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Abstract—Comprehensive microstructure studies of the surfaces of duralumin sheets exposed to an intense
microsecond CO, laser pulse (E ~ 500 J) are performed for the first time. The irradiated area is ~100 cm?. A
pulse with a duration of ~5 us has an ~200 ns leading peak. Passivated duralumin sheets subjected to pressure
and thermal treatment resulting in the formation of Al,O; layers ~7 um thick are irradiated. Electron and
atomic force microscopy, X-ray spectral analysis, and optical profilometry are used in the study. Detected
traces of nonequilibrium evaporation contained a polycrystalline aggregate of several stoichiometric and

nonstoichiometric phases of aluminum oxide and its compounds with manganese and magnesium.
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INTRODUCTION

Passivation coatings based on Al,O; are often used
in aeronautics, mechanical engineering, automotive
engineering, special purpose machinery, microelec-
tronics, and other branches of current technology to
protect assemblies and parts made from aluminum
and its alloys against corrosion in air [1, 2].

The reason for this is the considerable electronega-
tive potential of aluminum. The oxide film that forms
as a result of several manufacturing operations does
not guarantee 100% protection against corrosion,
since such films are highly porous. Dense protective
films are commonly produced via anodic oxidation
[2]. It is well known that the working surfaces of
machine components with such coatings are fairly
resistant to corrosive media and heavy erosion and
abrasive wear.

Data on the resistance of such coatings to a variety
of adverse factors (especially intense laser radiation)
are therefore of considerable interest.

The impact of an intense microsecond CO, laser
pulse on surfaces of metals and other structural mate-
rials has been thoroughly studied [3—6]. Low-thresh-
old optical air breakdown starts at a radiation power
density of =107 W cm~2 and ambient atmospheric

pressure. The resulting plasma absorbs most of the
radiation and shields the metal form further exposure
to radiation [3—8]. No visible evidence of damage is in
this case normally observed on a sample’s surface.

The aim of this work was to investigate the effect a
single electric-discharge CO, laser pulse (£ ~ 500 J)
[9] has on a surface of oxidized duralumin. The pulse
had an ~200 ns leading peak and an ~5 s tail (Fig. 1).
The irradiated area was ~100 cm?.

The pulse shape was recorded by a photodetector,

based on the photon drag effect of holes in germa-
nium, and its energy was measured by a TPI 2-5 ther-

Fig. 1. Shape of a typical laser pulse (0.5 us/div.) [5, 6, 9, 10].
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Fig. 2. General view of an irradiated region: (/) D16 dural-
umin disk (d = 200 mm, 2 = 1 mm); (2) mark left by a
directed laser pulse; and (3) nontransparent boundary of
the irradiated region.

mocouple calorimeter. The measuring procedure was
described in [4—6, 8—10]. It has been noted in a num-
ber of experimental studies of interaction between the
radiation of the indicated laser and different materials
that only the peak part of a pulse (~20% of the pulse
energy; in this case, ~1 J cm™2 [4—6, 11]) reaches the
sample surface at such radiation energy densities. The
so-called complete radiation cutoff is observed
approximately 1 us after the start of generation under
these conditions. The tail part is absorbed in the air
breakdown plasma, which has a lifetime of ~20—25 ps.

MATERIALS AND METHODS

Plane-parallel disks fabricated by hot pressing from
D16 rolled stock were irradiated. These disks had
diameters of 20—30 cm and were ~0.1 cm thick. They
were oxidized during passivation in air. Laser pulses
left characteristic traces on their surfaces that had the
same geometric size as the mark left by a laser beam on
thermal paper (Fig. 2).

In the area of a trace, a sheet surface assumed a flat
white color that did not hide the scratches left after
mechanical processing. However, a trace became
nontransparent in the ~5—8-mm-wide boundary zone
of a spot. Comprehensive microstructure studies were
conducted to assess the nature of laser impact and the
properties of the material in the irradiated region.
Electron and atomic force microscopy, X-ray spectral
and structure analysis, and optical profilometry were
used in these studies. The surface relief was examined
with a Zygo NewView 5000 optical profilometer.

The microstructure was studied at the shared
resource center of the National University of Science
and Technology (MISiS) using an AXIO Imager
D1m optical microscope, a JSM-6480LV (JEOL,
Japan) high-resolution electron microscope, and a
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SNE4500M scanning electron microscope provided
by OPTEC.

