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Abstract—The results of studies on the zirconium crystal structure after initial stages of oxidation in an open
air at temperature of 700°C for 15 min are presented. Samples of commercial pure zirconium with a minimal
content of impurity atoms as well as chromium-alloyed zirconium have been studied by means of the action
of compression plasma flows. The possibility of alloying the zirconium near-surface layer with chromium,
with a chromium coating thickness of 1 μm, by means of compression plasma flows with the absorbed energy
density of 25–43 J/cm2 has been demonstrated. Stabilization of the high-temperature zirconium β phase in
the form of β-Zr(Cr) solid solution and intermediate martensite α'-Zr phase has been observed. After isother-
mal annealing of zirconium samples at T = 700°C and irradiated with plasma flow with Qmax = 43 J/cm2, no
effect of the surface layer alloying with chromium atoms has been observed owing to its intense evaporation
and ablation in the course of surface heating by plasma flow, as well as increased resistance to high-tempera-
ture oxidation at the initial stages in comparison with the initial state.
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INTRODUCTION
Zirconium and zirconium-based alloys are import-

ant structural materials for nuclear technology used in
the manufacture of fuel element claddings in view of
their low cross section of thermal neutron capture and
high corrosion resistance. In order to increase the
safety level of existing nuclear power plants and those
under construction, special attention is paid to the
structure and physical and mechanical properties of
zirconium alloys, which are continuously improved by
developing new compositions and modifying the
structural-phase state of the surface. Zirconium alloys
used in operating conditions at nuclear power plants
are exposed to high levels of radiation, thermal,
mechanical, and corrosive loads. An urgent problem is
investigation of the behavior of the claddings of fuel
elements made from zirconium alloys in the case of
loss-of-coolant accident (LOCA), in which intense
high-temperature oxidation occurs (700–1200°C) [1–
6]. The formation of an oxide layer on the zirconium
surface occurs within a few minutes and is accompa-
nied by active high-temperature hydrogenation, which
promotes the formation of embrittling zirconium
hydrides. Thus, intensely occurring structural changes
in the fuel rod material lead to its rapid destruction
and the release of radioactive fission products outside

the core, which does not allow operators of nuclear
power plants to complete the process of bringing the
reactor into a safe mode. Therefore, the development
of methods for increasing the zirconium corrosion
resistance from high-temperature oxidation is an
urgent task.

A similar problem can be solved by creating a pro-
tective coating on the surface of zirconium preventing
its active oxidation [7–9]. But this approach signifi-
cantly changes the cross section for the thermal neu-
trons capture on the surface and leads to a decrease in
the efficiency of the installation. Modification of the
structural state of the near-surface layer, including an
insignificant addition of an alloying element, may be
an alternative method. At present, a very promising
method for modifying the structural-phase state of a
near-surface layer is a pulsed high-energy action on
the surface by beams of charged particles (electrons,
ions) or plasma flows. A number of experimental
works [10–15] performed on many industrial alloys
showed a significant increase in the physical and
mechanical properties of their near-surface layers due
to the microstructure dispersity, an increase in the
degree of defectiveness, and the formation of inclu-
sions of metastable phases after pulsed high-energy
action.
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Fig. 1. Dependence of the absorbed energy density on the
distance between the sample and the electrode at the
capacitor voltage U = 4.0 kV.
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The possibility of using high-energy pulsed com-
pression plasma flows (CPFs) generated by quasi-sta-
tionary plasma accelerators [16–18] is considered in
the present work. The influence of the CPF makes it
possible to impart a sufficiently high energy density to
the material surface layer (absorbed energy density
reaches 70–100 J/cm2) for an extended period of time
exceeding 100 μs, which together increases the role of
liquid-phase processes in a molten surface layer. In
addition to changing the structural state of zirconium,
doping with small concentrations of chromium atoms
which can be realized in a single cycle under plasma
exposure is proposed in the work. Since liquid-phase
mixing is a high-speed hydrodynamic process that is
not subjected to any thermodynamic restrictions, the
number of embedded alloying atoms in the substrate of
base metal can significantly exceed the equilibrium
limit of their solubility. In addition, currently, the
problem of using chromium to increase the corrosion
resistance of zirconium alloys in various environments
is actively studied [19–21]. Therefore, the choice of a
technically pure zirconium alloy as a model material
with a minimum content of impurities is due to the
need to study the influence of both crystallization
conditions under pulsed plasma exposure and alloying
directly with chromium atoms on structural transfor-
mations, without taking into account other alloying
elements often used in industrial alloys. Thus, the
work sets the task of studying the fundamental princi-
ples of structural-phase transformations in zirconium
in combination with alloying with chromium, high-
speed crystallization, and subsequent oxidation.

