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Abstract—The effects on the surface of a nickel superalloy that are caused by the action of pulsed radiation
from an Nd:YAG laser with a wavelength in the ultraviolet range (0.355 um) and a pulse duration of 10 ns are
studied. The surface layer is found to rise in a subthreshold irradiation regime. Traces of high-temperature
plastic deformation via grain-boundary sliding and crystallographic slip are detected in the spot zone. The
joints of nickel alloy samples with preliminary laser treatment are subjected to diffusion welding and mechan-
ical tests; as a result, a noticeable improvement in the weld quality as compared to untreated samples is shown.
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1. INTRODUCTION

Nickel-based superalloys were designed for use in
high-temperature power plants with gas heat carriers
and are used in equipment that is operated for a long
time at temperatures up to 950°C. During a long-term
high-temperature action, the alloys undergo solid-
solution hardening, which provides a high technolog-
ical plasticity, a high level of heat resistance, good
weldability, and stable structure and properties [1, 2].

In power plants, two-layer welded pipes made of
nickel alloy and heat-resistant bronze with a high ther-
mal conductivity are often used [3], and they are con-
nected to each other by diffusion welding [4]. As was
shown in [5, 6], preliminary heat treatment of the sur-
faces to be welded by laser radiation decreases the
operating temperature of the process and the applied
pressure and increases the ultimate tensile strength of
the weld and its relative elongation. This fact is likely
to be due to a significant increase in the diffusion coef-
ficient under a pulsed laser action [7, 8]. Femtosecond
lasers are usually used for micro- and nanostructuring
of the surface of materials [9—11], while nanosecond
lasers are still the most available, reliable, and produc-
tive sources of laser action [12—16].

Using a similar technique, the authors of [6, 17—
19] irradiated mechanically processed and polished
samples of oxygen-free copper and its alloys, including
CuCrZr. A ChS57 high-temperature alloy was chosen

to detect differences in the reaction of this material to
the action of intense laser radiation.

The purpose of this work is to study the high-tem-
perature effects at the surface of a nickel superalloy
that are caused by powerful nanosecond laser pulses of
the ultraviolet (UV) range and their influence on the
structure of the material and the mechanical proper-
ties of its diffusion-welded joints.

2. EXPERIMENTAL

The alloy ChS57 (CrNi55CuBZn) alloy containing
(wt %) 53—56 Ni, 18—20 Cr, 5—7 Mo, 2—3 W, 1.3—
1.7 Mn, Al < 0.15, and 0.05—0.15 Zr in accordance
with TU 14-1-4400—88 was selected as the research
material. The experimental setup [16] was used for
surface micro- and nanostructuring, and a solid-state
Nd:YAG laser operating on the third harmonic was
chosen as a radiation source (wavelength is A = 0.355 um,
pulse duration is T = 10 ns, pulse energy E is up to
8 MJ, pulse repetition frequency fis up to 100 Hz, laser
beam diameter is 3 mm, divergence is 1—2 mrad). A
sample was installed on a three-coordinate slide table
consisting of two 8MT180 and one 8MT173 linear
translators controlled by an 8SMC1-USBhF control-
ler (STANDA Ltd, Lithuania). The laser and the
STANDA controller were controlled with a personal
computer.

Before laser action, the sample surface was sub-
jected to mechanochemical treatment. The initial sur-
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Fig. 1. Alloy ChS57 surface in the zone of laser irradiation at a pulse energy density of 2.5 J, /cm2 (A = 0.355 um, 30 pulses):
(a, ¢) SEM and optical microscopy images of a crater, respectively; (b) fragment of the crater boundary zone (SEM); and (d) pro-

filogram of the crater.

face roughness (excluding etching pits caused by an
overdose of the polishing compound) in the area com-
parable with the laser spot area was 10—15 nm.

The action of radiation on the sample surface was
carried out in the following two regimes: in a station-
ary spot regime at f= 10 Hz and » = 30 pulses and a
scanning spot regime, when a beam moved on the
sample surface along a “snake” raster trajectory at a
distance of about 30 um between horizontal lines (f =
100 Hz, the snake length was 4 mm). The overlap coef-
ficient of laser spots, which was determined as the ratio
of the area treated by two laser pulses to the area of one
spot, exceeded 99%.

