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Abstract—The effect of nanosecond UV laser pulses on copper and low-alloy copper samples has been stud-
ied. Traces of high-temperature deformation have been found at the energy density of 0.1–1 J/cm2 in the
below-threshold regime without obvious traces of melting. They manifest themselves as the results of slipping
and cracking along grain boundaries, as well as traces of crystallographic slip inside grains. The surface of the
metal in the irradiated zone exhibits an uplift. The damage increases with the number of pulses. The height
of the resulting uplift can reach 1 μm, and even more in some cases. The results obtained are similar to the
electroplastic and magnetoplastic effects. By analogy, we propose to call the detected effect opticoplastic.
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INTRODUCTION

Lasers have existed for more than 60 years, and, all
this time, their technological applications for material
processing have been actively investigated alongside
the physics and technology of laser sources [1, 2].
Continuous fiber and СО2 lasers typically employed
for cutting, welding, hardening, and other metalwork-
ing processes are most commonly used. These lasers
emit in the infrared range (IR) of the spectrum, but
metals tend to reflect well in this region. To increase
the technological productivity of the process, pulse-
frequency emission and a reduced laser wavelength are
often used. Increasing the pulsed power of radiation
makes the treatment more effective. Femtosecond
lasers have recently become very popular [3, 4]. How-
ever, they are still very expensive and difficult to oper-
ate. In contrast, cheaper nanosecond lasers are very
effective and more practical in some cases [5–12].

To increase the fraction of laser energy absorbed in
the material and thereby increase the efficiency of the
process, emitters with shorter wavelengths have been
created. The reflection coefficient of metals decreases
noticeably with decreasing wavelength. Lasers emit-
ting in the ultraviolet range have now been developed
and manufactured. This radiation is absorbed by met-
als about ten times better than IR radiation. For
example, copper, which ref lects ~98% radiation in
the infrared region, ref lects only 10% at 355 nm [6];

i.e., the absorbed dose of radiation increases by a fac-
tor of 45.

Laser techniques used to create various nanostruc-
tures on the metal surface have been investigated in
detail [10]. Surface structuring on the micron and sub-
micron scale changes the radiative, electrical, elec-
tron-emissive, thermal, and adhesive properties of
materials. It is known that the strength of metals and
alloys can be increased together with their plasticity
[13] and it is also possible that the electrical properties
of the surface of conductors and dielectrics can be
controlled [14].

In this work, we created nanostructures on the sur-
face of copper and its alloys with a nanosecond
pulsed-periodic UV laser. Nanosecond pulses of the
UV laser can modify the metal surface, changing its
properties dramatically [15–18]. This process assists in
the diffusion welding of machined metal surfaces due to
the intensification of diffusion processes in the metal
surface layer [5, 7, 8]. Such works were made at the laser
pulse energy density of the order of several J/cm2 in
[5, 7, 8, 15–18]. The laser-induced breakdown effect
is observed at this laser pulse energy density. This
threshold phenomenon, which is the emergence of an
erosive plasma torch near a sample, is accompanied by
melting and evaporation of the material and the for-
mation of a crater on the surface. This phenomenon
was studied in detail when lasers appeared and
described in detail in the literature [19].
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This work was carried out at laser pulse energy den-
sities lower than the laser-induced breakdown thresh-
old (less than 1 J/cm2). Previously, below-threshold
damage of the metal surface was reasonably consid-
ered insignificant in comparison to above-threshold
craters. However, modern research techniques for
studying the structure of irradiated samples provide an
opportunity to examine these defects more closely.
This paper reports on the before-threshold nano- and
microeffects induced by nanosecond pulsed UV-laser
radiation on the surface of the samples of copper and
its alloys.

EXPERIMENTAL
The samples of oxygen-free M0b copper and its

bronze low-alloyed Cu–Cr, Cu–Zr, and Cu–Cr–Zr
alloys were prepared for the study. The alloying addi-
tives content in the alloys did not exceed 0.5%, which
hardly affected the optical and thermophysical prop-
erties of the alloys, but significantly increased their
mechanical properties [20, 21].

Samples 40 mm in diameter and 10 mm in thick-
ness were fabricated and polished using standard opti-
cal techniques [22]. The reflection coefficients of the
samples were preliminarily measured on a Cary-5000
UV-VIS-NIR spectrophotometer equipped with a
UMA attachment. The samples reflected 10% at the
operating wavelength λ = 355 nm. The samples were
studied using a Zygo New View 7300 optical profilo-
meter and JEOL JSM 6610LV scanning electron
microscope (SEM) before and after laser irradiation.
The figures in the paper are all obtained with a profi-
lometer. The initial surface roughness of the samples
in the area that was comparable to the laser spot area
was approximately 15–20 nm.

