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Ó ðîáîò³, çà äîïîìîãîþ îá÷èñëþâàëüíèõ
åêñïåðèìåíò³â, äîñë³äæóºòüñÿ òåõíîëîã³÷íèé
ïðîöåñ ñòâîðåííÿ âèðîáó çà äîïîìîãîþ òåõíî-
ëîã³¿ Rapid Prorotyping (îñíîâíà ñõåìà îáðîáêè —
ìåòîä ñï³êàííÿ  ïîðîøêîâîãî ìàòåð³àëó, ÿêèé
áóâ óù³ëüíåíèé). Ó ÿêîñò³ ìàòåð³àë³â, ç ÿêèõ
áóäå âèãîòîâëåíî ìàéáóòí³é âèð³á, ðîçãëÿäàþ-
òüñÿ ïîðîøêèà íà îñíîâ³ Ni òà Co.

Âñòàíîâëåíî, ùî íà ïàðàìåòðè âàííè ðîç-
ïëàâó ðîáëÿòü âïëèâ ïàðàìåòðè ñôîêóñîâàíîãî
ëàçåðíîãî âèïðîì³íþâàííÿ (ãóñòèíà åíåðã³¿,
ãóñòèíà ïîòóæíîñò³) àëå ³ âëàñòèâîñò³ ïî-
ðîøêîâîãî ìàòåð³àëó (ñêëàä, ê³ëüê³ñòü àòìî-
ñôåðè, éîãî òîâùèíà ìàòåð³àëó), òà âëàñòè-
âîñò³ ìàòåð³àëó, ÿêèé áóâ îòðèìàíèé íà
ïîïåðåäíüîìó òåõíîëîã³÷íîìó öèêë³. Ó ðîáîò³
âñòàíîâëåíî, ùî çà äîïîìîãîþ äîäàòêîâîãî
ñêàíóâàííÿ ñôîêóñîâàíîãî ëàçåðíîãî âèïðîì³-
íþâàííÿ, â ìåæàõ ïëÿìè ôîêóñóâàííÿ, ìîæ-
ëèâå ï³äâèùåííÿ åôåêòèâíîñò³ ³ ÿêîñò³ âèãî-
òîâëåííÿ âèðîá³â çà äîïîìîãîþ òåõíîëîã³¿
Rapid Prorotyping.

Abstract

Some research results of the developed technol-
ogy of rapid prototyping are presented. Two
schemes of process realization are discussed. First
scheme lies in laser sintering of the powder mate-
rial layer after its compressing with rollers, second
- in material sintering at powder injection into the
zone of laser irradiation. As a basic material for
products' manufacturing, different powders based
on Ni, Co and others were studied. Numerical
experiments and their planning were used to find
the optimal working conditions. It was found that
to increase the productivity and processing quali-
ty, without introduction of additional energy
sources, the most efficient way was to apply the
additional scanning of the focused laser radiation
within the limits of the focused spot.

Introduction
The increase in productivity and quality of laser

processing technology (and basically of any other
technology) is usually achieved by minimization of
machining and auxiliary times, optimization of modes
of processing and an introduction of additional ener-

gy sources into a zone of laser (irradiation) influence.
The above mentioned tools are interconnected
among each other.

Having taken the advantage of terminology of
laser marking [1] (plane marking — analogue of dot-
matrix marking and vector marking), we may state
that manufacturing of thin-walled details by vector
method is the most rational (Fig. 1). Optimization of
modes of processing (for the given type of the equip-
ment) provides the maximal productivity for the
estimated level of quality (or vice versa).
Introduction of additional energy into a zone of laser
influence (ultrasonic fluctuations, electric current,
electric arc, water pressure) allows to increase con-
siderably the productivity and quality of processing
with minimum (in comparison with the cost of laser
equipment) capital investments. The specified meth-
ods of the increase of laser processing' productivity
are successfully applied at various technologies: from
drilling, cutting and alloying. At manufacturing a
product with Rapid Prototyping technology, the
application of the given methods not expedient
because of the time lag of power supply systems of
additional energy sources. Moreover, when a product
is manufactured by sintering of preliminary con-
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STUDY OF THE PROCESS OF RAPID PROTOTYPING WITH LASER BEAM

Fig. 1. The scheme of layer dispositions in treated zone,
which forms a detail using Rapid Prototyping technolo-

gy, where: 
a — the scheme of layer dispositions in treated zone; 

b — Sintering of powder material "layer by layer " with its com-
paction by rollers (plane scheme); c — Sintering of powder

material with its injection into the focusing spot of laser radia-
tion (vector scheme)



densed powder layer with scanning laser beam, it is
practically impossible to supply additional energy
into a zone of laser influence, due to the lack of rigid
connection of an axis of a laser beam with system of
delivery of additional energy into a zone of laser
influence.

