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In this work we studied structure of Ti—20Zr alloy in recrystallized and nanocrystalline
conditions before and after irradiation by Zr3* ions with energy 1.8 MeV to 80 dpa at
500°C. By transmission electron microscopy methods it was showed that irradiation of the
alloy in the recrystallized state induced formation of <¢> type dislocation loops, which are
common characteristic of accelerated radiation-growth of the materials with hcp lattice.
Irradiation of the nanostructured material leads to an isotropic increase in the grain size
(from 49 nm to 146 nm); the signs of accelerated radiation-growth were not detected.

IIpoBezieHo CpaBHUTENLHOE M3yUeHMe CTPYKTYpHI ciiaBa [i—20Zr B peKpHCTAIIN30BAH-
HOM ¥ HAHOKPHCTAJLIMUECKOM COCTOSHUAX A0 U MHocie obiayueHns moHamu Zr3* ¢ osHeprueit
1,8 MsB gmo 80 cua npu rtemmeparype 500°C. MerTogaMuy IIpOCBEUMBAOILEH DJIeKTPOHHONI
MUKPOCKOIIMM IIOKA3aHO, UTO IPU OOJYyUYEeHWH CILIABA B PEKPHUCTAJIN30BAHHOM COCTOSHUU
00pasyioTcad IUCIOKAIIMOHHBIE IeTIM <C> THIA, ABIAKIIAECT XaPAKTEPHBIM IPU3HAKOM
YCKOPEHHOI'0 PaguallMOHHOIO pocra, cBoiicTBeHHOoro marepuanam ¢ I'TIY pemerxoii. OGayue-
HIE MaTepuaja B HAHOCTPYKTYPHOM COCTOSHUU IIPUBOIUT K M30TPOIIHOMY YBEJIMYECHUIO Pas-
Mepos sepHa (¢ 49 HM mo 146 HM), IPUSHAKOB YCKOPEHHOrO PALHAIIOHHOI'O POCTa He oOHA-
PYeHo.

Padiayitina cmiikicmo cnaagy Ti—20Zr y mikpoxpucmanisnomy ma Hawocmpyrmyp-
nHomy cmani. B.A Binoyc, O.B.Bopodin, B.B.Bpux, P.JI.Bacunenrxo, B.M.Boegodin, O.C.Kyn-
pun, BJ[.Osuapenro, O.M.Pewemnax, I'M.Tormaunosa.

IIposeneno mopiBHANLHE BUBUYEHHA CTPYKTypu ciiaBy 1i—20Zr y pexpucraiisoBaHomy i
HAHOKPUCTAJIIIHOMY CTAHAX 40 1 micas oupomimenns iomamu Zr3* s emepricwo 1,8 MeB mo
80 3na mpu Temmepatypi 500°C. MeTogamu mpocBiuyiouoi eIeKTPOHHOI MiKpPOCKOTIii TTOKasaHo,
110 OPU ONPOMiHEHHI CHJaBYy y PEKPUCTANII30BAHOMY CTaHi YTBOPIOIOTHLCA AMCIOKAIINHI meTui
<¢> Ty, SAKi € XapaKTepHOIO O3HAKOMI TPUCKOPEHOTO PAamialliffHOTO POCTY, BJIACTUBOTO MATE-
piamam 3 I'ITY rpatroro. OnmpomiHeHHSA MaTepiajly ¥ HAHOCTPYKTYPHOMY CTaHi TPUSBOAUTEL 0
isoTpomHOTO 30iABIIIEHHA POo3MipiB 3epHa (3 49 HM g0 146 HM), OBHAK TPHUCKOPEHOTO pamialriii-
HOTO POCTY HE BUSABJIEHO.
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1. Introduction

Titanium o-alloys are the most prospec-
tive material for the new generation of
water-water nuclear power plants of differ-
ent power with increased service life to
60 years and more. These alloys are attrac-
tive because their radiation resistance and
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swelling, activation, mechanical properties,
corrosion resistance and other service char-
acteristic may guarantee the required long-
term reliability, stability and ecological
safety of the prospective power plants [1].
The possibility to reduce the mass of con-
structions made of titanium alloys is of spe-
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cial interest for sea and other transport
power plants [2]. Increase of demands to the
safety and resource of the nuclear power
plants challenges the necessity to develop
materials of higher radiation resistance.

One of the prospective way for realiza-
tion of this task is creation of nanostruc-
ture in the material. Such nanomaterials
demonstrate the increased radiation resis-
tance in comparison with microcrystalline
analogues [3, 4]; this is due to high number
of grain boundaries which are the effective
sinks of point defects produced under irra-
diation. It is shown in [5] that nickel radia-
tion defects were not observed in the
nanocrystalline after irradiation by Ni* ions
with energy 840 keV to 5 dpa; in the micro-
crystalline materials such defects were de-
tected. In [6] authors have showed that
fine-grained alloy TiNi with the grain size in
the range 20—30 nm under irradiation with
Art ions with energy 1.5 MeV at room tem-
perature to 5.6 dpa keeps the long-range
order and doesn’t amorphise unlike the
coarse crystalline analogue. In [7] the influ-
ence of ion irradiation (500 keV — Ar*,
1 MeV — Kr*) under doses up to 75 dpa is
revealed only on the kinetics of grains
growth of nanocrystalline metals (Zr, Cu,
Pt, Au) and of alloys Zr-Fe, Cu-Fe.