The purpose of the work is to study the effect of
plasma action on the alloying of the surface of zirco-
nium with chromium atoms and the structural-phase
changes that occur at the initial stages of oxidation.
INORGANIC MATE
EXPERMENTAL

Plates of technically pure zirconium alloy with a
minimal amount of impurities (0.8 at % Hf, 0.9 at %
Al, balance Zr), with dimensions of 5 × 10 mm and a
thickness of 2 mm, on the surface of which a chro-
mium coating with a thickness of ~ 1 μμm was applied
by vacuum arc deposition, were used as the objects of
investigations. The formed zirconium–chromium sys-
tem was exposed to compression plasma flows in a
magnetic-plasma compressor of compact geometry in
an atmosphere of residual nitrogen gas. The residual
atmosphere pressure was 1.33 kPa (10 Torr). The
energy of the plasma flow was determined by the
energy stored in a system of storage capacitors charged
to a voltage of U = 4.0 kV. The discharge of the capac-
itors led to the formation of gas-discharge plasma
between the electrodes in the chamber of the magne-
toplasma compressor. The samples were placed in the
compressor chamber at distances L from 8 to 14 cm
from the electrode cuts, which made it possible to
change the energy density absorbed by the surface
layer of the sample. By calorimetric investigations, it
was established that the selected range of changes in L
made it possible to change the absorbed energy density
Q from 43 to 25 J/cm2, which was sufficient to melt the
chromium coating and the near-surface layer of zirco-
nium (Fig. 1).

The duration of the CPF pulse was 100 μs. At the
selected distances from the electrodes, the plasma
flow in a cross section has a diameter of 2–3 cm,
which exceeds the area of the samples and allows us to
assume a uniform effect of the plasma flow on the sur-
face with each pulse. In order to exclude accidental
deviations in the movement of the plasma flow, irradi-
ation was carried out with three consecutive pulses,
following each other with an interval of 10–15 s.

The samples were annealed in a muffle furnace at
atmospheric pressure and a temperature of 700°C to
study the oxidation kinetics of modified zirconium
samples, as well as the structural and phase changes
that occur. The accuracy of maintaining the tempera-
ture in the furnace was ±10°C. Studies of the initial
stages of sample oxidation were carried out at short
annealing times (no more than 15 min). The samples
were cooled in air at room temperature. The choice of
annealing temperatures was determined by the study
of oxygen diffusion processes under conditions close
to those during LOCA-type accidents. Of course, the
chosen oxidation temperature corresponds to the min-
imal threshold achieved during LOCA-type accidents,
which allows us to consider structural transformations
in alloys at their initial stages. The oxidation kinetics of
plasma-modified zirconium alloys doped with chro-
mium atoms was studied on the basis of the weight gain
associated with oxygen accumulation. To measure the
mass of oxidized samples, a Radwag analytical balance
was used, the accuracy of which was ±0.00005 g.
RIALS: APPLIED RESEARCH  Vol. 15  No. 3  2024
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The phase composition of the samples was deter-
mined using X-ray diffraction analysis on an Ultima
IV Rigaku diffractometer in the geometry of parallel
beams in CuKα radiation (λ = 0.154178 nm). X-ray dif-
fraction patterns were recorded in the range of diffrac-
tion angles from 20° to 80° with a step of 0.05° at a
detector speed of 2°/min. The surface morphology of
the samples was studied using a LEO 1455 VP scan-
ning electron microscope operating in the mode of
recording both secondary and reflected electrons at an
accelerating voltage of 20 kV. The elemental composi-
tion of the near-surface layer was determined on the
basis of X-ray spectral microanalysis using an Oxford
MaxN attachment to a scanning electron microscope.