The surface morphology of the irradiated samples
was studied by a Zygo NewView 7300 optical profilo-
meter and a JEOL JSM 6610LV scanning electron
microscope (SEM) equipped with an attachment for
determining the elemental composition of the surface.

Laser treatment in the scanning spot regime (at a
step of 10 um along the x axis and 30 um along the
y axis and a scanning speed of 1 mm/s) was also used
as preliminary treatment before diffusion welding. For
this purpose, both sample surfaces were scanned with
an Nd:YAG laser beam at an energy density g, = 2 or

3 J/cm?. The samples that were not subjected to laser
treatment were reference samples. Cylindrical samples
22 mm in diameter and 15 mm in length treated and
untreated with a laser beam were placed in a thin-
walled container, which was welded with an electron
beam in a vacuum (thus, all six workpieces were
welded simultaneously and under the same condi-
tions). After checking the tightness of the weld, the
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container was installed in an HIRP 10/26-200-2000
(Abra, Switzerland) gas chamber. Hot isostatic press-
ing was carried out in a nitrogen atmosphere for sev-
eral hours at a temperature of 1160°C and a pressure of
160 MPa. Before being placed in the welded container,
the workpieces, both mechanically processed (for
comparison) and treated with laser radiation, were
stored in a vessel filled with gasoline to avoid surface
oxidation.

To study the mechanical properties of the welded
joints, type I samples were prepared according to the
requirements of GOST 6996—66, and they were sub-
jected to static tension tests at room temperature on an
IR 5143-200 (OOO LLC, Russia) tensile-testing
machine.

3. RESULTS AND DISCUSSION
3.1. Surface Morphology after Pulsed UV Radiation

Figure 1 shows the results of action of nanosecond
Nd:YAG laser pulses at an energy density of 2.5 J/cm?
and a frequency of 10 Hz on the sample surface in the
stationary spot regime. The selected regime is charac-
terized by a combination of a high pulse power density
(103—10° W/cm?) and a medium average power (less
than 1 W). This regime ensures a high-gradient tem-
perature heating regime: the temperature in the sam-
ple volume is maintained at the room level, which
eliminates thermal changes in the structure in the
volume.
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Fig. 2. Alloy ChS57 surface in the zone of laser irradiation at a pulse energy density of 0.55 J, /cm2 (A = 0.355 um, 30 pulses):
(a) SEM image of a crater, (b) fragment of the crater boundary zone (SEM), and (c) profilogram of the crater.

The sample surface temperature induced by laser
heating in a pulsed regime can be estimated by the
well-known expression [20]

_ 21 = R)at | T
kn

Here, g, = P/Sis the power density, where P= E/7T;
FEis the energy in a pulse; T is the pulse duration; 7;, is
the initial temperature of the material; ¢ and k the
thermal diffusivity and the thermal conductivity of the
material, respectively; and R is the reflection coeffi-
cient.

The laser surface heating temperature estimated by
this formula is 3360 K for ¢, = 1 J/cm? and 7700 K for
2.5 J/cm? (in all cases, R = 048, T = 10 ns, k =
75W/(m K), a = 1.54 x 10> m?/s). Taking into
account the fact that the melting point of the alloy is
1673 K [2], the ablation mode is achieved at these
parameters.

For most metals, a zone with clearly visible traces
of solidified molten metal forms in the laser-induced
crater [21—25]. However, a slightly different picture is
observed when the polished samples of the ChS57
alloy are subjected to laser radiation. In particular, a
crater up to 1 um deep with a parapet of a vaporized
and solidified metal formed in the central part of the
irradiated zone. Only weak traces of a metal are
detected in the liquid phase in the crater zone: there
are only a few microcraters with a diameter of about
1 um (see Fig. 1a). They are assumed to form due to
local radiation absorption by abrasive inclusions.

The sample surface in the crater zone has distinct
traces of high-temperature plastic deformation (see
Fig. 1b). Grain boundaries are revealed, and traces of
crystallographic sliding are observed in some of them.
A zone of concentric bands 10—15 pm wide appeared
around the crater (see Fig. 1c). The distance between
them is about 1 um. The appearance of such bands was
detected at a laser pulse energy density of 2 J/cm?. This
effect becomes more pronounced with the radiation
power density. Bands of this type (in the form of folds)
are assumed to appear as a result of sharp thermal
expansion of the heated irradiated zone relative to the
cold sample.