The phase composition of samples was studied via
X-ray diffraction using a Bruker D8 ADVANCE dif-
fractometer with symmetric 6-20 scans and mono-
chromatized CuKk,, radiation (A = 1.54178 A) at room
temperature. The sample was mounted horizontally
and rotated at a rate of 15 rpm. Measurements were
performed in the 20 interval from 20° to 80° with a
pitch of 0.1° and 3-s-long exposures at each point. The
angular resolution was 0.05°. The results from these
measurements were processed using the DIFFRAC
software package. Diffraction reflections were identi-
fied by matching the experimental interplanar dis-
tances to the reference values for a variety of materials
(taken from the PDF-2 (2006) database) in EVA.

The elemental compositions of duralumin areas
with surfaces passivated in air and areas exposed to
laser radiation were examined using a JSM-6480LV
(JEOL, Japan) scanning electron microscope with an
INCA (Oxford, UK) energy dispersive spectrometry
attachment. This attachment allowed us to determine
the elemental composition in a volume of approxi-
mately 1—3 um? by detecting the characteristic X-ray
radiation produced as a result of interaction between
the primary electron beam and a sample’s surface. The
sensitivity of this method was ~0.1 at %, the control
voltage was 20 kV, and the probe size varied from 2 to
50000 wm?.

RESULTS AND DISCUSSION

It was found that the irradiated region of each sur-
face was covered with a dull layer. Marked traces of
nonequilibrium evaporation were observed, and each
surface was spotted with small craters with character-
istic sizes of ~0.1-5 um (Fig. 3). After laser irradia-
tion, rolling marks (chains of parallel scratches on the
metal’s surface that were easily seen through the Al,O,
layer) were partially discernible. It was also clear that
the new defects, which were of a patchy nature, were
localized primarily above the rolling defects. Some of
them had distinct coloring that differed from the back-
ground coloring: white, black, and (at times) red
patches were observed. In some regions, well-defined
marks left by chipped-out coating grains with a sizes of
up to 20 wm were observed (Fig. 3a).

Three- and two-dimensional relief images and
cross-section profiles of the initial and irradiated sur-
faces were obtained using a Zygo NewView 5000 opti-
cal profilometer with vertical resolution as high as
0.1 nm. Since an automated positioning stage was
available and the images obtained in a single scan
could be stitched together using specialized software,
it was possible to study surface regions with lateral
sizes much larger than the objective’s field of view.

Initial examination of the samples revealed two
distinct packets of interference lines of radiation
Vol. 80
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Fig. 3. Images of the oxide film (Al,O3) on an Al disk’s
surface after laser irradiation (a SNE4500M scanning elec-
tron microscope provided by OPTEC was used to obtain
these images).

reflected from the oxide and metal surfaces. This
allowed us to measure the thickness of the Al,O; layers
(~7 um) on the initial surfaces. To study their relief,
each surface was decorated by sputtering a thin film of
contrasting material (titanium).

Processing of the obtained data revealed three dis-
tinct regions on each surface (see Fig. 4): nonirradi-
ated region I, region 3 subjected to intense irradiation,
and boundary area 2 of the irradiated region.

The external appearance and a plotted three-
dimensional image of the relief of a typical part of
these regions are shown in Fig. 5. Surface roughness
on the order of 2—3 um orthogonal to the mechanical
processing scratches was detected on each initial sur-
face. Each surface appeared to be relatively smooth
and free of notable local distortions along these lines
(Figs. 5a, 5b).

The surface properties changed fundamentally
upon moving to the region subjected to laser irradia-
tion: each surface becames rough and spotted with
craters with depths of several micrometers. Two- and
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Fig. 4. Reference area at the periphery of a sample after
laser irradiation. Region / was unaffected; region 2 was
revealed after the deposition of contrasting material;
region 3 was subjected to irradiation. Points /—2 and 2—3
mark the boundaries between regions /, 2, and 3.

three-dimensional and profile images (obtained using
a Zygo optical interferometer) of characteristic regions
of the disks made from D16 alloy and traces of laser
irradiation are shown in Fig. 5.