One of the most efficient methods that allows to
increase the productivity and quality of performed
operations is the management of distribution of ener-
gy density WE(x, y) of the focused beam on a surface
of a sample. Optimization of WE(x, y) is achieved by
means of alteration of power density of focused laser
beam WP(x, y). In this case special focusing systems
(mirror ones, diffractive optical element, for example,
[2—4]) that change the law of distribution of inten-
sity of a stream of laser radiation which has left the
resonator. Another way is to provide additional scan-
ning (with the help of moving of tilting or focusing
optics) on a surface of a sample [5—9]. 

It is worth to mention, that at manufacturing
products on technology Rapid Prototyping a vector
method, use of the first way of management WE(x,
y)is inconvenient, because of moving to space of a
spots of focusing under the any law and necessity of
tracking of a trajectory of its moving äåëèòåëüíûì
in unit. Additional scanning of laser radiation (with-
in the limits of a spot of focusing) is easily realized
in two circuits of laser prototyping: sintering of pre-
liminary condensed powder layer by scanning laser
radiation to the circuit of direct inflation of a pow-
der in a zone of laser influence. Therefore, the given
work is devoted to research of Rapid Prototyping
technology with scanning laser beam.

Theoretical consideration
As well as for any kind of laser technology, the

main technology factors of process of Rapid
Prototyping are factors which render the direct
influence on energy density WE(x, y) and power den-
sity WP(x, y) of the focused laser radiation — aver-
age power Pm, speed of movement Vx, focusing spot
radius rp and other). Among responses of the process
that are possible to determine with the help of cal-
culation experiments, are:

• Parameters of a melt bath (depth hm, width Wm

and time of existence tm) which was formed under
action of the focused laser radiation;

• The law of the focused beam movement on a
surface of a detail;

• Coefficient of overlapping of paths CCr and a
step of escalating on vertical coordinate StepZ (Fig. 1 a).

Thus at process realization the following factors
had to be considered:

• The minimum thickness of walls of the future
detail. Thus thickness of a wall (without shrinkage)
cannot be less, than width Wm of a melt bath; 

• A step of escalating on vertical coordinate
which less or is equal to depth of a melt bath;

• Time of melt existence should be sufficient for
realization of diffusion processes and creation of a
detail with the set of physico- mechanical properties.

As a model of process the nonlinear non-station-
ary system of equations of heat conductivity with
respect to phase transformations was used (1). To get
the numerical solution to the problem, system (1) was
replaced with finite-difference analogue with the
implicit scheme of approximation of derivatives and
non-uniform steps on spatial and time coordinates.
Furthermore, the finite-difference system was solved
with method of racing with the iterative scheme that
takes nonlinearities into account. In addition to that,
dependences of thermo-physical properties of sample
material from temperature were interpolated by
cubic splines. With this type of Rapid Prototyping
technology, the condensed powder material is
merged with the surrounding atmosphere (air, argon
and other) and its contents depends on the particles
size, thickness of a layer which is rolled, rolling load,
etc. Dependences of thermo-physical properties of
powder materials from the temperature, thickness
and the quantities of layers (assuming that thermal
contact between layers is ideal) were determined
with help of additivity equations (2). The content of
an atmosphere in a powder material were also esti-
mated with help of the additive equations. The laser
beam with power distribution WP(x, y) (3) scanned
on a surface of a workpiece is governed by the equa-
tion (4). 

(1)

(2)

(3)
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(4)

where: cΣ(T), ρΣ(T), λΣ(T) — dependencies of heat
capacity, density and heat conductivity of material
from temperature T

— volumetric heat capacity;
QΣf — latent heat of phase transformation;
δ — δ — Dirac function;
Tf — latent heat of phase transformation;
Tstart — initial temperature of the sample;
HX, HZ, HY — dimensions of sample;
A(T) — dependence of the absorption coefficient

of the laser radiation from temperature T;
cij, ρij, λij — dependencies for heat capacity, heat

conductivity and density for i component and j layer
of composition material;

kij — amount of i component of j layer;
xi, yi, zi — size of i-layer i-material;
Pm — average power of radiation;
rP — radius of the focused spot 
xc, yc — the current coordinates of an axis of the

focused laser beam;
x0, y0 — initial position of an axis of a beam;
As, Bs, ω — amplitude and frequency of scanning.
Let's consider process of interaction of the

focused laser radiation with powder materials on 
Ni-based  (powder type PGSR-3) and Co (powder
type PG-10Ê-01) with the contents of an atmos-
phere of 5—15%. Percentage of components in the
specified powder materials is presented in Table 1.

