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It was found that increasing the surface concentration of iron atoms in zirconium alloys in the surface layer

thickness up to 0.3 um results to the formation of gradient structures. This process can help to optimize the physical
and mechanical characteristics of the alloys due to intermetallic compounds enriched surface layer.

PACS: 61.80.Ba

Recently, much attention is paid to research and
development of functional gradient materials with high
technological and operational characteristics that require
new methods of formation of gradient structures [1-3].
Combining layers with different properties is the basic
idea of creating gradient materials. The main idea of
creating gradient materials consists in combining the
layers with different properties. Thus, the basis of
modifying is the doping of the surface layer of
zirconium alloys by atoms of a multilayer film
(Al + Fe + Mo +Y), total film thickness of 120 nm by
irradiation with Ar + ions with an energy of 10 keV [2].
This process leads to formation of two-layer oxide film
with slow growth speed in the second stage on modified
zirconium alloys that have gradient distribution of
alloying elements in the oxidation zone. Creating the
gradient structure at intensive plastic deformation of the
surface alloys of titanium and iron is shown in [3].
Simultaneous superposition of several schemes of
deformation significantly increases the hardness of the
surface layers. These effects of surface hardening with
complex schemes is explained by features of structure
formation of nano-grain strain deformation origin.

Besides, optimization of the physical and
mechanical properties of metallic materials is possible if
nanoparticles are introduced into the surface layers.
Consequently the gradient structure are formed and
characterized by changing the concentration of elements
and impurities, defects and phase composition by layer
depth [4].

Exploitable and characteristics of materials, nuclear
and radiation technologies such as zirconium alloys are
determined by phase changes and segregation processes
of one of the components of the alloy on the surface in
areas of stress concentration during irradiation.
Zirconium alloys and processes of its formation are
widely studied with various methods.

In this work we research zirconium alloys for
creation a gradient structures through targeted selection
of the type of heat treatment of the deformed alloys.

METHODS OF EXPERIMENTAL
RESEARCH
The alloys: Zr-1.03 at.% Fe; Zr-0.51 at.% Fe-M
(M=Nb, Ta) were manufactured for researching.
Methods of preparation is described in [5]. Mossbauer
spectroscopy of °’Fe nuclei in backscattering geometry
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with the registration of the internal conversion electrons
was used. X-ray spectral analysis of the surface of the
annealed samples of zirconium alloys was produced by
the spectrometer “Camebax MBX 268”. X-ray analysis
of alloys was produced by DRON-3.0 in
Cu-k,-radiation. Surface analysis was produced by the
scanning electron microscope JEOL JSM-840 and
“Quanta 3D”.

RESULTS AND DISCUSSION

Fig. 1 shows MSCE scattering spectras of the
surface of the Zr-1.03 at.% Fe alloy in a deformed state
and after annealing at 970 K for 5 h. Parameters phase
spectra that are

x = (Y/1-y)/ (X 1-x), )

where x — the volume concentration of the isotope °'Fe;
y — the surface concentration of °’Fe.
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Fig. 1. MSCE spectra: deformed alloy
Zr-1.03 at.% Fe (a), Zr-1.03 at.% Fe alloy annealed
at970 K, 5 h (b)

The calculation of the concentration Cg, is defined
by
CFe = Cncx X ’ (2)
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where the value C,. is the surface concentration of
impurities *’Fe in the composition of the original
intermetallic phase in the layer to 3000 A. Increasing
the intensity of the spectra complies to increasing in
concentration corresponds to 11% compared with the
initial concentration of 1.03 at.% Fe.

Experimental data are presented as constructed in
this work the three-dimensional diagrams in the
coordinates C-T-t to describe the surface segregation of
intermetallic phases inclusions, where C — concentration
*"Fe atoms composed of intermetallic phase; T — the
annealing temperature; t — annealing time (Fig. 2).
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Fig. 2. The diagram in C-T-t coordinates for the alloy
Zr-1.03 at.% Fe

t, hours

It is seen from the diagram that the heat treatment
conditions allow to reach the concentration of iron
atoms in the composition of the intermetallic phases in
the surface layer of 2 to 11 at.% compared with the
initial state of a deformed alloy. Previously, [6], it was
found that the increase in the surface concentration of
iron atoms in zirconium alloys in a layer thickness of
0.3 um associated with increasing the size of inclusions
at growth temperature annealing alloys. X-ray spectral
analysis confirms the right segregation of phases on the
surface of alloys.

In cold plastic deformation — created the fine
structure of the alloy through which facilitated
migration of intermetallic phases in the surface layer
during subsequent annealing, and actually creates a
gradient in the layer surface structure to a depth of
0.3 um. Processing the alloys at these stages of
thermomechanical processing. Parameters (the degree of
deformation of up to 98%, annealing at 770...1070 K
for 1...20 h) using the selected data set concentration
increment depending on temperature AC/AT and time
ACI/At.

