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Abstract—The following investigation of the damageability of the Al2O3 oxide ceramic coating on the alumi-
num substrate under the influence of the concentrated energy f luxes of different nature and pulse duration
performed: pulsed laser radiation in the free running mode (at the power density of q = 105–2 × 106 W/cm2

and pulse duration of τi = 0.7 ms) and modulated Q-switched mode (q = 107–108 W/cm2, τi = 80 ns), as well
as the beam-plasma influence at q = 107–109 W/cm2, τ = 50–100 ns. It is shown that, under the influence of
laser radiation within the millisecond and nanosecond ranges of the pulse impact on a semitransparent
ceramic coating, the partial destruction and peeling of the ceramic layer from the metal substrate is observed.
The mechanisms of the observed damageability are determined. The threshold values of the laser radiation
flux at which the coating is damaged, caused by peeling, are experimentally estimated. The distribution of the
temperature in the surface layer of the samples was calculated by numerical simulation, and it was shown that
during laser irradiation the temperature reaches its maximum values at the depth corresponding to the contact
area between the coating and substrate. It was established that the impact on the aluminum samples with the
ceramic coating from the fast deuterium ion f luxes and high temperature deuterium plasma in the plasma
focus device results in melting and partial evaporation of the coating surface layer; but in this case, no cracking
or peeling from the aluminum substrate is observed.
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INTRODUCTION
Aluminum oxide ceramic possesses high strength,

hardness, and thermal and corrosion resistance [1, 2];
it is widely applied as the protective coating for the
energy-loaded parts used in the machine industry,
electric power industry, and space and radiation engi-
neering. The Al2O3 based oxide coatings are consid-
ered in the fusion power industry as an advanced coat-
ing intended for application in the structural elements
of the blanket module connector in the international
thermonuclear experimental reactor ITER. Such
coatings in the blanket operate under conditions of the
pulsed radiation, thermal, and mechanical loads and
they should have both high electrical and thermal-
insulating properties as well as tribological and corro-
sion properties [3–8]. In addition, along with the
boron nitride BN, Al2O3 ceramic is considered as an
advanced material for the coating of the antenna rings
placed inside the discharge chamber of the spherical
tokamak MAST (Mega Ampere Spherical Tokamak)
[9, 10].

Different sources of concentrated energy f luxes are
used for investigation of the radiation and thermal
resistance of the coatings: electron beams, laser radia-
tion, f luxes of ions and plasma, etc. During the impact
of the electromagnetic radiation on the compositions
containing a ceramic coating and metal substrate, it is
necessary to take into account the ability of the
ceramic layer to pass a considerable part of the inci-
dent energy f lux in a wide range of wavelengths. Pecu-
liarities of the radiation and thermal damageability of
massive ceramic samples based on aluminum oxide
under the influence of the strong pulse f luxes of ions,
plasma, and laser radiation are presented in [11].

The aim of this work is a comparative analysis of
the damageability specifics of a ceramic coating based
on the Al2O3 oxide developed on an aluminum sub-
strate under pulsed laser irradiation within the milli-
second and nanosecond ranges of the pulse duration
and under the impact of the fast deuterium ion fluxes
and high temperature deuterium plasma in the plasma
focus device (PF).
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Table 1. Irradiation conditions in the PF-6 device

Sample Distance of sample 
from anode, cm

Power density of the ion flux q, W/cm2, 
during pulse duration Number of pulsed 

impacts, N
Loss of mass per 

pulse, mg
50 ns 100 ns

AL2 8 109 108 2 0.26

AL3 14 108 107 1 0.28

AL4 14 108 107 3 0.26

AL5 14 108 107 7 0.14
MATERIAL, IRRADIATION CONDITIONS, 
AND METHODS OF INVESTIGATION

The irradiated samples represented a f lat massive
aluminum substrate 4 mm thick, with the coating
based on the Al2O3 oxide, with the structure of the γ
phase grown by the electrical oxidation method
(anode oxidation) of aluminum [12]. The coating
thickness was about 20 μm. The pulsed laser irradia-
tion was performed with the use of the GOS-1001
device with the radiation wavelength of λ = 1.064 μm.
The pulse duration in the free generation (FG) mode
was τ(FG) = 700 μs; in the modulated Q-switched
(MQ) mode, it was τ(MQ) = 80 ns. The radiation was
focused in such a way that the incident power density
on the sample surface varied from 105 to 2 × 106 in the
FG mode and from 107 to 108 W/cm2 in the MQ mode.
The treatment by the ion and plasma fluxes was car-
ried out with the use of the PF device PF-6 (Warsaw,
Poland). Samples were placed in the cathode part of
the discharge chamber of the device. The irradiation
conditions are presented in the Table 1. Irradiation of
all samples during experiments was conducted on the
coating side.