X-ray diffraction studies showed that the elemental
composition of the coating was virtually unchanged
after laser irradiation. Its primary components were
aluminum and oxygen with admixed sulfur (the same
as in the initial composition of the surface layer). The
phase composition of surfaces modified by laser irra-
diation was, however, altered drastically.

It was found that the primary reflections off a sheet’s
initial surface at the analyzed depth of ~2—3 um were
from the aluminum phase. Weak reflections from the
passivated films of aluminum oxide were also present.
In the regions subjected to laser irradiation, the sur-
face layer was a polycrystalline aggregate of different
nonequilibrium aluminum oxide phases (monoclinic,
hexagonal, and rhombohedral Al,0;) and compounds
of aluminum with manganese (AlgMn and Al,Mn,)
and magnesium (Al;Mg,, Al;,Mg,;, and AIMg).

The measurements performed using a Zygo
NewView 5000 profilometer showed that the initial
surfaces had aluminum oxide layers ~7 um thick. In
[12], we found that absorption coefficient 3 of Al,O5 at
10.6 um must be ~(2—3) x 10* cm~! by approximating
the data from [13], in which the coefficient of absorp-
tion for sapphire in the visible and IR regions of the
spectrum (up to 7 um) was given. In accordance with
Bouguer’s law, radiation was attenuated by a factor of
ein an Al,O; layer ~0.5 um thick. Using reference data
on the thermophysical properties of Al,O; [14, 15]
(specific heat capacity at 7= 1300 K, 1.3 J/(g K)~!;
T,, = 2015 K; heat of melting, 109 J g~!; boiling tem-
perature, ~3500 K; heat of evaporation, 6.61 kcal mol~')
and ignoring heat conductivity and heat losses for
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Fig. 5. Two- and three-dimensional and profile images
(obtained using a Zygo optical interferometer) of charac-
teristic regions of disks made from D16 alloy with marks
left by laser irradiation: (a, b) area / in region 7 (Fig. 4),
R, = 817 um; (c, d) area /-2 at the boundary between
regions /and 2, R, =770 um; (e, f) area 2inregion 2, R, =
796 um; (g—i) area 2—3 at the boundary between regions 2
and 3, R, = 1806 um; and (j, k) area 3 in region 3, R, =
788 um. Frame size, 1796 % 1347 pm.

reradiation on the one hand, and the contribution to
heat balance from the optical air breakdown plasma,
where most of the energy of the laser pulse tail is
released on the other, we estimated that an energy
release of ~1 J cm™2 in a thin Al,O, surface layer is
enough to heat this layer to the temperature of evapo-
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ration. The estimated value corresponds to the energy
density at the peak of a laser pulse that reaches the
sample surface. This correlates with the results
obtained via scanning electron microscopy.

It is clear from Fig. 3 that a foamy surface layer
formed, while the optical profilometry data (Fig. 5)
indicate that the aluminum oxide layer, which had an
initial thickness of ~7 um, grew somewhat thinner and
was modified. The microphotographs show that the
scratches on the duralumin surface remained,
although a number of new defects formed in the oxide
layer above these scratches; i.e., irradiation left almost
no marks on the surface of metal itself.

At the same time, it is seen clearly in Fig. 5 that
region 2 is ~10 um higher than region 3. This differ-
ence is greater than the initial oxide layer thickness.
This apparent contradiction is easily resolved: owing
to dynamic gas processes in a plasma plume, a consid-
erable part of the evaporated Al,O; condensed at the
periphery of the irradiated region and formed region 2.
Since the cooling of the melt and the condensation of
evaporated material take several microseconds, the
material in a surface’s aluminum oxide layer under-
goes numerous structural changes that result in the
formation of a number of transition modifications in
the sequence of phase transformations y-Al,0; —
o-Al,O; [1]. Our results correlate with the ones
reported in [16], where the interaction between a CO,
laser pulse and aerosol aluminum oxide particles with
diameters of 0.7 um was studied. At a pulse duration of
3 us, a radiation power density of ~1—5 MW cm™2 is
needed to evaporate them.

CONCLUSIONS

The interaction between CO, laser pulses and an
aluminum oxide layer must be considered in studies
focused on developing the technology for laser cutting
of the surfaces of items made from aluminum and its
alloys. In addition, our data can be used to develop a
technique for modifying surfaces of passivated alumi-
num alloys in order to form ornamental or labeling
patterns or inscriptions.
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