing a predetermined temperature field in technoklgbb-
jects for the development of laser materials psingstech-
nology. The most effective processing modes aermhited
only when the inverse heat conduction problem sblVeat
provides opportunity by given values of temperatunethe
object to determine the specific heat flow throtigis sur-
face. Prerequisites for the use of this approacie feeen
formulated in [18]. But the iterative algorithm foailculating
the power density was not designed.

The objective of this paper is to develop the atpar
for calculation of the power density distributiofi the
laser beam to create a desired thermal effect dmte
logical objects and determine advisability of labeam
shaping by DOE for laser treatment with creating 1
required set of properties of metallic materialsailmeat
affected zone.

Power density distribution of the laser beam to ate
a desired thermal effect on technological objects

The boundary conditions of the second kind of that h
equation includes power density distribution oflegapheat
flow. The problem of determination this distributics not
always well-posed, because its solution is not yw,
uniquely and stable. There is known algorithm [f®]ill-
posed problems, based on the narrowing the rangesst-
ble solutions by the use of additional assumptiegarding
the unknown function. This process is known asleega-
tion. The most common way to solve such problents i
iterative method described in detalil in [19], itBpiple is in
solving of the direct problems with iterations acle step.
The condition for the end of the iterations is @incidence
with the required accuracy and the obtained indhepera-
ture fieldsk- iteration of defined discrete temperature vall
at the points of the object. The condition of caney in
time of the heat flow is satisfied by well-posednialation
of the source determination inverse problem of beatiuc-
tion, because after a certain time the temperdieie at
interior points of the object is regularizing [1H)]. As an
additional condition the temperature data are gatarhosen
points of the domain.

Numerical integration of the heat equation is imat-
ed taking into account the temperature dependesfctée
thermophysical characteristics of processed matanéthe
absorption coefficient of the surface, which aréinge in
the form of tabulated values or appropriate fumstiat cer-
tain temperatures [21, 22]. The nonlinear heat goimh
problem is considered for the calculation of thating pro-
cess of a metallic material by a moving rectangsiteped
heat source. The calculation is made for the tdobiual
object moved with a constant angular veloaitin the posi-
tive direction ofO¢ axis, respectively, in the coordinate sys-
tem ©,0,2) placed in centre of the heat source with the
power valueQ. The length of the heat source is set perpen-
dicularly to the path of the laser spot on theam@fof the
processed material. Fig. 1 shows the geometriesepta-
tion of the computational domain.

h

Fig. 1. The geometric representation of the comjmnal
domain: B, D — width and diameter of the researcbiejgct,
respectively

The assumption is made that the heat source, péiti-s
fied geometry and spatial intensity distributioapresents
the surface source and take an d@raan the technological
object. In the rest of the surface, nonlinear dim of heat

A exchange with the surrounding environment are defin

The distribution of power density is defined by dwiation
for the rectangular-shaped heat source that preadeop-
portunity to ensure the conditions of solution umeigess.
Below, (¢, 2) is presented in the form of the equation:

A0 D=3 2 + gy 2 +..
—4 —2

..ta,z+az+ g)0

Kbnz $2m + br‘271$Z(m—1) +

5,0+ +B) v, 2,
whereq, — the intensity of the laser beam in the centb®f
focal spot; Z= Z(10°m); § =Dsin¢ /(210° m) — in
dimensionless  coordinates; an;, @n-1, ..., &, a1, ao,
bny, bng-1, ..., 02, b1, b0 — are coefficients of polynomials
wheren andm are integersy(¢, 2) — additional function.

(1)

es
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The set of temperature values at the points ofablige
determined in accordance with the required changtsi
thermal condition. At the first step it is advisald calcu-
late the distribution of laser power density, whioto-
vides the desired maximum temperature of thermakesy
of the object points at a given depth by the widthhe
heat affected zone.

Structural transformations caused by laser actien
determined not only by the maximum temperature,

A flowchart for calculating the power density distr-
tion of the laser beamy9, 2) to formation a desired thermal
effect on technological object is shown in Fig. 2.