After irradiation, the samples were analyzed by
metallographic methods with the use of a NEO-
PHOT-32 optical microscope and Leica DCM 3D
confocal microscope. The X-ray phase composition of
the surface layer was analyzed by the methods of the
X-ray diffractometry with the use of a Rigaku (XRD)
Ultima-IV diffractometer (Japan). The temperature
distribution in the direction normal to the irradiated
surface was calculated on the basis of a 1D model sim-
ilar to one described in [13]. The laser radiation
absorption ratio in the ceramic coating was taken as
μ = 0.0025 cm–1 [14].

RESULTS AND DISCUSSION

Impact of Laser Radiation

Surface microstructure. Weighing of samples before
and after the pulsed irradiation showed that, regardless of
the irradiation mode, their mass within the accuracy
of measurements (0.05 mg) during irradiation with a
low flux did not change. In the case of exceeding a cer-
INORGANIC MATE
tain threshold power density value of the laser radia-
tion, cracking and partial peeling of the ceramic coat-
ing from the aluminum substrate is observed. Figure 1
shows the structure of the surface of samples after irra-
diation in the FG mode with the energy f lux within
the interval of q = 5.5 × 105–1.7 × 106 W/cm2. Quite a
large area of the melted aluminum surface is observed
in the central part of the irradiated spot with the power
density of laser radiation of 1.7 × 106 W/cm2 (Fig. 1a).

With lower q values, after peeling of the oxide coat-
ing, sections of the Al substrate without surface melt-
ing are observed (Figs. 1b and 1c).

Figure 2 shows the structure of the samples surface
after irradiation by the laser pulses in the Q-switched
mode with a power density of 5 × 107–109 W/cm2.
Here, as after irradiation in the FG mode, open areas
of Al surface, with the full peeling of the ceramic coat-
ing, are seen (Fig. 2a).

In addition, under the impact of laser radiation on
the Al2O3/Al material in the MQ mode with the max-
imum power density of q = 108 W/cm2, areas with par-
tial local melting of the aluminum substrate (Fig. 2b)
are observed after removal of the coating on the sur-
face of the target sample.

Figure 3 shows the area of the irradiated surface of
the oxide coating after the impact of laser radiation on
the sample of the Al2O3/Al material in the MQ mode
obtained by the method of confocal microscopy. It is
seen that the coating is not observed on a large area,
which indicates the possible dispersion of the coating
particles after destruction and peeling. Figure 4 shows
the profilometry curve of the surface relief in the zone
of the coating separation from the substrate. Analysis
showed that the characteristic depth of “ribbing” of
the coating (the distance between the maximum and
minimum values of the relief level) is several microns.
The corresponding value for the Al substrate after irra-
diation is higher—about 10 μm.

Temperature distribution in the surface layer after
the impact of laser radiation in the FG mode. Figure 5
shows diagrams of the temperature changes over the
depth of samples of the Al2O3/Al oxide developed on
the basis of the numerical calculations for different
time moments after laser irradiation of the material in
RIALS: APPLIED RESEARCH  Vol. 10  No. 2  2019
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Fig. 1. Surface of the Al2O3/Al sample after exposure to
laser radiation in the FG mode at different power densities
q, W/cm2: (a) 1.7 × 106; (b) 1.1 × 106; (c) 5.5 × 105.
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Fig. 2. Surface of the Al2O3/Al sample after laser irradia-
tion in the Q-switched mode: (a) general view of the irra-
diated area at q = 5 × 107 W/cm2: the Al2O3 coating (on
the periphery of the image) and the Al spot after the coat-
ing peeling are observed in the central part of the irradia-
tion area; (b) the Al surface with traces of local melting at
the place of coating peeling (q = 108 W/cm2).
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the FG mode. It is seen that, in the contact zone of the
substrate and coating (at the depth of about 20 [mu]m
from the surface), the maximum temperature is
observed . This is connected with the fact that the ana-
lyzed ceramic is semitransparent to laser radiation
with the wavelength of λ = 1.06 μm and part of the
energy during pulsed laser impact goes through the
coating without absorption and is emitted in the area
of its contact with the surface of the aluminum sub-
strate. The value of the maximum temperature
depends on the energy f lux and may exceed the alumi-
num melting temperature (660°C). In this case, the
gradient temperature near the “surface–substrate”
interface reaches 2 × 106 K/m.
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
With the pulse laser irradiation in the MQ mode,
when the pulse time is four orders of magnitude less
and radiation intensity is two orders of magnitude
higher than the pulse in the FG mode, the selective
heating of the area of contact of the oxide coating with
the Al substrate results in a more pronounced tem-
perature maximum (Fig. 6), and the temperature gra-
dient near the interface boundary of the considered
phases reaches values about 108 K/m.