Dependences of thermo-physical properties (den-
sity ρΣ(T), heat conductivity λΣ(T), and thermal
capacities cΣ(T)) of powder materials from tempera-
ture were determined by the additivity equations
(3), using data presented in Tab.1 and in reference
literature [10]. Phase transformations (solid body —
melt - evaporation phase — solid body) that occur in
a material of a sample during laser heating had been
considered, taking into account the implicit alloca-
tion of their borders. Temperature dependences of
absorbing ability of powder compositions have been
established with the help of experiments which are
shown in detail in the reports [11].

While analyzing the experimental results, it was
noted that the main factor that influences thermo-
physical properties of powder is the content of the
basic element in it. For example in Fig. 2 the depend-
encies of heat conductivity of PGSR-3 powder par-
ticles and heat conductivity of PGSR-3-based alloy
from temperature.

Presence of other elements despite of their low
contents influences the thermal capacity and is
observed only at high temperatures (in the field of
phase transformations of components) (Fig. 3).
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The elements
Type of a powder

PGSR-3 (100%) PG-10K-01(100%)

Ni 95,9 28
B 1,2 1,2
C 0,4 1,3
Si 2,4 1
Fe 0,1 0,1
W - 2,5
Cr - 21
Co - 44,9

Table 1
Percentage of alloying elements in powder compositions

Fig. 2. Heat conductivity of components of powder
PGSR-3 and an alloy on a basis of PGSR-3 powder to

temperature, where: 
1 — Ni; 2 — B; 3 — C; 4 — Si; 5 — Fe; 6 — alloy on base

PGSR-3

Fig. 3. Heat capacity of material to temperature, where:
1 — alloy on base PGSR-3; 2 — powder PGSR-3 with the con-
tents of an atmosphere of 5%; 3 — powder PGSR-3 with the

contents of an atmosphere of 10%; 
4 — alloy on base PG-10K-01

)(Tc v∑



Results and discussion
The increase in percentage of an atmosphere in

gaps between powder particles (read — the density
of rolled powder) leads to the reduction of its heat
conductivity, density and to the increase of thermal
capacity (Fig. 3). The specified changes occur at
laser heating of a powder with different concentra-
tion of an atmosphere in it. So, while heating the
powder PGSR-3 with laser radiation at power Pm =
150 W focused in a spot of the radius rp = 0,6 mm,
moving at speed Vx = 2 mm/s, reduction in powder
density leads to the growth of  sample surface's tem-
perature, the dimensions of a melt bath and time of
its existence (Fig. 4). It is necessary to note, that
here and further parameters of a melt pool (depth hm,
width Wm and time of existence tm) were defined on

limiting positions of a line of phase transformation
temperatures of matrix material. 

For different thermo-physical and optical proper-
ties of powder mixtures on the basis of PGSR-3 and
PG-10Ê-01, under identical heating conditions, the
parameters of melt bath that forms in samples under
action of laser radiation appeared to be different
(Fig. 5). And apart from more efficient absorption of
laser radiation by powder PG-10Ê-01, under identi-
cal processing conditions, values of parameters of
melt pool in Ni-based powder are essentially higher,
than similar melt pool parameters for powder PG-
10Ê-01.This could be explained either by greater
heat conductivity at high temperatures of primary
powder metal Co (in comparison with Ni) and, cor-
respondingly, of mixtures, or by the influence of high
specific heat of melting of Cr and W on the amount
of laser energy spent for phase transformations.

Taking into account the significant content of Ni
in powder PG-10Ê-01 (Table 1), its sintering (melt-
ing) is possible due to the diffusion in a liquid phase
not only of the basis material (Co), but also of an
alloying material — Ni.

It is obvious that the parameters of a melt pool
also depend on the thickness of a layer of the pow-
der covering material that was alloyed during previ-
ous heating cycle. Thus, the parameters of a liquid
bath, that forms while processing the specified com-
position of materials, change, in comparison with the
processing of mono systems. 