The samples were then exposed to laser radiation.
The experimental setup, optical scheme, and tech-
nique for processing the measurement results are
described in detail in [5–7, 11, 17]. An Nd : YaG
pulse-periodic laser (third harmonic) was used as a
radiation source irradiating waves with a wavelength
λ = 355 nm. The pulse energy was 8 mJ, the pulse
duration was τ = 10 ns, and the frequency was f =
10 Hz. The number of pulses was controlled by an
electromechanical shutter. A sample was mounted
on a three-axis table that included two 8MT180 and
one 8MT173 linear translators controlled by an
8SMC1-USBhF controller (Standa Ltd., Lithuania).
The complex was controlled by a personal computer.

The laser beam was focused into a 100–200-μm
spot onto a sample with a quartz lens with a focal dis-
tance of 250 mm. To determine the area of the irradi-
ated zone on the sample surface, a series of below-
threshold and above-threshold spots were recorded on
each sample before experiments with above-threshold
radiation. Each spot was exposed to 30 pulses of radi-
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ation with a specified energy density at a frequency of
10 Hz.

Laser pulse frequency f was chosen taking into
account the capabilities of the laser used. We took into
account the condition of complete cooling of the sur-
face of copper or its alloy for the time between pulses,
determined from Eq. (1) [23]:

(1)

where α is temperature conductivity, Tm is the melting
temperature of copper or its alloy, and L is the thick-
ness of the heated surface layer of copper or its alloy,
determined from the equation

(2)

The surface cools down completely at f < 50 MHz,
which is much higher than the f = 10 Hz used in the
work.

RESULTS
The laser-induced breakdown threshold on the

samples made of copper and its alloys in our experi-
ment was observed at the energy density E ~ 1 J/cm2.
Above this E, the surface was melted and evaporated.
An erosive plasma torch appeared in the air near the
surface, and a crater appeared in the sample. Figure 1a
shows a laser crater framed by a ridge of molten
material. Figure 1b shows a three-dimensional profile
with a cross section, which was used to obtain a two-
dimensional profile (Fig. 1c).

However, we observed below-threshold results of
radiation exposure as early as at E ~ 0.1 J/cm2. The
results were traces of high-temperature plastic defor-
mation visible with a microscope. They represented
the formation of uplift on the irradiated surface up to
about 1 μm due to the migration of grain boundaries
and crystallographic slip in the grain volume. There
were almost no traces of molten metal in this case.

Typically, the resulting defects are irreversible.
Some copper samples were examined after storage in a
laboratory for 6 months. Their profilograms were
the same.

Figure 2 shows electron microscopy images of the
Cu–Cr–Zr sample surface damage after exposure to
one (Fig. 2a), three (Fig. 2b), five (Fig. 2d), and thirty
(Fig. 2e) laser pulses at E = 0.77 J/cm2. Their profilo-
grams are shown below them.

There was an irregular uplift of the sample material
in the laser spot region after exposure (Figs. 2–4). The
height of the uplift increased and reached ~1 μm when
the number of pulses and the energy density increased.
This fact resulted in characteristic cracking along the
grain boundaries. Some grains with a characteristic
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Fig. 1. (a) Crater on the copper surface after exposure to 30 UV laser pulses, (b) 3D profile, and (c) 2D profilogram.
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size of dozens of microns were as if squeezed out of the
sample body to the surface.

Figure 3 shows a 3D image of the laser spot on the
copper surface after exposure to 25 laser pulses. Figure 3b
shows its 2D profilogram along the section shown in
Fig. 3a. The surface in the spot rose to a height of up
to 150 nm at the maximum point, and deep microc-
racks developed along the grain boundaries (up to
100 nm deep).

The damage grows with increasing E. The height of
the uplifts increases up to 1 μm.

Figure 4 shows the data obtained from the Cu–Cr
surface after exposure to 30 laser pulses: (a) an electron
microscopy image of the damaged region, (b) a 3D
image, and (c) a 2D profilogram.

Figure 5 presents a segment of the laser spot on the
Cu–Cr surface after exposure to 30 pulses at E =
0.74 J/cm2. There are traces of the slip planes on the
surface. They began to melt under the action of subse-
quent pulses.

DISCUSSION

The average laser power was low (at the level of sev-
eral watts); therefore, this irradiation did not affect the
geometry of the samples. However, the active expo-
sure to the pulse component of radiation caused
PHYSICS OF META
noticeable changes in the surface layers of the sample,
without affecting its volume.

The absorption of light by metals occurs as a result
of transferring energy from photons to electrons in the
~15-nm skin layer [24], which, in our case, signifi-
cantly overheats the electron subsystem. The absorbed
energy is transferred to the phonon subsystem during
the electron–ion relaxation time (2–3 ps). The surface
layer volume of the metal is heated during the time of
the laser pulse action, i.e., 10 ns.

Qualitative estimates [6] performed using Eq. (3)
and analysis of the electron microscopy images of cop-
per and its alloys show that heating by a laser pulse at
E ~ 0.6–1 J/cm2 allowed us to achieve a premelting
temperature in copper near the surface layer.