Aluminum melting is accompanied by the marked
increase in its specific volume (density of the melted
Al, ρ = 2.35 g/cm3, is less than the solid-phase ρ =
2.7 g/cm3 [15]) with the formation of the surface wave
relief and deformation and partial destruction of the
coating. At the stage of the melt hardening, the high
temperature gradient creates significant thermal
stresses in the contact area of the aluminum oxide with
the substrate, which contributes to cracking and peel-
ing of the ceramic coating.

The threshold values of the power density qcrit,
accompanied by peeling and destruction of ceramic
coating, were determined by calculations of the tem-
 10  No. 2  2019
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Fig. 3. Part of the Al2O3/Al sample of ~1200 × 900 μm
after laser irradiation in the Q-switched mode with the
partially destroyed and peeled ceramic coating (confocal
microscopy).
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Fig. 4. The profile curve at the boundary of the “oxide
coating–Al substrate” crater formed after the laser irradia-
tion in the Q-switched mode and removal of the coating
area (confocal microscopy).
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Fig. 5. Temperature distribution over the depth of the sur-
face layer of the Al2O3/Al sample for different times from
the onset of a laser pulse in the FG mode, μs: (1) 300,
(2) 400, (3) 500, (4) 600, (5) 700, with the power density
q = 2 × 105 W/cm2.
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Fig. 6. Temperature distribution in the area of contact of
ceramic coating with aluminum substrate for different
times under laser irradiation in the Q-switched mode, ns:
(1) 10; (2) 20; (3) 30; (4) 40; (5) 50; (6) 60; pulse duration
of 80 ns; power density q = 107 W/cm2.
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perature change in the surface layer (SL) of the Al2O3/Al
material and analysis of the irradiated target samples.
For irradiation in the millisecond range of pulse dura-
tion in the FG mode, this value was qcrit ~ 105 W/cm2,
and for the nanosecond pulses in the MQ mode, qcrit ~
107 W/cm2.

Numerical modeling of the shock-wave impact. For
evaluation of the possible impact of the shock wave
(SW) during irradiation of the Al2O3/Al LI samples in
the MQ mode on destruction and peeling of the
ceramic coating, the calculation of the SW generation
similar [16] to the state equation from [17], for the
conditions of the plane geometry of the experiment for
aluminum irradiation through the oxide coating layer,
was made. In this case, the oxide coating in relation to
the aluminum substrate was considered as the con-
INORGANIC MATE
densed medium with a low coefficient of the laser
radiation absorption.

Analytical evaluation of the SW pressure amplitude
during irradiation of the target through the condensed
medium was proposed in [18]:

(1)

where ρ0, D0, and ρC, DC are the density and velocity
of the SW front for the target material and condensed
medium, respectively, and γ is the adiabatic value.

The SW in the target material was numerically
modeled in this work with the maximum possible
pressure amplitudes which are implemented if irradia-
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Fig. 7. Distribution of the amplitude of shock wave pres-
sure over the depth of Al sample after laser irradiation in
the Q-switched mode with power density q, W/cm2:
(1) 108, (2) 109.
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Fig. 8. Temperature distribution in the suface layer of the
oxide ceramic coating on the aluminum sample under the
pulsed impact of the ion-plasma flow in the Plasma Focus
device at a power density of q = 107 W/cm2 and pulse dura-
tion of 100 ns. Distance from the surface, μm: (1) x = 0;
(2) x = 0.05; (3) x = 0.1; (4) x = 0.2; (5) x = 0.3; (6) x = 0.45;
(7) x = 0.6; (8) x = 0.75; (9) x = 0.9.
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tion is conducted through the condensed medium
with the wave impedance of ZC = ρDC → ∞:

(2)

In the numerical calculation, the condensed
medium with the wave impedance of ZC = ∞ was
replaced by the state of the target boundary immobil-
ity. It was considered that laser irradiation is absorbed
in the thin skin layer of the target material; the layer
thickness varied within the range of 0.1–1 μm; in this
case, the change in results was insignificant.