Let's consider, as an example, a processing system
that consists of a layer of powder PGSR-3 with the
atmosphere contents of 10% and a layer of an alloy
on the basis of the specified powder. With the
increase of a thickness powder layer hp, depth hm

(dependence 2, Fig. 6) and time of existence tm
(dependence 1 Fig. 6) of liquid bath decrease.
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Fig. 4. Parameters of a melt pool (width Wm, depth hm

and time of existence tm) of sample made of powder
PGSR-3 to concentration of an atmosphere (Air, %)

(Pm=150 W, rp =0,6 ìì, Vx = 2 mm/s), where: 
1 — width Wm of a melt bath to Air, %; 2 — hm to Air, %;

3 — tm to Air, %. 

Fig. 5. Temperature distribution in samples, made of
powders PGSR-3 and PG-10Ê-01 (Pm=150 W, rp =0,4

ìì, Vx = 2 mm/s, air contents — 5%) where: 
a — sample from powder PGSR-3; b — sample from powder

PG-10Ê-0; ñ — scale bar for temperature; 
"___" melt bath for Ni, " " melt bath for Co

Fig. 6. Parameters of a melt pool (depth hm, time of
existence tm) in a sample made of composition of powder
PGSR-3 and an alloyed powder PGSR-3 to thickness of

the powder layer hp (Pm = 150 W, dp = 0,6 mm, 10%
Air), where: 

1 — time of existence of a melt bath tm to powder layer thick-
ness hp; 2 — depth of a melt pool hm to powder layer thickness hp



The specified phenomenon is explained by the
increase in volume of a material with low heat con-
ductivity that locates heat in a superficial layer and
adjoins to a mono-material. It does not give an
opportunity for the phase transformation front to
move effectively into depth and leads to the reduc-
tion of volume of a liquid bath and, correspondingly,
minimizes time of its existence.

While creating products with prescribed physical
and mechanical properties, layers of the future detail
may be made of various materials. One example is
the formation of consecutive layers of powders
PGSR-3 and PG-10Ê-01. In comparison with manu-
facturing from monolithic material (identical condi-
tions of laser processing), the depth of a melt bath for
the aforementioned composition changes. In a mix-
ture of powder PGSR-3 and an alloyed PG-10Ê-01
powder layer, the depth of a melt bath increases, on
the contrary, the mixture of powder PG-10Ê-01 and
alloyed PGSR-3 powder layer causes reduction of
melting zone dimensions (Fig. 7). As well as in pre-
vious cases, melting depth was determined by the
fusion temperature of matrix material. In the first
case, the specified phenomenon is explained by either
the increment of heat conductivity of the bottom
layer of the molten material that promotes penetra-
tion of fusion front of Ni to more significant depth
or by the decrease of percentage of Ni in the alloy
PG-10Ê-01, that also leads to the increase of fusion
front depth. It is necessary to note, that materials,
the powder PG-10Ê-01 consists of, have significant
specific fusion heat and accumulate a significant
amount of energy which is gradually spent for the
movement of molten Ni.

In the second case, the reduction of penetration
depth hm is explained by the increase of total specif-

ic fusion heat of a powder material which covers
alloy of PGSR-3. It should be noted that with the
increase of laser processing speed above 0,006 m/s
(Pm = 150 W, rp = 0,4 mm), the energy density of the
focused laser radiation is not enough for melting of a
basis of the bottom layer of material. In this case, the
joining of layers of a material is possible due to the
diffusion of Ni in liquid phase (a component of pow-
der PG-10Ê-01) into the alloyed PGSR-3 layer.

For the given laser system (power, mode of gen-
eration and other), the increase in speed of move-
ment of the focused laser beam can be achieved due
to the reduction of focusing spot (increase in power
density of the focused laser radiation). However,
change of the focusing spot size will cause ambigu-
ous influence on the size and time of existence of a
melt bath. Fig. 8 Shows the dependencies of laser
radiation power density WP(t) and of surface temper-
ature T(0, t) in samples from the composition of
powder PGSR-3 with 30 m thickness (the atmos-
phere contents 10%) and an alloyed PGSR-3 powder
layer from time t are given which were observed at
processing by laser radiation by power Pm = 150 W,
moving on a surface with speed Vx = 20 mm/s for dif-
ferent focusing spots.