The threshold energy density of melting, taking
into account the specific melting heat, is [25]:

(3)
where δ(τ) carries the physical meaning of the effec-
tive thickness of the skin layer, where the absorbed
energy of the laser pulse with duration τ is emitted in
the material. Symbols ρ, С, Tm, Tin, and Lm are the
density, specific heat capacity, melting temperature,
initial temperature, and the heat of melting of the
material, respectively. In the case of surface heating

(4)

τ = δ τ ρ − +m m in m( ) ( ) [ ( ) ],E C T T L

δ τ = πατ 1 21( ) ( ) .
2
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Fig. 2. Cu–Cr–Zr surface after exposure to (a) 1, (b) 3, (e) 5, and (f) 30 laser pulses at E ~ 0.77 J/cm2; c, d, g, h are the corre-
sponding 2D profilograms.
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We made qualitative estimates for copper using
Eqs. (3) and (4) at С = 385 J/(kg K), ρ = 8920 kg/m3,
α = 1.2 × 10–4 m2/s, Tm = 1356 K, Tin = 293 K, Lm =
204.7 × 103 J/kg [20], and τ = 10 ns. The following val-
ues were obtained: δ(τ) = 971 nm, Em(τ) = 0.59 J/cm2

(taking into account reflection). The results for the
low-alloyed alloys used in this work are similar.
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
The electron microscopy images and profilograms
show the traces of high-temperature deformation in
the surface layer of copper and its low-alloyed alloys as
a result of exposure to nanosecond UV-laser pulses.

Various pulse effects on plastic deformation of
metals have been actively studied since the second half
of the 20th century [26–29]. Exposure to electromag-
23  No. 2  2022



182 MALINSKII et al.

Fig. 3. Cu–Cr surface after exposure to laser pulses: (a) 3D
image of the damaged area on the sample surface and
(b) 2D profilogram.
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netic fields excites the electronic subsystem. It trans-
fers energy to the phonon subsystem to create a large
number of short-wavelength phonons. They affect the
PHYSICS OF META

Fig. 4. Cu–Cr surface after exposure to laser pulses: (a) electron m
profilogram Е = 0.83 J/cm2. 
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structural defects (point, linear, grain boundaries, dif-
ferent precipitated phases) of the crystal lattice to
facilitate the movement and redistribution of the crys-
tal lattice defects. Of course, these microprocesses
finally develop into macroprocesses of plastic defor-
mation.

Thus, electroplastic [26] and magnetoplastic
[27, 28] effects were discovered. The acoustoplastic
effect has a similar effect [29].

Similar effects have also been occasionally
observed when exposed to high-intensity laser radia-
tion [30–34]. However, these results are not system-
atic. They were obtained using lasers that were very
different from each other in wavelength, pulse dura-
tion, and energy density. This can be explained by the
fact that when studying the effects of the laser pulse on
solids, the main attention was paid to the much more
spectacular and evident processes of melting and evap-
oration, largely masking the effects of laser pulses on
plastic deformation [19].

There are interesting theoretical studies of Mirza-
deh about “nonlinear strain waves interacting with
laser-induced carriers of the local disorder,” summa-
rized in Chapter 7 of the collective monograph [1].
These results, unfortunately, have not been properly
confirmed by experimental studies so far.

Rather detailed studies of the effect of nanosecond
UV laser pulses on plastic deformation that took place
in the surface layer of copper and its low-alloyed alloys
LS AND METALLOGRAPHY  Vol. 123  No. 2  2022
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Fig. 5. Cu–Cr surface after exposure to laser pulses: (a) electron microscopy image of the region of the damaged area, (b) 3D image,
and (c) 2D profilogram.
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were carried out in [6, 35, 36]. They are summarized
and analyzed in this work. The results allow us to con-
clude that we are dealing in this case with processes
similar to the electroplastic and magnetoplastic effects
and, by analogy, we think it fair to call the detected
effect opticoplastic.

CONCLUSIONS

The laser-induced breakdown threshold in our
experiment was ~1.0 J/cm2 for the samples of copper
and its low-alloy alloys exposed to nanosecond UV-
laser pulses. An erosive plasma torch appeared in the
air, near the surface of the sample, and a crater with
obvious traces of melting and evaporation of the metal
appeared in the sample.

Traces of high-temperature deformation were
found in the below-threshold regime without obvious
traces of melting. They manifest themselves as the
results of slipping and cracking along the grain bound-
aries, as well as traces of crystallographic slip inside
the grains. The surface of the metal in the irradiated
zone exhibits an uplift. The damage increases with the
number of pulses. The height of the resulting uplift can
reach 1 μm, and even more in some cases.
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
The results obtained are similar to the electroplas-
tic and magnetoplastic effects. By analogy, we propose
to call the detected effect opticoplastic.
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