RESULTS AND DISCUSSION

Structural-Phase State of Zirconium Alloyed 
with Chromium

When the CPF is exposed to the surface of a zirco-
nium sample, part of the energy of the plasma f low is
transferred to the surface layer, the main part of which
is thermal energy and contributes to heating the sam-
ple. The features of structural changes in the irradiated
material are determined by the ratio of the maximum
achievable temperature and its melting point. In the
case where heating occurs above the melting point,
subsequent cooling involves a phase transition from
the liquid to the solid phase and more significant
changes in the structural state of the crystallized mate-
rial. Therefore, such modes of plasma exposure were
chosen that made it possible to ensure the density of
absorbed energy that is necessary for melting the sur-
face layer. The process of energy transfer from the
plasma flow to the material can be described as fol-
lows. At the first stage of interaction, a sharp evapora-
tion of atoms from the target surface occurs, which
cannot be removed far from it and scattered in the
compressor chamber owing to the compressive effect
of the plasma flow, which holds the gas state (shock-
compressed layer) near the surface. Namely, it is
through this layer that energy is subsequently trans-
ferred from the target plasma flow owing to thermal
conductivity. At the end of the pulse, 100 μs after the
start of the discharge, the temperature on the surface
reaches its maximum value, and the target substance is
in a molten state. After this, the plasma flow begins to
lose stability and the shock-compressed layer dissi-
pates in the chamber. Hydrodynamic instabilities are
generated on the free surface of the melt, which lead to
an increase in disturbances at the boundary between
the free surface of the melt and the environment,
which are the main cause of hydrodynamic f lows
occurring in the molten part of the target.

Figure 2 shows images of the surface of zirconium
samples obtained by scanning electron microscopy,
which demonstrate a characteristic developed wave-
like relief (Fig. 2a), which is absent on the sample in
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
the initial state, and the formation of which is caused
by the rapid crystallization of the disturbed surface
held by surface tension forces. With increasing energy
of the plasma flow, the characteristic period of such
disturbances on the surface decreases, and the ampli-
tude of the waviness increases. The characteristic
period of the wavelike surface relief increases from
25 μm (at Q = 25 J/cm2) to 70 μm (at Q = 43 J/cm2).
Apparently, with an increase in the density of absorbed
energy during the same pulse duration, the surface of
the sample experiences maximal pressure from the
plasma flow, which causes a fairly strong disturbance
of the surface.

In addition to the mechanical pressure force from
the plasma flow, the surface disturbance is also
affected by the duration of the existence of the melt
(τ). With a short duration of the existence of the melt,
hydrodynamic instabilities on the alloy surface have
no time to develop sufficiently and increase their
amplitude. For the formation of a developed relief, a
long lifetime of the melt is required, which is realized
at high values of absorbed energy density. The exis-
tence of a molten state of the zirconium samples sur-
face after exposure to CPF is confirmed by the results
of solving the thermal conductivity equation with the
initial and boundary conditions that determine the
pulsed nature of surface heating by an external heat
flow [22].

The spatial profiles of the temperature distribution
over depth in the near-surface layer of irradiated zirco-
nium caused by its pulsed heating with different
absorbed energy densities at a pulse duration of 100 μs
are given in Fig. 3. It can be seen that the melting of the
zirconium surface layer begins at an absorbed energy
density of 10–11 J/cm2. The horizontal sections on the
temperature distribution curves refer to the region of
the coexistence of the melt and the solid state at the
melting point. At an absorbed energy density of
30 J/cm2, an intense process of the material evapora-
tion begins owing to its boiling. Thus, the performed
calculations made it possible to determine the optimal
range of the absorbed energy density of the compres-
sion plasma flow necessary to achieve the liquid-phase
mixing regime.

