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Due to a high reflection power of copper it is usually assumed that the laser welding of products of this material is not
rational. However, in the modern industry the problems of joining the parts of copper and its alloys periodically arise,
applying narrow welds with a deep vapor-gas channel. Moreover, for technical reasons the use of electron beam weld-
ing is not always possible and a sufficiently wide availability of fiber (wavelength of 1.07 um) and disc (wavelength
of 1.03 um) industrial lasers of the latest generation makes the problem of laser welding of these materials challeng-
ing. Therefore, the aim of the work was to study the conditions of absorbing the laser radiation with the wavelength
of 1.03-1.07 um by copper and its alloys in laser welding with a deep penetration, as well as to determine the basic
parameters of the welding mode and to evaluate the process effectiveness. It was shown in the work that for certain
combinations of thickness of copper alloy and density of radiation power with the wavelength of 1.03-1.07 um, the
optimal speed of welding process exists, at which its technical and economic efficiency is maximum. This speed should
be such that the absorbing capacity (integrated over the spot of laser heating) can be at the level of about 13-15 %. The
exceeding of welding speed leads to a sharp decrease in absorbing capacity, and, consequently, to the need in increasing
the radiation power and growing the cost of the process. The decrease in welding speed relatively to the optimal one
leads to decrease in efficiency, overheating of metal in the weld pool and to such defects of weld shaping, as sagging

and metal splashes. 11 Ref., 8 Figures.
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One of the challenging problems of the modern sci-
ence and engineering in the field of fusion welding of
metals is the creation of new power sources, which
provide the control of concentration of heat energy
introduced to the metal during welding process. This
ultimately allows providing the required efficiency of
welding, quality of the produced welded joint, process
stability and reproduction of its results. In the recent
decades in capacity of such controllable heat power
source for welding of metallic materials a high-con-
centrated laser source is ever widely applied, which
is realized by thermal effect of the focused laser beam
on metal being welded [1].

However, until now the regularities of influence
of laser heat source on some metallic materials were
studied insufficiently. In particular, such materials in-
clude copper and its alloys. Due to a high reflection
power of copper it is usually assumed that the laser
welding of products of this material is not rational.
However, in the modern industry the problems of
joining the parts of copper and its alloys periodically
arise, applying narrow welds with a deep vapor-gas
channel. Moreover, for technical reasons the use of
electron beam welding is not always possible and a

sufficiently wide availability of fiber (wavelength of
1.07 um) and disc (wavelength of 1.03 um) industrial
lasers of the latest generation makes the problem of
laser welding of these materials challenging [2].

To solve this problem it is necessary to carry out
investigation of physics of the process of effect of laser
heat power source on welded metal, having the high
thermal conductivity and reflection power, which is
copper and its alloys, to develop the appropriate math-
ematical models and to perform computer modeling of
the mentioned process. Moreover, it is rational to eval-
uate the efficiency of the process of laser welding of
such materials by determination of basic mode param-
eters, i.e. the necessary consumption of radiation power
for welding at the corresponding speed.

Therefore, the aim of the work is the study of
conditions of absorbing the laser radiation with the
wavelength of 1.03-1.07 um by copper and its alloys
in laser welding with a deep penetration, as well as
the determination of the basic parameters of welding
mode and evaluation of the process efficiency.

Laser welding is characterized by the formation
of a vapor-gas channel in the metal being welded. In
[2] the behavior of the channel during welding is de-
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scribed in detail. In particular, it was noted that at its
front wall there is a layer of molten metal, experienc-
ing the constant «perturbations», such as the forma-
tion of distortion in the form of a step, which is peri-
odically moved in the channel height. Moreover, the
removal of material from the front wall is carried out
layer-by-layer during moving the step downwards. It
can be explained by the increase in molten metal layer
at the front wall, occurring due to transition of radia-
tion energy into heat energy, generated at this wall, in
combination with hydrodynamic processes proceed-
ing in the weld pool.

It is known that a part of radiation power is ab-
sorbed by the metal being welded, and a part of it is
reflected from it. The volume of the absorbed radia-
tion is higher, the higher is the metal temperature. The
melt formed on the front wall absorbs radiation well,
but due to the movement in the course of welding the
front part of the laser beam falls all the time on the
poorly heated metal, which leads to decrease in the
absorbing factor. Therefore, in laser welding two pro-
cesses are observed simultaneously:

e improvement of conditions of absorbing the la-
ser radiation due to its hitting on the heated and mol-
ten metal of the front wall of the vapor-gas channel, as
well as trapping of the certain volume of radiation due
to its repeated reflection from channel walls;

e intensive reflection of laser radiation by a poor-
ly heated metal, located directly ahead the vapor-gas
channel in the course of welding.