From (1) and (2), it follows that consideration of
the impact of the real condensed medium should be
calculated by the following formula:

(3)

The results of calculation of the distribution of the
SW pressure amplitude in the cold material as at the
end of the laser radiation pulse are shown below in Fig. 7
and Table 2.

It is seen that results of the numerical modeling are
in good accord with the formula (2). The real SW ampli-

γ −= ρ
γmax 0 0 0

1 .P q D
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ρ
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Table 2. Parameters of the laser irradiation of the Al2O3/Al sa
pressure

Target Power density, q, W/cm2 Pulse duration, τ, n

Al 108 100

Al 109 100
tude in Al, recalculated according to the formula (3),
with the implemented value of q = 108 W/cm2, is P ≈
2.0–2.1 GPa (ρ = 2.69 g/cm3, D0 = 6 km/s, ρC =
3.97 g/cm3, DC = 10 km/s [17]).

The impact of such pressure on the coating, in
combination with the thermal stresses appearing in the
area of the considered contact during decrease in the
temperature after its pulsed step under the influence of
laser radiation, leads to the observed destruction and
peeling of the coating particles from the substrate.
Evaluations showed that, during separation of the
Al2O3 oxide from the Al base, the separation velocity
of the destructed oxide coating particles of up to 10 μm
may reach about 10 km/s.

PLASMA-BEAM IMPACT IN THE PLASMA 
FOCUS DEVICE

Microstructure and Thermal Heating 
of the Oxide Coating

During irradiation of the Al2O3/Al samples in the
PF device at q = 107–109 W/cm2 and τi = 50–100 ns
(Table 1), i.e., under the conditions close to the con-
ditions of the laser impact in the MQ mode, the char-
acter of the energy absorption in the material is signifi-
 10  No. 2  2019

mple in the Q-switched mode and the maximum shock-wave

s
Maximum pressure of the shock wave, Pmax, GPa

numerical modeling evaluation by formula (2)

2.4 2.5

7.7 8.0



344 GRIBKOV et al.

Fig. 9. Change in the thickness of the melted (1) and evap-
orated (2) layers of ceramic coating on the aluminum sam-
ple under the pulsed impact of the ion-plasma flow with a
power density of q = 107 W/cm2 and pulse duration of 100 ns.
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Fig. 10. Surface of the ceramic coating of the AL4 sample
after impact of three pulses of deuterium ions and deute-
rium plasma in the PF-6 device at q = 107–108 W/cm2.
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Fig. 11. X-ray diffraction patterns for the Al2O3/Al oxide:
(a) in the initial state; (b) after laser irradiation in the free
generation mode; (c) in the Q-switched mode.
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cantly different—and the f lux of the implanted fast
deuterium ions and high temperature deuterium
plasma are absorbed in the thin surface layer of the
ceramic coating having a thickness of not less than
1 μm and heat it up to high temperatures (Fig. 8). This
leads to melting and erosion of the heated oxide SL
owing to its partial evaporation, which was registered
during weighing of samples and before and after
pulsed impact of energy (Table 1). The numerical
evaluations made by the methods presented in [13]
INORGANIC MATE
showed that, during the liquid phase (about 90 ns), the
coating layer of about 0.3 μm (Fig. 9) evaporated. It is
important that, with the implemented modes of the
beam-plasma treatment of the material in the PF
device, shock-wave impact on the coating did not arise
and separation of the ceramic coating from the sub-
strate was not observed, in contrast to the laser irradi-
ation experiments.