The results obtained (Table 1) show that, with an
increase in the absorbed energy density from 15 to
35 J/cm2, the lifetime of the melt increases from 40 to
310 μs, which increases the probability of the develop-
ment of surface hydrodynamic instabilities. With a
further increase in energy density, the effect of evapo-
ration and boiling of the surface begins to take place,
which does not allow us to estimate adequately the
lifetime of the melt using the model applied.

In this work, zirconium samples with a preliminary
chromium coating were exposed to CPF. Since the
coating thickness did not exceed 1 μm, its influence on
the temperature distribution and melt depth can be
neglected. The spatial profiles of chromium distribu-
 15  No. 3  2024
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Fig. 2. SEM image of the zirconium surface in the initial state (a) and after the compression plasma flows impact at Q, J/cm2:
25 (b), 30 (c), 37 (d), 43 (e).
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tion over depth are given in Fig. 4. It can be seen that
the original chromium coating has a thickness of about
0.8–0.9 μm. The chromium concentration value of
53–55 at % is associated with a fairly large area of gen-
eration of characteristic X-ray radiation of chromium
atoms during measurements, which reaches 1 μm. As
a result, when determining the chromium concentra-
tion distribution profile, signals from the underlying
zirconium substrate simultaneously reach the detec-
tor, thereby reducing the chromium concentration.
No other impurities were found in the coating.

After exposure to the CPF at an absorbed energy
density of 25 J/cm2, leading to the melting of the Cr
INORGANIC MATE
coating and a part of the zirconium substrate, a redis-
tribution of metals occurs in the near-surface layer.
Owing to the accelerated thermal diffusion, as well as
the liquid-phase mixing of two melted metals with
each other, the profile of the spatial distribution of
chromium has the form shown in Fig. 4b. It can be seen
that the depth of its penetration reaches 4–5 μm. The
same depth of the molten layer was obtained by analyzing
temperature profiles (Fig. 3) at Q = 25 J/cm2. The
concentration of Cr directly on the surface is 3.0–
3.5 at %. As the absorbed energy density increases, it
begins to influence the process of the chromium coat-
ing evaporation, and its concentration in the modified
RIALS: APPLIED RESEARCH  Vol. 15  No. 3  2024
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Fig. 3. Temperature profiles in the top layer of zirconium
after the impact of one pulse of the compression plasma
flows at Q, J/cm2: (1) 5, (2) 10, (3) 15, (4) 20, (5) 25,
(6) 30, (7) 35.
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zirconium layer is 1.0 at % at Q = 30 J/cm2 and drops
to almost zero at Q = 43 J/cm2.

By means of X-ray diffraction analysis, it was
demonstrated that the polycrystalline structure of the
modified zirconium layer is preserved after crystalliza-
tion. In the initial state, only a low-temperature α
phase with a hexagonal structure was detected in zir-
conium samples. The presence of chromium atoms in
the surface layer of plasma-modified samples made it
possible to stabilize the high-temperature β phase of
cubic zirconium in the form of a β-Zr(Cr) solid solu-
tion (Fig. 5). According to data [23], chromium is one
of the elements that can stabilize the high-temperature
phase of zirconium at room temperature. The ratio of
intensities of the α-Zr and β-Zr diffraction lines in the
obtained diffraction patterns allows us to conclude
that the ratio of their volume fractions depends on the
absorbed energy density. Indeed, the maximum
amount of solid solution is recorded in samples
exposed to CPF at an absorbed energy density of
25 J/cm2, at which the average chromium concentra-
tion in the layer is 2.0 at %. With an increase in the
absorbed energy density to 30 J/cm2, the average con-
centration of chromium in the surface layer decreases
to 1.0 at %, thereby reducing the content of the β phase
of zirconium. With a further increase in the absorbed
energy density, the chromium concentration drops
below 0.5 at % and it becomes insufficient to stabilize
the high-temperature phase.