It is apparent from the presented curves that with
laser beam focused to a spot of 0.1—0.2 mm, the sur-
face temperature of a sample exceeds the evaporation
temperature of a basis material of the powder mix-
ture (curves 5, 6 on Fig. 8). It is obvious, that while
irradiating with a focused spot size of rp = 0,1 mm
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Fig. 7. Temperature distribution in a sample made of
composition powder PG-10K-01 and an alloyed powder
PGSR-3 (a) and in sample made of composition of pow-

der PGSR-3 and an alloyed powder PG 10K-01 (b) 
(Pm = 150 W, rp = 0,4 mm, Vx = 2 mm/s, thickness of the
powder layer hp = 30 m and air contents — 10%) where:

ñ — scale bar for temperature; "___" melt pool for Ni, 
"    " melt pool for Co

Fig. 8. Laser radiation with power density WP(t) and
surface temperature T(0, t) of a samples composed of

composition powder PGSR-3 and  alloyed PGSR-3 pow-
der layer to the size of focusing spot rp (thickness  of

powder layer hp = 30µm, 10% Air, Pm = 150 W, 
Vx = 20 mm/s), where: 

1 — dependence WP(t) from time t for rp = 0,1 mm; 
2 — WP(t) for rp = 0,2 mm; 3 — WP(t) for rp = 0,3 mm; 

4 — WP(t) for rp = 0,4 mm; 5 — dependence of a surface temper-
ature T(0, t) sample from time t for rp = 0,1 mm; 

6 — T(0, t) for rp = 0,2 mm; 7 — T(0, t) for rp=0,3 mm; 
8 — T(0, t) for rp = 0,4 mm



(Pm = 150 W, Vx = 20 mm/s), the destruction of coat-
ing material occurs and does not allow to obtain high
quality product [11—13]. Focusing of laser beam to
a spot with rp = 0,2 mm initiates material surface
evaporation, thus the dimensions of the melt bath
increase in comparison with the previous case. The
gradual increase in size of focusing spot leads to the
reduction of the melt pool dimensions, and more
intensive shortage of depth hm and time of existence
tm (Fig. 9).

Changes of speed of the focused laser beam move-
ment (at constant power density) will also modify
parameters of a melt pool. It is obvious, that for
given values of WP, increment in moving speed of
the focused laser beam will reduce the size of a melt
bath. Fig. 10 shows the parameters of a melt bath,
that occur while irradiating the composition of a layer
of powder PGSR-3 with thickness 30 ì (atmosphere
contents 10%) and an alloy on the basis of PGSR-3
with the focused laser beam (Pm = 150 W, rp= 0,3 mm),
in relation to the speed of laser processing.

As it was mentioned above, for the given schemes
of laser processing, the use of the specific devices
leads to the increase of processing costs, because of
significantly overpriced equipment. For this reason,
changes of energy density WE(x, y) of the laser radi-
ation focused on a surface of a sample (due to its
additional scanning), would be the simplest way of
control for the size and time existence of a melt bath.
Besides, as it is shown in [5—9], the increase of pro-
ductivity of operation is achieved for the account of
an increase of absorption efficiency of the focused
laser radiation. Thus it is known, that during laser

heating of a sample, growth of a sample temperature
leads to the increase of absorption abilities [11]. But
at phase transformations which occur during laser
heating: solid body — liquid — vapor, there is a
"spasmodic" reduction of laser energy which has
reached the sample surface. The given phenomenon
is explained by a number of reasons: plasma shield-
ing and refocusing of laser radiation in plasma,
changes of focusing spot (plasma and heated air near
a surface are the media that have square law factor
of refraction of light which depends on medium tem-
perature of environment).

Thus to increase the productivity and the quality
of laser processing the use of additional scanning of
the focused laser radiation in the spot of its action is
recommended, and the easiest way of realization is
focused laser beam scanning under the elliptic or the
harmonic law [5—9, 14, 15].

In our case, at additional scanning the focused
laser radiation, which moves parallel to the axis OX
(for example, under the elliptic law), coordinates of
the centre of focusing spot could be found with help
of equation (4). We shall note now that with addi-
tional focused laser beam scanning, the influence of
it on parameters of a liquid bath (which was formed
at laser processing) is possible not only due to
change of Pm, Vx, rp, but also at change of amplitude
As, Bs, and frequencies of scanning ω as well. 

