
Chapter 6
The Effect of Preliminary Laser Surface
Treatment on the Mechanical Properties
of a Solid-Phase Compound
of an Iron-Nickel Alloy in Diffusion
Welding

Yury Khomich and Vladimir Yamshchikov

Abstract Laser micro- and nanostructuring is used in various fields of science and
technology, because it can improvedifferent surface properties. The chapter considers
a method of direct laser micro- and nanostructuring of metallic surfaces and an
effect of such preliminary laser surface treatment on the mechanical properties of
solid-phase joints made by diffusion welding. For laser treatment it is proposed
to use scanning beam of Nd:YAG laser with a wavelength of 355 nm. Analysis of
surface topography of samples treated by nanosecond laser was performed by optical
profilometer. After the diffusion welding tensile tests were performed on conjunction
samples cut out from welded workpieces. These tests showed that preliminary laser
processing of the surface of samples made of nickel alloy leads to an improvement in
the mechanical properties of the conjunction obtained by diffusion welding. It leads
to an increase in the tensile strength up to 29% and tensile strain up to 20%. The
pulse energy density at laser surface treatment significantly affects the properties of
welded joint. Also the preliminary laser treatment of surfaces allows one to reduce
the temperature of diffusion welding.

6.1 Introduction

Laser surface modification with the formation of micro and nanostructures is used
in various fields of science and technology. Laser processing can improve electron-
emission, radiative, tribological, hydrophobic and hydrophilic surface properties of
materials [1–5]. Also the formation of periodicmicron and submicron structures with
specified geometry parameters bymeans of laser irradiation of the surface can lead to
an improvement in the adhesion properties of materials and, thereby, an increase in
the quality of the joint at a diffusion welding of homogeneous and dissimilar metals
and alloys [6, 7]. The diffusion welding is a junction method, in which the parts
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come into contact under the conditions of a defined continuous pressure and heat up
in the contact area or in the entire volume at a given temperature for a certain time
[8]. In diffusion welding the connection is achieved due to mutual diffusion at the
atomic level of the surfaces of the parts to be welded. The advantages of diffusion
welding include the possibility of welding parts of different thickness and surfaces
with a large area. This method is widely used in the nuclear industry, aviation and
space technology.

In this paper we consider results on direct laser micro- and nanostructuring of
the metallic surfaces and the effect of this preliminary laser surface treatment on the
mechanical properties of solid-phase joints made by diffusion welding.

6.1.1 Research Purpose

The effect of preliminary laser surface treatment on the mechanical properties of
a solid-phase compound of a nickel alloy in diffusion welding is investigated. A
method of direct laser micro- and nanostructuring is proposed for sample surface
treatment.

6.1.2 Research Scope

At this study, we consider the following frameworks of the problem:

(i) direct laser micro- and nanostructuring with nanosecond lasers;
(ii) theory of nanostructure formation on the solid surface under action of laser

pulse;
(iii) analysis of surface topography of samples treated by nanosecond laser;
(iv) diffusion welding of irradiated samples and tensile tests for compounds

obtained.

6.2 Research Method

6.2.1 Experimental Setup for Direct Laser Micro-
and Nanostructuring

Various methods are used, among them applying of projection masks, interfer-
ence of two or more laser beams, combination of laser radiation with the tip of
a scanning probe microscope, and direct laser nanostructuring using picosecond and
femtosecond lasers.
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Fig. 6.1 Scheme of projection-optical system for method of direct laser micro and nanostructuring

In our experiments, we use the method of direct laser micro and nanostructuring
with nanosecond lasers. This method is very affordable and effective in implementa-
tion, because it has a simple projection-optical system shown in Fig. 6.1. The method
includes only one stage. It is a laser irradiation of the surface with intensity suffi-
cient for melting or sublimation of the material. Scanning the surface by laser beam
with high repetition rate of radiation pulses opens up the possibility of nanostruc-
turing sufficiently large extended surface areas. As sources of coherent light we use
nanosecond lasers generated UV and VUV radiation. At a relatively low cost, such
lasers are simpler and more reliable in operation; they have higher output energy and
stability of radiation pulses than femtosecond lasers.

Based on said above, an experimental setup for direct laser micro- and nanostruc-
turing of the solid surface was created with use of ArF laser with a wavelength of
193 nm [9] and an Nd:YAG laser operating at the third harmonic with a wavelength
of 355 nm [10]. When replacing the gas mixture and the optics, the ArF laser can
work as an F2 laser and generate nanosecond radiation pulses with an extremely short
wavelength of 157 nm. This allows one to perform surface modification of almost
any material.