A feature of the diffraction lines of the β-Zr(Cr)
solid solution is their fairly large width at half-maxi-
mum, which may indicate dispersed precipitations of
the solid solution and a fairly high level of microst-
resses in it. In this case, this type of diffraction maxi-
mum may be associated with the inhomogeneous dis-
tribution of chromium in the solid solution, which is
confirmed by the profile of its depth distribution (Fig. 4).
However, the average lattice parameter of the
β-Zr(Cr) solid solution was 0.3567 nm. The resulting
value of the average lattice parameter is lower than that
of the undoped β phase of zirconium—0.361 nm. Its
decrease may be related to the size effect during the
formation of the substitution type solid solution. Since
the zirconium atomic radius is 160 pm, and that of
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.

Table 1. Parameters of existence of the zirconium melt at pul

Density of absorbed 
energy, Q, J/cm2

Time from the beginnin

up to the beginning
of surface melting

15 70
20 40
25 30
30 20
35 15
chromium is 127 pm, this allows us to conclude that
the average lattice parameter in the solid solution
decreases.

The main phase detected by X-ray diffraction anal-
ysis in the modified zirconium samples is the low-
temperature hexagonal α phase. It should be noted
that the diffraction maxima corresponding to this
phase have a clear asymmetry, especially for those
samples in which the β phase is detected (exposed to
CPF at Q = 25–30 J/cm2). Mathematical expansion
of such asymmetric maxima using the Gaussian func-
tion made it possible to detect two different phases
with hexagonal lattices and different parameters
(Fig. 6). Indeed, experimentally recorded asymmetric
lines represent a superposition of diffraction lines of
fairly high intensity, from which additional lines of
weak intensity are located on the side of small diffrac-
tion angles. Diffraction lines at large diffraction angles
correspond to a zirconium phase with a hexagonal
structure and lattice parameters a = 0.3221 nm and
c = 0.5134 nm, while low-intensity diffraction lines at
small diffraction angles characterize a hexagonal
structure with increased values of a = 0 .3249 nm and
c = 0.5190 nm. It is important to note that, in zirco-
 15  No. 3  2024

sed action of the compression plasma flows

g of pulse action, μs
Врlifetime

of the melt, τ, μsup to complete
crystallization of melt

110 40
145 105
190 160
250 230
325 310
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Fig. 4. Chromium concentration profiles over the depth in the initial state (a) and after the impact of compression plasma f lows
at Q = 25 J/cm2 (b).
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nium samples in which solid solution based on a high-
temperature β phase was absent, only one hexagonal
phase with a = 0.3229 nm and c = 0.5114 nm was
detected. Taking into account that the equilibrium lattice
parameters of zirconium are equal to a0 = 0.3231 nm and
c0 = 0.5146 nm, respectively, the hexagonal phase with
reduced lattice parameters represents the phase of
undoped zirconium (α-Zr), formed as a result of high-
speed crystallization and supersaturated with harden-
ing vacancies. At the same time, reduction in the value
of the lattice parameter can indicate a slight dissolu-
tion of chromium in hexagonal zirconium lattice with
the formation of α-Zr(Cr) solid solution.

The hexagonal phase accompanying the β phase of
zirconium has increased lattice parameters compared
to the equilibrium ones. It can be assumed that it is a
transitional phase between the high temperature and
low temperature zirconium phases and is formed as
INORGANIC MATE

Fig. 5. XRD patterns of the zirconium after the impact of
compression plasma flows at Q, J/cm2: (1) 43, (2) 37,
(3) 30, (4) 43.
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the interstitial type solid solution—martensitic α'-Zr
phase. As the main interstitial impurities in the mar-
tensitic phase, it is necessary to take into account both
specially introduced chromium atoms and random
undersized impurities introduced into the crystal lat-
tice, which can be considered, first of all, atoms of
oxygen, carbon, and nitrogen and which are adsorbed
by the surface during plasma treatment. It should be
expected that the depth of such impurities localization
corresponds to a very thin near-surface layer, which is
significantly less than the depth of the layer analyzed
using X-ray radiation.