While the continuous scanning focused laser
beam in researched modes of change of sample speed,
the temperature in considered section responds to
the periodicity of heating (the moments of beam's
peak occurrence). And, as well as at laser welding
and cladding, the periodicity of heating affects with
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Fig. 9. Parameters of a melt pool (depth hm, width Wm

and time of existence tm) of a sample composed of the
powder PGSR-3 and an alloyed powder layer PGSR-3 to
the size of focusing spot rp (Pm = 150 W, Vx = 20 mm/s,

powder layer thickness hp = 30 mm, 10% Air) where: 
1 — width Wm of a melt bath to speed Vx; 2 — depth hm of a
melt bath to speed Vx; 3 — time of existence tm of a melt bath

to speed Vx

Fig. 10. Parameters of a melt pool (depth hm, width Wm

and time of existence tm) of a sample composed of pow-
der PGSR-3 and an alloyed PGSR-3 layer powder to

processing speed Vx (Pm = 150 W, rp = 0,3 mm, thickness
of the powder layer hp = 30 mm, 10% Air): 

1 — width Wm(Vx) of a melt bath to speed Vx; 2 — depth

hm(Vx); 3 — time of existence tm(Vx)



growth of depth lessens. A decrease in surface tem-
perature is observed as well, which could be
explained by high speed movement of focusing spot
on a surface of a sample. Nevertheless, at the moment
when focused beam strikes the sample and their
resulting speed equals the difference of speed vectors
of the sample and scanned laser beam and, which in
some cases is close to or is equal to zero, the short-
term rises in temperature of a surface of the sample
are observed. This, correspondingly, leads (along
with laser beam multy-pass scanning of zone of pro-
cessing) to growth of melt pool size. With the
increase in frequency of scanning (in an analyzed
range of ω) and, correspondingly, resulting speed of
the focused beam and the sample, the efficiency of
formation of interconnections of the melted powder
mixture and a of a substrate material grows.

Productivity and quality of formation of separate
melted "pathes" and their groups rise because of the
reasons listed below. First reason is the sluggishness
of heating systems which is shown in the certain
time lag (Fig. 8) between the maximum sample sur-
face temperature and an axis of the focused laser
radiation (according to the maximal power density of

the focused laser beam). Second reason is high-speed
scanning of focused laser beam (affects the reduction
of energy density of the focused laser beam) and melt
pool existence time in limits of 0.01—0.3s. Finally, it
is possible due to multiple passes of the focused laser
beam along the irradiated zone (depends on speed Vx

of beam movement, amplitude and frequency of its
scanning, that allows "to warm up" a liquid phase
longer, than with ordinary laser processing).

It could be noted from the presented dependences
that with focusing of laser beam (power 150 W) into
a spot with radius 0.1 and 0.2 mm, the power density
reaches values of 9.5*105 W/cm2 and 2.4*105 W/cm2,
respectively. If focused laser beam moves along the
surface of a sample with a speed of 20 mm/s, the
peak laser energy density in a processing zone reach-
es values 5.98*104 J/cm2 and 2.99*104 J/cm2, respec-
tively. As it was mentioned earlier, at laser process-
ing of the mixture of composition powder PGSR-3
and PGSR-3 alloyed powder layer, on the specified
modes, there is an evaporation of surface layer that
leads to destruction (Fig. 8—10) of coating material. 

At additional focused laser radiation scanning,
due to the change in speed of movement of focused

beam axis and the processing zone,
there is a change in the maximum
energy density WE(x, y) of the focused
laser beam in a processing zone and,
respectively, in a surface temperature.

Thus, in Fig. 11 the distribution of
energy density along a focused laser
beam' speed vector (Vx = 20 mm/s) on
a surface of a sample (focusing spot
with radius 0.1 mm and 0.2 mm) with
different parameters of scanning is pre-
sented.

In the considered range of focusing
spot sizes and parameters of scanning
of the focused laser beam, in compari-
son with usual laser processing that is
when ω =0, (Fig. 3—9) there are signif-
icant changes in energy densities of the
focused laser radiation in the process-
ing zone. So, while preserving the
power density of the focused laser radi-
ation and speed Vx of sample move-
ment at their respective values, it is
possible both increase (Fig. 10) and to
reduce the maximum of energy density
of the focused laser beam. The increase
in energy density occurs when the
resulting speed of focused beam move-
ment is close (or equals) to zero.
Changes in focused laser beam' energy
density (due to its additional scan-
ning) affects parameters of a melt pool.
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Fig. 11. Distribution of energy density WE(x, y) in a processing zone 
(Pm = 150 W, Vx = 20 mm/s), with different focused beam sizes and laws 

of scanning, where: 
a — rp = 0.1 mm, As = 0.0 mm, Bs = 0.1 mm, ω = 50 Hz; b — rp = 0.1 mm, 