The combination of the short wavelength absorbed in the micrometer layer and
the short pulse duration makes it possible to influence a small (several micrometers)
surface layer, in which large temperature gradients are created, which contribute
to the formation of new micro- and nanostructures. The shape and size of these
structures also depend on the energy density, wavelength, number of pulses in the
laser spot, as well as on the pulse repetition rate and the scanning speed of the laser
beam over the surface [11]. As mentioned above laser processing can also influence
the surface properties of a material. This can be used in laser technologies for surface
preparation in diffusion welding.
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In this chapter we performed experimental studies on diffusion welding with
preliminary laser processing of the welded surfaces of workpieces made of nickel
alloy (ChS57). For the experiments we used cylindrical samples with a diameter
of 22 mm and a height of 18 mm. In order to prevent the formation of oxides on
the surface of the workpieces during laser processing, the samples were placed in a
sealed chamber from which air was evacuated and an inert gas (argon) was injected
under a pressure of 1.5 atm. The surfaces to be welded were pretreated with radiation
of Nd:YAG laser pulses with a wavelength of 355 nm. The pulse duration was 10 ns,
the pulse repetition rate was 100 Hz and the cross-section radius of the laser spot in
the workpiece plane was 220 µm. The laser beam was moved along the surface of
the workpieces along a raster path (snake) at a speed of 1 mm/s and a pitch of 10 µm
along the x-axis and 30 µm along the y-axis. The main variable laser processing
parameters were pulse energy density and number of laser pulses per unit area.

6.2.2 Nano- and Microstructure Formation Under the Action
of Laser Pulse

The duration of pulses of nanosecond laser radiation ismuch longer than the electron-
phonon relaxation time, which is several or tens of picoseconds for various materials.
Therefore, thermal processes occur already during laser exposure to the material.
The depth of the surface layer modified by laser radiation is determined by a thermal
diffusion length during the duration of the laser pulse τ .

LT = 2
√

χ · τ . (6.1)

Here χ is the thermal diffusivity of the material. When irradiated with nanosecond
pulses, LT turns out to be much larger than for femtosecond pulses. For metals the
depth of the modified layer reaches several microns. This can be crucial for a number
of practical applications, for example in the case diffusion welding. From the theo-
retical point of view there are many models of direct laser nanostructuring of a wide
range of technological materials (metals, ceramics, diamond films, polymers) for a
variety of surface modification processes: laser-induced evaporation in the absence
of melting; etching; deposition; the combined effect of melting and evaporation;
laser pulse melting the surface of solids in the absence of intense evaporation; stress
relaxation in the material in the form of nanostructures [11–14].

In a case of heat-resistant nickel alloy, which consists of many different elements,
defining the mechanism of surface structure formation is a very complicated task.
However, for simple evaluation of sizes of surface structures formed by laser radiation
one can use formula for lateral size of long roughness periods [14]:

dmin > max(λ, LT ), (6.2)
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where λ is a radiation wavelength. We use a third harmonic of Nd:YAG laser with
a wavelength of 355 nm. Considering that in our case the thermal diffusivity χ of
nickel alloy is about 6 mm2/s and the pulse duration is 10 ns, we obtain the thermal
diffusion thickness LT near to 500 nm. Thus, for our case minimal lateral size of
surface structures is about 500 nm.

6.2.3 Diffusion Welding

Diffusion welding is widely used in many engineering industries. The implemen-
tation of welding in hot isostatic press extends the technological capabilities of
this method. Improving the quality of the connection and expanding the allowable
temperature range of welding remains to be a relevant task.

Diffusion welding is pressure welding in which parts contact at a set continu-
ous pressure and are heated in the contact area or in the entire volume at a given
temperature for a specified time. We performed diffusion welding in gasostat (Abra,
Switzerland) under hot isostatic pressing (ISP) conditions. The scheme of diffusion
welding in gasostat is presented on Fig. 6.2a. Figure 6.2b shows cyclograms of tem-
perature and pressure changes during diffusion welding. Welding of workpieces was
carried out at temperature 1000 °C and at temperature 1160 °C. In both cases working
continuous pressure was about 160 MPa. The welding time was about 3 h.

We performed experimental investigation on diffusion welding with preliminary
laser processing of the welded surfaces of workpieces made of nickel alloy (ChS57).
Two modes with different energy density of laser radiation were used for sample

(a) (b)

Fig. 6.2 Scheme of diffusion welding (a) and cyclograms of temperature and pressure changes
during diffusion welding (b)
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Fig. 6.3 Vacuum container with three groups of samples: (1) laser treatmentwith the energy density
2 J/cm2 (mode 1); (2) laser treatment with the energy density 3 J/cm2 (mode 2); (3) samples with
non-irradiated surface; (4) thin walled container; (5) container cover

surface treatment: mode 1 with the energy density 2 J/cm2, mode 2 with the energy
density 3 J/cm2. After laser treatment the samples were placed in a container as
shown on Fig. 6.3. The container was sealed by an electron beam in a vacuum and
then it was placed in a gasostat.

6.3 Results and Discussion

6.3.1 Processing by a Scanning Beam of Nd:YAG Laser

As mentioned above the sample surfaces were pretreated by scanning beam of
Nd:YAG laser working on third harmonic with a wavelength of 355 nm. The pulse
duration was 10 ns, the pulse repetition rate was 100 Hz and the cross section radius
of the laser spot in the workpiece plane was about 200 µm. The laser beam was
moved along the surface of the workpieces along a raster path (snake) at a speed of
1 mm/s.