From the diagram in Fig. 2 shows that an increase in
iron concentration in the composition of intermetallic
phases increases with increasing temperature and
annealing time (about 10 times at the annealing
temperature 1070 K). Almost all iron atoms at a content

of 1.03 at.% are part of ZrsFe intermetallic phase with a
small addition of pB-Zr,Fe, as the corrected value
solubility limit in zirconium iron less than 0.02 at.% at
970 K [6].
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Fig. 3. Diagramma in coordinates AC/AT-T-t
alloy Zr-1.03 at.% Fe

t, hours

Almost all iron atoms at a content of 1.03 at.% are
part of ZrsFe intermetallic phase with a small addition
of B-ZrsFe, as the corrected value solubility limit in
zirconium iron less than 0.02 at.% at 970 K [6].

For more information about the growth of the
intermetallic concentration in the surface layer to a
depth of 0.3 um can be obtained from the analysis of the
diagrams shown in Figs. 3 and 4. Fig. 3 shows the
increase in iron concentration, i. e. content intermetallic
phase with respect to temperature increase, depending
on the temperature and time of annealing deformed
alloys.
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Fig. 4. Diagramma in coordinates A4C/Ax-T-t
alloy Zr-1.03 at.% Fe

t, hours

We see the greatest value in the annealing temperature
range 700...800 K concentration ratio of growth to the
increase AC/AT reaches to the subsequent stabilization
of the growth values. The data in Fig. 4 increase in
concentration relative growth annealing time AC/At



generally confirm these findings, emphasizing that the
greatest increase in iron concentration and consequently
intermetallic phases in the surface layer accounts for
annealing times of up to 5 h, followed by concentration
of growth stabilization until the annealing time of 30 h.
Thus, in this case the surface layer gradient is generated
most intensively in the annealing temperature range
700...800 K and the annealing time up to 5 h.

It should be emphasized that the driving force of the
process of segregation of intermetallic inclusions in the
surface layer is to return the stored plastic strain energy
[7]. It was noted that the maximum allocation of the
stored strain energy with increasing annealing
temperature towards lower annealing times than in good
agreement with the data shown in Fig. 4.

CONCLUSIONS

It is shown that zirconium-based alloys with dopants
having limited solubility in zirconia, may form near the
surface gradient structures. In the case of the alloy
Zr-1.03 at.% Fe gradient barrier layer most intensively
generated in the temperature range 700...800 K and the
annealing time up to 5 hours.
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OCOBEHHOCTU ®OPMHUPOBAHUS NIOBEPXHOCTHBIX I'PAJIMEHTHBIX CJIOEB
B HUPKOHHUEBBIX CIIVIABAX

B.I'. Kupuuenko, A.A. Amnonvckuii

VYCTaHOBIICHO, YTO YBEJNYEHHE ITOBEPXHOCTHOWH KOHIEHTPALMM aTOMOB Keje3a B CIUIaBax LUPKOHUS B
TIOBEPXHOCTHOM CJIO€ TOIIHHON 10 0,3 MKM NPUBOANT K (POPMHUPOBAHHIO TPAJAUCHTHBIX CTPYKTYp. DTOT MpoIiecc,
B CBOI0O O4Yepeb, MOXET CIOCOOCTBOBATH ONTHMH3ALMHM (PU3MKO-MEXAaHMYECKUX XapaKTEpPHCTHK CIUIABOB B
pe3ynbpTaTe 000raleHHOr0 HHTEPMETA/UIN/Ia IOBEPXHOCTHOTO CIIOSI.

OCOBJIMBOCTI @OPMYBAHHA IIOBEPXHEBUX I'PAIICHTHUX IIIAPIB
Y IMPKOHIEBUX CIIJTABAX

B.I'. Kipiuenko, O.0. Amnonscoxuil

BusiBneHo, 1110 301IbIICHHS TOBEPXHEBOI KOHIICHTpAIlii aTOMIB 3aji3a B CIUIaBaX IIMPKOHII0 B IMOBEPXHEBOMY
mapi ToBmKHOW a0 0,3 MKM mpu3BOAWTH 110 (OpMYBaHHS TpafieHTHHX CTpyKTyp. Lleil mpormec, B cBorO Uepry,
MOJKE CHpPHATH onTuMizamii (i3nKo-MeXaHIYHHX XapaKTepPHCTHK CIUIaBIB 3a PaxyHOK 30aradeHoro iHTepMmeraiijga
ITOBEPXHEBOTO MIAPY.