As = 0.1 mm, Bs= 0.1 mm, ω = 50 Hz; c — rp = 0.1 mm, As= 0.1 mm, Âs = 0.0 mm, 
ω = 50 Hz; d to f dependencies are similar a—c under condition of ω = 100 Hz; 

g—l dependencies are similar a to f under condition of rp = 0.2 mm; m — scale bar 
for energy density (J/cm2)



So, in Fig. 12—14 the distribution of tempera-
tures is given (at different time moments) in samples
made of composition of powder PGSR-3 with 10% of

air (thickness 30µm) and alloyed powder layer
PGSR-3 which takes place at processing focused
laser beam (focusing spot size rp = 0,1 mm (Fig. 12)
and rp = 0,2 mm (Fig. 14)) with power Pm = 150 W
that moves at speed Vx = 20 mm/s according to dif-
ferent laws of scanning. Analyzing the dependences
presented in Fig. 12 and Fig. 13, we shall specify,
that in all considered cases of scanning of the focused
laser beam with power WP = 9.5*105 W/cm2 the
evaporation of a surface layer of a powder occurs.
The specified phenomenon occurs even in case 
(Fig. 13) when the amplitude of fluctuations is equal
to A = 0.1 mm; B = 0.3 mm with frequency ω =100 Hz,
and the maximum energy density reaches only
2.016*104 J/cm2. It is possible to reduce energy den-
sity of the focused beam by excluding generation of
laser radiation in extreme points of fluctuations
amplitude, thus causing changes in time and the con-
tour of the melt pool. It is necessary to note, that in
case of laser beam scanning under the circular or
elliptic law when the amplitude of fluctuations
exceeds the size of focusing spot, the distribution of
density of energy along a line of processing has sig-
nificant non-uniformity which affects parameters of a
melt bath. 

As it was shown earlier, at focused laser beam
processing with Pm = 150 W, focused in a spot of 
rp = 0,2 mm (WP = 2.4*105 W/cm2), moving at a
speed 20 mm/s (WE = 2.99*104 J/cm2), the surface
layer of a composition powder PGSR-3 with 10% of
air (thickness 30 µm) — alloy PGSR-3 evaporates on
non-significant depth (Fig. 13). Due to the change in
size and distribution of energy density of the focused
laser beam, it is possible to avoid destruction of the
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Fig. 12. The distribution of temperature in sample for 
the composition of powder PGSR-3 and alloyed PGSR-3
powder layer (Pm = 150 W, rp = 0.1 mm, Vx = 20 mm/s,

thickness powder layer hp = 30 µm and air — 10%) where 
a — ω = 0 Hz; b — As= 0 mm; Bs= 0.1 mm, ω = 100 Hz; "___"

melt pool for Ni; "- - -" vapor pool for Ni

Fig. 13. The distribution of temperature in sample for
the composition of powder PGSR-3 and alloyed PGSR-3
powder layer (Pm = 150 W, rp = 0.1 mm, Vx = 20 mm/s,
powder layer thickness — hp = 30 µm and air — 10%, 

As = 0.1 mm; Bs = 0.3 mm, ω = 100 Hz)

Fig. 14. The distribution of temperature in sample for 
the composition of powder PGSR-3 and alloyed PGSR-3

powder layer (Pm = 150 W, thickness powder layer 
hp = 30 µm and air — 10%) where: the size of focusing

spot rp = 0.2 mm a — ω = = 0Hz; b — As= 0.mm; 
Bs= 0.1 mm, ω = 100 Hz



top layer of a coating. At scanning of the focused laser
radiation with considered modes of processing, distri-
bution of energy density (in comparison with pro-
cessing with a beam focused to a spot of rp = 0,1 mm)
has more uniform character (Fig. 11), and, in cases
when scanning of laser radiation occurs in a plane of

a movement vector of the sample Vx, the excess of
base value WE = 2.99*104 J/cm2 is observed. For
example, in case of laser beam scanning (Pm = 150 W,
rp = 0,2 mm, Vx = 20 mm/s with parameters B = 0, 
A = 0.1 ω = 50 H and ω = 100 H maximum value 
WE reaches 3.99*104 J/cm2 and 3.0*104 J/cm2,

respectively (Fig. 11). But, due to the
fact that the increase of WE occurs at
certain time, keeping balance of energy
that is introduced into sample and is
removed from its body (due to heat con-
ductivity), temperature of a surface does
not exceed temperatures of evaporation
of a material of a basis of a powder (in
comparison with usual processing), and
parameters of a melt bath increase.