Нafnium is the most important accompanying
impurity in a zirconium alloy. Elemental analysis of
the surface layer showed that the hafnium concentra-
tion is practically unchanged after plasma exposure,
and since the crystal lattice parameters of the alloy are
compared with the corresponding parameters of zir-
conium in the initial state, the predominant influence
RIALS: APPLIED RESEARCH  Vol. 15  No. 3  2024

Fig. 6. XRD profile for the α-Zr after the impact of com-
pression plasma flows at Q, J/cm2: (1) 25, (2) 30.
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Fig. 7. XRD patterns of zirconium samples after oxidation
at a temperature of 700°C: (a) initial; (b, c) after the impact
of compression plasma flows at Q = 25 J/cm2 and Q =
43 J/cm2, respectively. (1–4) Exposure time of 0, 5, 10,
and 15 min, respectively.
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of alloying chromium atoms on the change in lattice
parameters can be assumed.

Structure and Phase Composition of the Zirconium–
Chromium System after Isothermal Annealing

Annealing of zirconium samples in air leads to the
diffusion saturation of near-surface layers with oxygen
and the formation of oxide phases. In addition to oxy-
gen from the air atmosphere, saturation with nitrogen
atoms can occur, but the results of X-ray diffraction
analysis showed the absence of additional nitriding, so
this effect was excluded from consideration.

According to the Zr–O equilibrium phase diagram
[24], at a temperature of 700°C, the initial stage of sat-
uration with oxygen is accompanied by the formation
of the α-Zr(O) solid solution, from which crystals of
zirconium oxide ZrO2 begin to precipitate at an oxy-
gen concentration of 28–29 at %. Complete transfor-
mation of the solid solution into the oxide phase
occurs at an oxygen content of 66 at %.

As is well known [25], zirconium oxide ZrO2 can
exist in three main structural modifications, differing
in the type of crystal structure: monoclinic phase (m-
ZrO2), tetragonal phase (t-ZrO2), and cubic phase (c-
ZrO2). The tetragonal and cubic phases are the high-
temperature ones and can be stabilized at room tem-
perature by alloying elements or residual internal
stresses.

The results of X-ray diffraction analysis showed
(Fig. 7a) that, already 5 min after annealing of unirra-
diated zirconium samples at a temperature of 700°C,
growth of the m-ZrO2 monoclinic phase of zirconium
oxide takes place. With an increase in the diffusion
time to 15 min, the intensity of the diffraction lines
corresponding to the oxide phase increases, indicating
an increase in its volumetric content, that is, the thick-
ness of the oxide layer.

The results of the phase composition analysis of
zirconium samples modified with chromium and sub-
jected to plasma exposure after annealing at a tem-
perature of 700°C are presented in Figs. 7b and 7c.
The absorbed energy density was 25 J/cm2 (maximum
chromium content of 2 at %) and 43 J/cm2 (without
chromium atoms). Since the depth distribution of
chromium in the modified layer (Fig. 4) is uneven,
annealing at a temperature of 700°C leads to homoge-
nization of its composition and as a result to the local
chromium concentration decreasing (that is, it
becomes below the critical value), and complete
decomposition of the β-Zr(Cr) solid solution occurs
during the first 5 min of annealing. Also, upon anneal-
ing, the asymmetry of the diffraction maxima of the
low-temperature zirconium phase disappears, indi-
cating decomposition of the nonequilibrium α'-Zr
phase, which is also associated with its depletion in
chromium atoms.
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
Calculation of the lattice parameters of zirconium
subjected to high-temperature annealing showed that
the lattice is practically undeformed in relation to the
equilibrium values: the parameters of the hexagonal
zirconium lattice are equal to a = 0.3228–0.3230 nm,
c = 0.5143–0.5145 nm, and are practically indepen-
 15  No. 3  2024
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Fig. 8. SEM image of the grain structure on the surface of
the zirconium after the impact of compression plasma
flows with the maximum absorbed energy density of
43 J/cm2.

5 �m
dent of the annealing time. This may indicate the
absence of the α-Zr(O) solid solution in the surface
layer after oxidation.