To evaluate the conditions of absorbing the focused
laser radiation by copper and its alloys in laser weld-
ing, let us assume that the plane specimen is heated
by the heat source of high intensity and the spatial
distribution of heat flow introduced to the specimen,
is symmetrically relative to the axis perpendicular to
its surface (relative to the laser beam axis). Let us ac-
cept the wavelength of radiation applied for welding
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Figure 1. Dependence of relaxation frequency o, on temperature
T for copper
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of solid-state laser as equal to A = 1.06 um, as includ-
ed into the investigated range of 1.03-1.07 um.

To determine the temperature dependence of the
factor of absorbing the laser radiation by metallic ma-
terials A(Ts), we will consider the investigated metal
(copper) in the frames of model of almost free elec-
trons. In this case, according to Drude—Zener [3], for
the real ¢, and imaginary ¢, parts of the integrated
permittivity of metal at the frequency of the laser ra-
diation ® = 2mc/A, where c is the light speed, A is the

radiation wavelength, we will obtain:
2
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Here o, is the frequency of plasma oscillations of
free electrons of metal, w_is the frequency, numer-
ically equal to the opposite relaxation time of con-
duction electrons. The value of plasma frequency is
determined by the formula:

4nneN
== ©)

m

e

0)2

P

where e and m: is the charge and effective mass of
the electron in the metal [4]. The concentration of the
conduction electrons N_ = V/Q is determined though
the valence V and the atomic volume Q. The value
of the valence for copper was accepted as equal to
two. The atomic volume was obtained on the basis of
experimental data by density of copper, given in the
work [5].

In the limiting case of a constant field, when @ =0,
the high-frequency optical conductivity o is convert-
ed into static conductivity of the metal:

€
e
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The temperature dependence of relaxation fre-
quency w, for the considered metals in the solid state

was calculated by the following formula [6]:
o/T 4d
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where 0 is the Debye temperature. The values w_and,
accordingly, K’ at room temperature for copper were
selected in accordance with the data of the work [7].
For copper in the liquid state the experimental values
from the works [8, 9] were used. The calculation data
obtained in such a way are shown in Figure 1.

The temperature dependence presented in this Fig-
ure, has a characteristic gap at the melting tempera-
ture of metal T_. According to the formulae (1) and
(2) using (3)—(5) the temperature dependences of the
real and imaginary parts of the integrated permittivity
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Figure 2. Dependences of real ¢, and imaginary &, parts of inte-
grated permittivity of copper on temperature T at frequency of
radiation of solid-state laser (A = 1.06 um)
for copper at the frequency of solid-state laser radia-
tion (A = 1.06 um) were plotted, shown in Figure 2
(here and further, the temperature is expressed in Kel-
vin degrees).

For the further calculations it is convenient to in-
troduce the real n and imaginary k parts of the com-
plex refractive index of metal at the frequency of laser

radiation
Ve = [e +ie, =n+ik

using the following formulae for this:
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The temperature dependences of the real and imag-
inary parts of the complex refractive index for copper
are shown in Figure 3.

Using the obtained values n and k, let us determine
the laser absorbing factor, normally falling on the
plane metal surface (absorbing capacity), according
to the known formula

~ 4n
Twe ©

In some cases the more important parameter is the
reflection factor (reflectance), which can be deter-
mined according to the formula
1-n)? +K?
@+n)? +k?

Figure 4 shows the results of calculations of tem-
perature dependences of the absorbing factor of radi-
ation of solid-state laser for copper in the range from
room to boiling temperatures of metal T, and higher.

The calculation dependence of absorbing capac-
ity, obtained for the selected type of radiation, was
compared with the available experimental data [6-9]
and the matching was quite satisfactory. According
to the dependence, shown in Figure 5, to achieve the
maximum values of absorbing factor of the surface

R=1-A= (10)
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Figure 3. Dependences of real n and imaginary k part of the inte-
grated refractive index of copper on temperature T at frequency of
radiation of solid-state laser (A = 1.06 pm)

of the welded copper alloy in the zone of acting laser
radiation with the wavelength of 1.06 um, it should
be heated to boiling temperature 7,. However, even
heating to melting temperature T _ is sufficient for an
abrupt jumpy increase in absorbing capacity from
2.0-2.51t0 4.5-5.0 %.