The profiles of the irradiated surface were analyzed with an optical profilometer
(Zygo NewView 7300). Figure 6.4a shows surface profile of nickel alloy marked as
ChS57 without laser treatment, where only mechanical treatment traces are visible in
the form of furrows with a width of 10–40 µm and a height of 5 µm. Surface profile
after laser treatment with a pulse energy density of 1 J/cm2 is shown in Fig. 6.4b
and c presents an optical image of the same irradiated surface of ChS57. As can be
seen, after laser irradiation the initial grooves begin to break into round hill-shaped
islands with transverse dimensions from 5 to 10 µm and a height of approximately
500 nm.
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Fig. 6.4 Profilometry data for non-irradiated ChS57 surface (a) and surface after laser treatment
with energy density of 1 J/cm2 (b) with its optical image (c)
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For further diffusionwelding sample laser processingwas performed in twomodes
with different energy density of laser radiation: mode 1 with the energy density
2 J/cm2, mode 2 with the energy density 3 J/cm2.

6.3.2 Tensile Tests After Diffusion Welding of Samples
Treated by Laser

After laser treatment, the nickel alloy samples were placed in a container, which
was sealed by an electron beam in a vacuum. Then the diffusion welding in gasostat
was carried out at certain conditions mentioned above (Fig. 6.2). After the diffusion
welding tensile tests were performed at room temperature on conjunction samples
cut out from welded workpieces. In the result of tensile tests for nickel alloy con-
junctions we obtained average tensile strength and tensile strain for different welding
temperatures and modes of laser treatment.

Figure 6.5 shows tensile strength of welded joints of ChS57 samples without
preliminary processing and after laser modification in modes 1 and 2. They are
obtained at welding temperatures T = 1160 °C and T = 1000 °C. For temperature
T = 1160 °C the tensile strength of the conjunctions with laser treatment reaches
630 MPa. There is an increase of the tensile in both modes by 12% compared to
control non-irradiated samples. When the temperature of hot isostatic pressing is
reduced to 1000 °C, the effect of laser treatment on the tensile strength in mode 1
becomes even more significant and reaches 29%. Thus, preliminary laser treatment
with an energy density of 2 J/cm2 provides an increase in the tensile strength at the
welding temperature of 1000 °C and at a temperature of 1160 °C.

Similar results are observed for tensile strain also called an elongation at break
(Fig. 6.6). At a temperature of 1160 °C the tensile strain of the laser treated con-
junctions in both modes increased by 20% compared to the control non-irradiated

Fig. 6.5 Tensile strength of
welded joints of ChS57
samples without preliminary
processing and after laser
modification; welding
temperature T = 1160 °C
(orange column) and T =
1000 °C (blue column)
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Fig. 6.6 Tensile strain
(elongation at break) of
welded joints of ChS57
samples without preliminary
processing and after laser
modification; welding
temperature T = 1160 °C
(orange column) and T =
1000 °C (blue column)

samples. However, at the temperature near 1000 °C these values differ significantly.
For mode 1, the elongation increased by 2.6 times, and for mode 2 decreased by 20%.
Thus, the pulse energy density during surface laser treatment of welded samples
significantly affects the mechanical characteristics of the welded joint.

Let us consider some possible reasons for the improvement of mechanical prop-
erties in welded joints with preliminary laser treatment of the surface. It is known
that the diffusion coefficient along the grain boundaries can be some orders of mag-
nitude higher than the values in the grain volume [15]. Therefore, the creation of
ultra-fine-grained material on the surface under the action of a laser can significantly
increase the density of themesh along the grain boundaries and provide amore active
diffusion in the material.

The second reason for improving the mechanical properties of the welded joint
may be a more uniform distribution of the degree of deformation in conjunctions
with preliminary laser surface treatment. The creation of micro and nanostructures
on the surfaces to be welded results in more efficient slamming of irregularities in
the joint area [16].

In our results, the preliminary laser treatment of surfaces allows one to reduce
the temperature of diffusion welding. At a reduced temperature, the phenomenon
of low-temperature superplasticity can play a significant role in the character of the
solid-phase conjunction. This phenomenon is observed in metals and alloys, which
are characterized by a structure with an ultra-fine grain with a diameter of about 1µm
or less [17, 18]. Such average size of the grains can be formed during the preliminary
laser treatment. Early by us it has been shown that the lower energy density of the
laser pulses, the smaller characteristic size of the surface structures [13, 14]. This
circumstance is consistent with the results of experiments in which a higher quality
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conjunction was obtained in mode 1 with a lower energy density of irradiation pulses
than in mode 2 at a welding temperature reduced to 1000 °C.

6.4 Conclusion

Preliminary laser processing of the surface of samples made of nickel alloy leads to
an improvement in the mechanical properties of the conjunction obtained by diffu-
sion welding. In particular, it leads to an increase in the tensile strength up to 29%
and tensile strain up to 20%. The pulse energy density at laser surface treatment
significantly affects the properties of welded joint. Also the preliminary laser treat-
ment of surfaces allows one to reduce the temperature of diffusion welding. Thus,
the present method of preliminary surface laser treatment for welded samples can be
used in nuclear industry, aviation and space technology to improve bonding quality
of dissimilar materials.
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