Attention should be paid to the relative intensity of
the diffraction lines corresponding to zirconium oxide
ZrO2, which indicates its content in the detected layer.
Analysis of the initial stage of oxidation (during the
first five minutes) showed a lower content of the vol-
ume fraction of the oxide phase in the zirconium sam-
ple exposed to CPF, in which the formation of the
solid solution based on the high-temperature β phase
of zirconium did not occur. The samples in which the
β-Zr(Cr) solid solution was found were oxidized much
faster. That is, during the initial stage of oxidation,
oxygen diffusion predominantly occurs within crystal-
lites of the β phase of zirconium, which have a less
densely packed bcc lattice. After 5 min of oxidation,
decomposition of the β-Zr(Cr) solid solution takes
place, from which chromium atoms are released, and
owing to their deficiency, the zirconium structure is
transformed into a low-temperature hexagonal phase.
The penetration of oxygen atoms into the lattice of the
solid solution also deforms it, accelerating the process
of its decomposition. At the following stages of
annealing, oxygen diffusion occurs through the low-
temperature zirconium phase and no significant dif-
ference in the intensities of ZrO2 diffraction lines is
observed.

Zirconium samples irradiated with CPF with a
maximum absorbed energy density of 43 J/cm2 are
characterized by a slower process of the oxygen diffu-
sion saturation during the annealing process. In this
case, the structure of the modified layer is represented
exclusively by a low-temperature zirconium phase
with a hexagonal close-packed crystalline lattice.
These samples showed higher resistance to oxidation
at the initial stages, even compared to zirconium sam-
ples that were in the initial, unirradiated state. Most
likely, this is influenced by changes in the grain struc-
INORGANIC MATE
ture that occur during plasma treatment. Thus, high-
speed heating of the surface layer of zirconium by a
plasma flow has a pulsed nature, which leads to rapid
cooling and quenching from the melt, resulting in the
formation of a fine-crystalline structure with an aver-
age grain size of no more than 2 μm (Fig. 8).

In addition to the grain structure and the solid
solution formation, the kinetics of the zirconium
high-temperature oxidation is influenced by the pres-
ence of a near-surface layer of ZrN nitride, the forma-
tion of which also takes place during exposure to CPF.
At the stage of the sample cooling after the end of the
plasma pulse, it interacts with the residual atmosphere
consisting of a plasma-forming substance. The results
of X-ray diffraction analysis clearly demonstrate the
formation of the cubic zirconium nitride ZrN phase
with the fcc structure, and the thickness of its layer,
which determines the intensity of the corresponding
diffraction lines, strongly depends on the density of
absorbed energy. The maximum ZrN content is observed
when exposed to a CPF with Qmax = 43 J/cm2, while its
decrease to 25 J/cm2 leads to a decrease in the nitride
fraction in the surface layer. In [26], using the example
of titanium and low-carbon steel, the opposite regu-
larity was established—with increasing absorbed
energy density, the volume fraction of the nitride
phase decreases. This can be explained by the surface
diffusion saturation with nitrogen during the cooling
of the crystallized layer, which is slowed down by the
shock-compressed layer formed in the immediate
vicinity of the surface during the interaction of the
plasma flow with the target surface. As the absorbed
energy density increases, the lifetime of such a layer
increases, reducing the duration of nitrogen diffusion.
This leads to a decrease in the nitrogen concentration
and the thickness of the nitrided zirconium layer at
high densities of absorbed energy. The observed regu-
larity in the case of the Zr–Cr alloy of increase in the
zirconium nitride volume with increasing absorbed
energy density may be associated with the presence of
additional chromium atoms in the surface layer. And
since chromium has a low chemical affinity for nitro-
gen, the formation of nitrogen-containing phases
based on it is difficult.