Thus, in Fig. 15 dependences of
power density of focused laser radiation
WÐ(0, 0, t) (Pm = 150 W, rp = 0,2 mm, 
Vx = 20 mm/s) and temperatures of sur-
face T (0, 0, t) compositions powder
PGSR-3 with 10% of air (thickness 
30 µm) — alloy PGSR-3 from time t for
different laws of scanning of the focused
beam are presented. A conclusion could
be drawn that at processing on a usual
mode, the temperature of a surface of a
sample exceeds temperature of evapora-
tion of a basic material of powder mix-
ture. At scanning of the focused beam
along the speed vector of sample Vx, due
to the fact that action of laser radiation
"is stretched" in time, the temperature of

a surface only reaches the temperature of
evaporation of a basic material. But, due to
periodic introduction of laser radiation (due
to scanning) to processing zone its amount
of energy is not enough for excess of heat
of phase transformation. Constant supply of
energy in this case (on evaporation border)
leads to the increase in the size and time of
existence of a melt pool that affects the
quality of melted (or sintered) layers of a
material of a created detail.

In Fig. 16 and Fig. 17 dependences of
parameters of a melt bath are presented,
which are observed at laser processing at
different working conditions of a composi-
tion of powder PGSR-3 with 10% of air
(thickness 30 µm) — alloyed PGSR-3 pow-
der layer. Apparently from the resulted
dependences, maximum time of existence of
a melt bath is possible under conditions
when the plane of scanning (Bs = 0) coin-
cides with a vector of speed of laser beam
movement (dependence 3, Fig. 16) and

44

1/2009
Ð
Å

Ç
Ó
Ë

Ü
Ò
À

Ò
Û

 È
Ñ

Ñ
Ë

Å
Ä

Î
Â
À

Í
È

ß
 Í

Î
Â
Û

Õ
 Ï

Ð
Î

Ö
Å

Ñ
Ñ

Î
Â
, 
Ì

À
Ò
Å

Ð
È

À
Ë

Î
Â
, 
È

Ç
Ä

Å
Ë

È
É

Fig. 15. Laser beam power density Wp(t) and surface temperature 
T(0, t) of a samples made of  composition of powder PGSR-3 and 
alloyed PGSR-3 powder layer to time t of the frequency of then 
scanning laser beam (thickness powder layer hp = 30 µm, 10% Air, 

Pm = 150 W, Vx = 20 mm/s, rp = 0.2 mm, As = 0, Bs = 0.1 mm), were: 
1 — dependence Wp from time t for ω = 0 Hz; 2 — dependence Wp(t) for 
ω = 50 Hz; 3 — dependence Wp(t) for ω = 100 Hz; 4 — dependence of a 

surface temperature T sample from time t for ω = 0 Hz; 5 — dependence T(t) 
for ω = 50 Hz; 6 — dependence T(t) for ω = 100 Hz)

Fig. 16. Parameters of a melt pool (depth hm, width Wm and time 
of existence tm) a samples in a composition of powder PGSR-3 and

alloyed PGSR-3 powder layer from amplitude Bs of additional 
scanning of the focused laser radiation (Pm = 150 W, rp = 0,2 mm, 
Vx = 20 mm/s, Às = 0 mm, ω = 100 Hz thickness powder layer 

hp = 30 µm, 10% Air) where:  
1 — dependencies of a width Wm of a melt bath from amplitude Bs of 

additional scanning; 2 — dependencies of a hm(Bs); 3 — dependencies of tm(Bs)



grows with the increase of amplitude of scanning. On
the contrary, under conditions when the plane of
scanning is perpendicular to a vector of speed of laser
beam movement, the time of melt existence decreas-
es (dependences 3, Fig 17). In both cases depth of a
melt bath gradually decreases with increase of ampli-
tude of scanning of the focused laser beam.

Conclusions
Thus, analyzing calculations, we can draw the fol-

lowing conclusions:
Modifying the amplitude, frequency and pattern

of additional scanning of the focused laser beam we
have an opportunity to control and operate the
parameters of a melt bath.

The increase of a melt pool dimensions (with the
help of additional scanning) is the most expedient for
carrying out on a limiting mode (for usual process-
ing, that is ω =0) when there comes the beginning of
evaporation of a surface of the top layer of a compo-
sition; 

Prevention of destruction (due to evaporation) of
compositions in "dead" points of amplitude is possi-
ble due to synchronous blocking of the access of laser
radiation in a zone of processing. 
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1 — dependencies of a width Wm of a melt bath from amplitude As of 

additional scanning; 2 — dependencies of a hm(As); 3 — dependencies of tm(As)
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