As a result of calculation, the distribution of das
power densityq(d,2) for the formation of the desired
thermal effects on technological object of chronekel-
molybdenum steel was defined. The calculation okima

a mum temperatures values across the width of thé hea
buiffected zone of the cylindrical technological aibjeith

also by composition of heating, holding at a certai a diameterD =80 mm was performed. The rectangular-

temperature and cooling 8], i.e. by thermal cycle.
Therefore, based on identified temperature fieldnges
on the surface and within material volume it is in
portant to define the conditions to achieve favtga
thermal cycles to produce the desired propertiesnef
pact object. The correction of spatial-temporalraba
teristics of laser action is also needed in ordegrisure
the required temperature modes.

Calculation of distribution of laser power dendityfor-
mation a desired thermal effect on technologicgaib, is
conducted in the following order:

1. Maximum advisable temperatulg.x at the object
surface setting, corresponding to the projectedntaogical
process. Enter the initial value of distributionlaser power
densityq(, 2 = q(¢, 21

2. Determine the value of the heat source angslacity
w, at which the maximum surface temperature ofehbrto-
logical object does not exce®a: MaxTy |p=p2< Tmax

3. Initiate the values of the required maximum terap
ture at a given depth of technological object across th
width of the heat affected zone: m&Xn.

4. Execute the calculation of maximum temperatu
values maXxy |n at a given depth of technological object
across the width of the heat affected zone foreihered
value of distribution of laser power dengity, 2);.

5. Determine the relative mean deviatRiD% of the
required temperature:

Z|T max, |, — maxT, |h|
RMD% = . )
nimaxT, |,

wheren — is the number of object points in which th
discrete values of the temperature ma, are set.

6. Compare the relative mean deviatRlD% with a
predetermined allowable valae

7. Correction of distribution of laser power densiiro-
cessed on the surface of technological obj
d(d,2) =q(9, 2« wherek — is a number of iteration. Choos
the q(¢,2 values which corresponds to conditig
RMD%<z¢. Further correction of spatial-temporal charact
istics of laser action (distribution of laser powdensity
d(d,2), as well as the angular velocity of heat source),
with taking into account the conditions to achiéseorable
thermal cycles to obtain the desired propertianaterial of
the technological object. In moving coordinate esystheat-
ing and cooling rates are determined by the equatio

Upeas U e = QT (P, 0+ 29,2) -T(p. 6, 2]/ A, (3)

100,

cold ™

shaped heat source with pow@r900 W moved with a
constant angular velocity=0.25 rads on the object
N-surface. The calculation results obtained by firlement
P method have adequate compliance with the results re
ceived at using the control volume method [23].

During applying of heat sourde=10 the equality of
maximum temperature values could be almost accehaali
at the center of the heat affected zone and in chse
z=x2 mm; # mm:

Tmax, =0 2 mm;x 4 mnj)= 10530 K

Moreover, in comparison with the applied of heatrse
k=1, there is 1.17 times decreasdwfax(z=0)|n and 1.31
times increase dfmax(z=+4 mm)|n.

The isotherm widthT=1100 K is increased by 1.31
times and has the valu®g-110« =9.83-10° m. The max-
imum rate of heating of technological object poiatshe
depth of h=0.75-1C is thear =7-10°K/s. The cooling
rate in the range of temperature values ffom1100 K
o 10 T=940 K isUoig =10°-2-10° K /.

The results of experimental studies

res The experimental research of processes was conduct-
ed during action on the metallic material of theela
beam what transformed by using a DOE. Chromium-
nickel-molybdenum 40HNMA steel was chosen as sam-
ple material. It is widely used in engine manufaciy

for crank shafts, propeller shafts, connecting radsl
other massive parts with working temperatures otap
770 K. The chemical composition of this material is
shown in Table 1.