Figure 10 shows the surfaces of the AL4 sample
(Table 1) after its irradiation in the PF-6 device by
RIALS: APPLIED RESEARCH  Vol. 10  No. 2  2019
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Fig. 12. X-ray diffraction patterns for the Al2O3/Al oxide
after the beam-plasma impact in the PF device (3 pulses)
and reference lines for pure Al and Al2O3.
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three pulsed impacts of fast deuterium ions and deute-
rium plasma. Analysis showed that the microstructure
of the coating surface does not contain cracks, traces
of peeling, or other macro-damage. Only wavy relief of
the surface and drop-shaped fragments are observed.
In addition, conspicuous is the fact that, with the
growth of the number of the pulsed impacts N from 1
to 7, the fall of the mass of the irradiated material per
one pulse decreases by a factor of two (Table 1). This
may be the result of precipitation of the oxide copper
coating on the surface (anode material) and elements
of the working chamber of the PF device, evaporating
during pulsed discharges [19, 20]. The results show
that, with the increase in the number N, the mass gain
of the target material sample due to precipitation of
elements on the oxide coating dominates the mass loss
due to partial evaporation of the oxide surface layer.

X-ray Phase Analysis

Figures 11 and 12 show the X-ray diffraction pat-
terns in the initial state and after the pulse laser and
beam-plasma impacts. The most intense lines on the
X-ray diffraction patterns refer to aluminum; the lines
of the low intensity correspond to the Al2O3 oxide. As
is seen from Figs. 11 and 12, the general character of
the X-ray diffraction patterns remained practically the
same after the experiments on irradiation of the samples
by the ions and plasma fluxes. In this case, the intensity
ratio of the Al lines and Al2O3 oxide on the X-ray diffrac-
tion patterns, after the laser impact in the FG mode and
beam-plasma irradiation in the PF (Figs. 11b and 12), is
close to the corresponding values for the target sample
in the initial state (Fig. 11a). At the same time, after
the impact of laser radiation on the material in the MQ
mode (Fig. 11c) the lines of the Al2O3 oxide became
vanishingly weak, which is connected with the partial
peeling of the oxide coating from the Al substrate.

CONCLUSIONS

Investigation of the damageability of the ceramic
coating on the basis of the Al2O3 oxide developed on
the surface of the aluminum substrate under the influ-
ence of concentrated laser energy f luxes of different
nature and pulse duration was performed: pulsed laser
radiation in the free generation mode (with the power
density of q = 105—2 × 106 W/cm2 and pulse duration
of τi = 0.7 ms) and modulated Q-switched mode (q =
107–108 W/cm2, τi = 80 ns), as well as beam-plasma
impact at q = 107–10 9 W/cm2, τ = 50–100 ns.

It was shown that the considered coating is semi-
transparent to laser radiation with the wavelength of
λ = 1.06 μm, and the impact of this radiation on the
Al2O3 ceramic in the millisecond and nanosecond range
of pulse duration results in peeling of the ceramic layer
from the substrate.
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
The mechanisms of the observed peeling, primarily
connected in the free generation mode with the melt-
ing of the aluminum substrate and impact of thermal
stresses in the area of the contact of the coating with
the substrate and in the modulated Q-switched mode
mainly with the shock-wave impact appearing in the
contact area, were determined.

The threshold values of the power density of the
pulsed laser radiation accompanied by the destruction
and partial peeling of the coating were experimentally
evaluated: in the free generation mode, the above
damageability starts at q ~ 105 W/cnm2; in the modu-
lated Q-switched mode, at q ~ 107 W/cnm2. The dis-
tribution of the temperature and the amplitude of the
shock wave in the surface layer of the target samples
was calculated by the numerical modeling method. It
was shown that the temperature distribution under the
impact of laser radiation, both in the free generation
mode and in the modulated Q-switched mode has a
nonmonotonic character, where the temperature
reaches the maximum values at the depth correspond-
ing to the contact area of the coating with the sub-
strate. The shock-wave impact in this area appearing
during laser irradiation in the modulated Q-switched
mode is sufficient for separation of the ceramic coat-
ing from the aluminum substrate.

It was established that the impact on the aluminum
samples with the ceramic coating based on Al2O3 of
 10  No. 2  2019
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fast deuterium ion fluxes (E =100 keV) and high tem-
perature deuterium plasma in the plasma focus device
results in melting and partial evaporation of the coat-
ing surface layer; but in this case cracking, peeling,
and other micro-damage of the ceramic layer on the
surface of the aluminum samples are not observed.

As a whole, the above experiments and investigations
showed that the ceramic coating made of Al2O3 oxide on
the aluminum substrate appeared to be more resistant to
the strong beam-plasma impacts of the nanosecond
pulse duration range implemented in the Plasma Focus
device as compared with pulsed laser irradiation with the
wavelength of 1.064 μm both in the free generation mode
and in the modulated Q-switched mode.
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