Thus, the formed zirconium nitride ZrN acts as a
barrier layer for the diffusion penetration of oxygen at
the initial stages of the oxidation process. After the
first five minutes of annealing at a temperature of
700°C, ZrN completely decomposes and oxygen dif-
fusion is accelerated. Influence of the absorbed energy
density and chromium concentration in a modified
zirconium layer on the kinetics of its oxidation is con-
firmed by the results of X-ray spectral microanalysis
carried out on transverse sections of samples (Fig. 9).
The results show that the oxygen concentration profile
forms a horizontal plateau after annealing for 15 min at
the level of values 55–70 at %, which corresponds to
the formation of zirconium oxide ZrO2, the stoichio-
RIALS: APPLIED RESEARCH  Vol. 15  No. 3  2024
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Fig. 9. Oxygen concentration profile over the depth in Zr–
2Cr and Zr after oxidation at the temperature of 700°С for
15 min.
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metric composition of which is close to the experi-
mentally detected oxygen concentration. Note that the
thickness of the oxide layer was about 4.0 μm for the
zirconium sample containing the high-temperature
(Zr–2Cr alloy) phase and did not exceed 2.0 μm for
the single-phase zirconium samples. A layer of zirco-
nium oxide is clearly detected on the surface of the
samples under study in the course of investigation of
the transverse sections by scanning electron micros-
copy (Fig. 10). Below the ZrO2 oxide layer, the oxygen
concentration drops sharply to zero, forming a narrow
transition region in which the α-Zr(O) solid solution
is seemingly localized. The thickness of the layer in
which the α-Zr(O) solid solution is present is about
1.0 μm and does not depend on the elemental compo-
sition of the modified surface layer.

High-temperature oxidation of zirconium leads to
an increase in the mass of samples, which is explained
by the introduction of oxygen into the surface layer
due to diffusion solid-phase saturation (Fig. 11). The
characteristic dependences of the increase in sample
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.

Fig. 10. SEM image of the cross section of the oxidized Zr–2Cr (
for 15 min.
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mass have a parabolic form, indicating the predomi-
nance of the diffusion mechanism of mass transfer.
Samples exposed to CPF with an absorbed energy
density of 25 J/cm2 with the subsequent formation of
the β-Zr(Cr) solid solution with a bcc structure are
oxidized at the highest rate, and the increase in mass
of the sample after annealing for 15 min is almost twice
as high as the corresponding increase in mass of the
original zirconium sample. Samples of modified zir-
conium at a maximum energy density of 43 J/cm2,
when both chromium and the β-Zr(Cr) solid solution
are absent in the surface layer, are characterized by a
minimal increase in mass, which is two times less than
that of the original zirconium sample. The results
obtained are in complete agreement with the oxygen
concentration profiles and the results of X-ray diffrac-
tion analysis.

CONCLUSIONS
The possibility of doping a near-surface layer of

zirconium with chromium atoms from a pre-deposited
thin (1 μm) chromium coating when the coating is
exposed to a compression plasma flow with an
absorbed energy density of 25–43 J/cm2 has been
demonstrated. As a result, the high-temperature β
phase of zirconium is stabilized in the form of the
β-Zr(Cr) solid solution when the average chromium
concentration in the alloyed layer exceeds 1 at %. The
formation of the β-Zr(Cr) solid solution is accompa-
nied by the formation of an intermediate martensitic
phase α'-Zr in the form of chromium supersaturated
solid solution in the low-temperature hexagonal phase
of zirconium.

The high-temperature zirconium phase that
appears in the modified layer accelerates its diffusion
saturation with oxygen under conditions of isothermal
annealing at atmospheric pressure and at a tempera-
ture of 700°C. During the first 15 min of oxidation, a
layer of monoclinic zirconium oxide 4 μm thick is
formed on the surface. The thickness of the oxide layer
 15  No. 3  2024
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Fig. 11. The mass gain of the zirconium samples after oxi-
dation at the temperature of 700°С.
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is reduced to 2 μm in the absence of the solid solution
based on the β-zirconium phase in the modified layer.
Zirconium samples modified by a compression
plasma flow at a maximum absorbed energy density of
43 J/cm2, when the effect of alloying the surface layer
with chromium atoms is absent owing to its intense
evaporation and ablation at the stage of surface heating
by the plasma flow, are characterized by increased
resistance to high-temperature oxidation at its initial
stages compared to the initial state.
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