Table 1. Chemical composition of steel 40HNMAYowt

e
C Si Mn P
0.36... 0.44 0.14... 0.17 05...08 <0.035
S Cr Ni Mo
<0.003 0.6...0.9 1.25...1.7% 0.15...0.25
Ect Laser irradiation of the samples was performed tyra

e tinuous wave mode Hebar-1A @@ser that emits a Gauss-

nian beam with a maximum output power of 1000 W. An

brabsorbing methylcellulose and sodium silicate-bassat-
ing, MCS-510, was used. The laser optical systemmed-
ified for this research. In this system, the beamusing
mirror was a DOE [2427]. This DOE have the form of a
reflecting plate with micro-relief surface. Micrelief sur-
face is defined by the desired shape of the tredtaune,
required distribution of laser beam intensity aral@ength
of the laser radiation. It ensured the turn of lteer beam
and distribution of its intensity within the treant zone.

where -Ap, A, Az — is spatial discretization interval.

The laser beam was focused to an approximatelgmgatar

Computer Optics, 2016, Vol. 40(5)

681



Algorithm for calculation of the power density dibtition of the laser beam to create a desiredriakeffect ...

S.P. Murzin, R. Bielak, G. Liedl

laser spot, the power density distribution of theet beam
was corresponded to=10. A modified KELVIN 1300 in-

frared pyrometer was used to take the measuremiehést
affected zone surface temperature.

atthe o

maximum advisable temperatufgax

bject surface setting

!

/[

input (@, z), h, max Ty|p €

/

1

correction ¢ ,¥

sampling q(o, z)

!

determination the value of the heat source
angular velocity o, at which
max Tp|p=p/2<Tmax

!

calculation of maximum temperatures

at a given dept;zp

Tmax|p
h of object

l

determination the relative mean deviation
RMD% of the required temperature:

2 |Tmaxy|h — max ||

RMD%=—

n-maxTy |y

"9 —RMD%<e Y3

l

correction q(¢, z), ®
in order to ensure required temperature

w[T(p9+4¢,2 ~T(p ¢ .4]
A

l

output ofp .2

Uheat U cold=

/[

/

end

Fig. 2. A flowchart for calculating the power deysilistribution of the laser beamag)
to formation a desired thermal effect on technatagobjects

Temperature rate conditions for the laser treatmén
steel 40HNMA were achieved when the power of tiserig
source was varied over the range of 800 to 100(p\¥;
cessing angular speed was=0.175-0.375rads. The
structure of chrome-nickel-molybdenum steel 40HNMA
the cross-section of the heat affected zone aitarlheat
treatment using the moving rectangular-shaped dmate
was also studied. For the metallographic studyfrdmture
of chromium-nickel-molybdenum steel object was p
formed (Fig. 3). The metallographic analysis canéd the
surface treatment without undesirable surface ntglti
Heat affected zone consists of several layersash ef
which microhardness is different from the initiaicmo-

[

pr-
Fig. 3. Fracture area of the sample

of chromium-nickel-molybdenum steel; increasé x
The hardest surface layer, having a reduced etehabi

hardness in varying degrees.

ity, is a martensite, which has microhardnilgs 7500—
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8000 MPa. Below this martensitic layer is the regal

incomplete hardening with martensitic and ferrgtcuc-

ture. The third layer is the transition zone. Ie tase of
laser treatment of preliminarily thermally modifisteel,
this layer has a microhardness reduction, conndotéte
formation of tempering structures — troostite orbge.

The initial structure of the material is sorbitettwhard-
nessHy =2850-3410 MPa.

across the width of the heat affected zone wasemeti
Changing the shape and the spatial intensity digidn
of a laser beam spot leads to differences of thgéea-
ture field in a treated material. It was possildeshsure
uniform properties and a constant depth of the treat-
ment zone across its entire width. In addition ¢bieve
uniform temperature conditions across the widththaf
heat affected zone, proposed approach allows thedse

Formation of such structures in the heat affeci
zone is caused by the character of the distributibn
temperature fields and the difference in the capliate
along the depth. Fig. 3 shows two clearly distisgui
areas, the relief of which is different. The nearface

edf the width of the isotherms of temperature fieM&der
isotherms provides an opportunity to process thgela
area per unit time at the same laser beam power.
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