T
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At a subthreshold pulse energy density of 0.25—
1J/cm?, a plasma torch and crater formation on the
metal surface are not observed; however, traces of laser
irradiation are present. Figure 2 shows the results of
action of 30 pulses at an energy density of 0.55 J/cm?
on the surface of the ChS57 alloy. The metal in the
irradiation zone swelled slightly, although not as
noticeably as in [17, 18]. Grain boundaries are
revealed. Traces of crystallographic slip appeared in
some grains.

Figure 3 shows an image of a fragment of a band on
the ChS57 alloy surface, which appeared after irradia-
tion by a scanning laser beam (snake regime) at an
pulse energy density of approximately 0.2 J/cm?. It is
clearly visible that, along with cleaning the treated sur-
face from dirt and oxides, small scratches have disap-
peared in this area. The elemental composition of the
alloy in the central zone of the spot has practically not
changed within the limits of experimental error. How-
ever, the study of the treated bands formed by a mov-
ing laser beam on the sample demonstrates that 3—4%
oxygen appeared in the elemental composition of the

Fig. 3. Laser-induced band on the ChS57 alloy surface

(A= 0.355 wm, pulse energy density is 0.2 J, /cmz, repeti-
tion frequency is /= 100 Hz, laser beam velocity is 1 mm/s).
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Table 1. Mechanical properties of diffusion-welded joints
of the ChS57 alloy with and without preliminary laser treat-
ment (LT)

Treatment Ultimate tensile Relative
strength, MPa elongation, %
Without LT 556—578 3944
567 42
LT at 2 J/cm? 628—634 48-53
(both surfaces) 631 51
LT at 3J/cm? 620—650 5053
(both surfaces) 633 51

band surface, while the proportional composition of
the alloy did not change.

3.2. Welded Joint Quality after Preliminary Laser
Surface Treatment

The results of testing the welded joints are given in
Table 1. The diffusion-welded joints of the ChS57
alloy with preliminary laser treatment demonstrate a
noticeable increase in the tensile strength (by 12% at
an energy density of 3 J/cm?) and the elongation (by
21%) as compared to the reference samples not sub-
jected to such treatment. The most probable cause for
the improvement of the properties of the welded joint
made of the ChS57 alloy is the development of low-
temperature superplasticity caused by a decrease in the
average grain size during preliminary laser heat treat-
ment [26, 27]. A significant influence on the diffusion
welding process can be caused by the appearance of an
ultrahigh density of excess point defects (primarily
vacancies), which is known to intensify diffusion pro-
cesses [27]. In addition, due to the small penetration
depth of laser radiation, a thin near-surface layer is
heated followed by rapid heat removal. A high cooling
rate leads to the formation of surface aggregates
smaller than 100 nm in size, which significantly affects
the kinetics of solid-phase joint formation, accelerat-
ing the collapse of micropores. This improves the
mechanical properties of the weld and decreases the
welding temperature.

4. CONCLUSIONS

(1) When a ChS57 alloy is subjected to laser irradi-
ation in the energy density range 1—2.5 J/cm? (which
is higher than the optical breakdown threshold of
1J/cm?at A =0.355um, T= 10 ns), the process occurs
mainly in the ablation mode: the metal mainly evapo-
rates, bypassing the liquid phase.

(2) The elemental composition of the surface layer
does not change during irradiation in a stationary spot,
and 3—4 wt % oxygen was detected in the sample sur-
face layer in the case of treatment by a scanning beam
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at a speed of 1 mm/s and a pulse energy density of
0.01—0.2 J/cm?; the proportions of the elemental
composition of the alloy changed only weakly.

(3) In the subthreshold laser treatment regime (at a
pulse energy density of 0.25—1 J/cm?), the surface
layer was raised with the appearance of traces of high-
temperature plastic deformation in the form of grain-
boundary sliding and crystallographic slip.

(4) Preliminary treatment of the contact surfaces
by a scanning nanosecond laser pulse beam before
welding under hot isostatic pressing conditions
improves the properties of the weld: it increases the
strength and the relative elongation.
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