To determine the temperature distributions in the
depth and on the surface of the copper specimen
welded using focused laser radiation, the calculation
using the method of finite differences was conduct-
ed involving an implicit difference scheme. For this
purpose the software product of the own development
was applied, based on the computational and experi-
mental methods, described in the work [10]. During
calculations the thermophysical characteristics of
copper were used given in the work [11]. The data
obtained in the process of computer modeling were
compared with the experimental results. While con-
ducting the latter, the disc laser of the model TruDisk
10002 (company TRUMPF, Germany) was applied
with the capacity of up to 10.0 KW. To move the weld-
ing head, the robot of the model KR 60 HA (the com-
pany KUKA, Germany) was used. Welding of speci-
mens of copper of the type M1 of size 100x50%3 mm
was performed in argon shielding with deposition and
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Figure 4. Dependences of absorbing capacity A of copper on tem-
perature T for radiation with wavelength of 1.06 um
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Figure 5. Distribution of temperatures T on the surface (a) and in the depth (b) of copper plate of 5 mm thickness in laser welding using
radiation of solid-state laser (A = 13 %) with density of power 4.5-10"-W/cm? and speed v, = 90 m/h (25 mm/s)
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Figure 6. Distribution of temperatures T on the surface (a) and in the depth (b) of copper plate of 5 mm thickness in laser welding using
radiation of solid-state laser (A = 10 %) with density of power 4.5-10” W/cm? and speed v, = 120 m/h (33.3 mm/s)

butt welds at the density of laser radiation power of
4.5-10" W/icm?,

The investigations show that for the fixed thick-
ness of penetrated specimen (in this case 8 = 3 mm) it
is possible to select such welding speed v at which
not more than one third of the length of heat source
(i.e. diameter of laser radiation) acts constantly on
the solid surface of copper, located directly ahead the
vapor-gas channel during welding. In this region the
absorbing capacity of the surface A changes from 2.0
to 5.0 %. Approximately two thirds of the length of
the heat source (i.e. diameter of laser radiation) will
fall in this case to the vapor-gas channel, the tempera-
ture in which reaches not lower than 2900 K, and the
absorbing capacity is 19-20 %. Such welding speed
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amounts to about Voo < 25 mm/s (90 m/h). It provides
the absorbing capacity in the range of 13-15 % inte-
grated on the spot of laser heating. In this case, the
penetration depth will amount to not less than 3 mm
(see Figure 5).

With increase in welding speed v, > v_ the volume
of laser power, falling to the region of a low absorbing
capacity, will increase and a part of this energy, falling
to the region with a high absorbing capacity, on the
contrary, will decrease. This will result in decrease of
integrated absorbing capacity of less than 13 % and,
consequently, in need of increasing the laser radiation
power. The last moment will result in increase in the
cost of running meter of weld and the corresponding
decrease in technical and economic efficiency of the
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Figure 7. Distribution of temperatures T on the surface (a) and in the depth (b) of copper plate of 5 mm thickness in laser welding using

radiation of solid-state laser (A = 17 %) with density of power 4.5
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-10” W/cm? and speed v, = 60 m/h (16.7 mm/s)
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process. In this case, the penetration depth is much
smaller than the required 3 mm, which will lead to the
lack of penetration (Figure 6).

With decrease in welding speed relatively to the
selected one (v, < vopt) the greater part of radiation
will fall to the vapor-gas channel, and absorbing
capacity will increase by more than 15 %. Howev-
er, in this case the process efficiency will decrease
(v, <16.7 mm/s or v, < 60 m/h), and it will become
less effective. In this case, the penetration depth will
significantly exceed the required 3 mm, which will re-
sult in such shaping defects as sagging and splashes of
the weld metal (Figure 7).

To perform the experimental verification of the
predicted results of laser welding on plane specimens
the surfacing welds were produced, then the penetra-
tion depth was measured on macrosections and com-
pared with the calculation data. In addition, at the
calculation modes the butt joints were welded (Fig-
ure 8). Such verification allowed establishing that the
calculation accuracy amounts to about 5-8 %, which
in the case of technological calculations is a satisfac-
tory indicator.

Thus, the study of conditions of absorbing the la-
ser radiation with the wavelength of 1.03-1.07 um
in welding with deep penetration of copper and its
alloys allows stating that for a certain combination
of welding material thickness and density of radia-
tion power, such an optimal process speed exists, at
which its technical and economic efficiency is max-
imum. This speed corresponds to the integrated one
over the spot of laser heating of absorbing capacity
of about 13-15 %. The exceeding of welding speed
leads to a sharp decrease in absorbing capacity, and,
consequently, to the need in increasing the radiation
power and growing of the process cost. The decrease
in welding speed relatively to the optimal one leads
to the decrease in efficiency, overheating of metal in
the weld pool and to such defects of weld shaping, as
sagging and metal splashes.
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Figure 8. Butt joint of sheet copper M1 (6 = 3 mm) produced by
laser welding in argon using radiation of power density 4.5-10" W/
cm? and speed v, = 90 m/h (25 mm/s): a — top; b — bottom
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