In the presented paper the radiation
damage of alloy Ti—20Zr in different struec-
ture states was investigated after ion irra-
diation.

2. Experimental

Alloy Ti-20Zr of vacuum-arc remelting
was rolled to the thickness 0.4 mm and was
annealed in vacuum during 80 min at
800°C. After annealing the specimens were
thinned by chemical polishing to the thick-
ness 200 um in electrolyte 45 % of H,0,
45 % of HNOj3, 10 % of HF.

Nanocrystalline state was formed by vac-
uum-arc deposition on the equipment
"Bulat” composed by two oncoming sepa-
rated of macroparticles flows of titanium
and zirconium plasma [8]. Coatings with
thickness 3 um were deposited on the speci-
mens of recrystallized alloy Ti—20Zr for
study of radiation resistance and on stain-
less steel for X-ray diffraction analysis. The
primary coatings were also annealed in vac-
uum at temperature 500°C during 1 h for
separation of structural variations occur-
ring in condensates after annealing and ir-
radiation. Discs with diameter 3 mm stand-
ard for investigation of radiation damage by
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the method of ion irradiation and for trans-
mission electron microscopy were cut out
from the material prepared for study of ra-
diation resistance.

Irradiation of the materials in recrystal-
lized and nanostructural states was carried
out on accelerator "ESUVI™ by Zr3* with
energy 1.8 MeV at temperature 500°C to
the dose 80 dpa. Under ion irradiation the
radiation damage is produced inhomogene-
ously by the depth therefore the layer for
investigation was selected so as to avoid the
influence of surface on the one hand and to
avoid the influence of interstitial atoms of
irradiating substance deposited in the mate-
rial on the other hand. To remove a part of
irradiated layer from the surface the
method of jet electropolishing with pulsed
current supply was used. The removal of
near surface alloy with thickness 100 nm
was performed on the set Tenupol-5 in elec-
trolyte 90 % of CH3OH, 10 % HCIO4 under
voltage 75 V at temperature of electrolyte
— 50°C. The set Tenupol-5 was equipped by
the system of current stabilization and by
controller of pulse supply. After the re-
moval of the necessary layer the irradiated
surface was coated by protective varnish
Lakomit and the specimen was subjected to
the jet electropolishing on opposite (unirra-
diated) side until the hole formation. Struc-
ture of the specimens was studied on the
electron microscope JEM 100CX.

Phase composition and substructure of
the specimens were studied by of X-ray dif-
fraction analysis method using diffractome-
ter DRON-3 in filtered radiation of copper
anode. Survey of diffractograms for the
phase analysis was carried out in the circuit
0—26 of scanning using Bregue-Brentano fo-
cusing in the range of angles from 20 to
130 degrees. Processing of the diffracto-
grams was performed by computer program
New Profile. Determination of the size of
the range of coherent scattering in the
specimens was performed by two processes:
using Sherrer formula (L,) and by the ap-
proximation (L,) [9, 10]. Koshi function
was used as an approximation function.
After the primary processing of the diffrac-
tograms, doublet extraction, an approxima-
tion, consideration of an instrument broad-
ening of standard, size and deformation
contribution in physical broadening of f
lines was separated by plotting of the Hall
graphs in coordinates of P—cosb—sin®.

Composition of the coating was deter-
mined by X-ray fluorescence and energy dis-
persion methods, nanohardness was meas-
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Fig.1 X-ray diffraction of the alloy and the
coating system Ti-Zr, which identifies lines of
solid solution o-(Ti, Zr).

ured on Nanoindenter G200 by Berkovich
indentor using CSM method up to the depth
of indentation ~300 nm.

3. Results and discussion

3.1. Structure characteristics of
primary specimens

It is known that system Ti—Zr is charac-
terized by a complete solubility of the com-
ponents [11]. According to the data of X-ray
crystal analysis the studied specimens of
foils and coatings of the system Ti—Zr have
the one-phase structure that represents
solid solution o—(Ti, Zr). Diffractogram of
the studied specimens are presented in Fig.

1. It is seen that the diffractogram of the
foil shows all lines characteristic for the
solid solution with hep structure and the
relationship of line intensity doesn’t deviate
from the values presented for non structur-
ized material. Parameters of crystalline lat-
tice of the solid solution were determined
according to the angle positions of lines
(002) and (110), they are presented in Table
1. The obtained parameters are rather close
to the values calculated by Vegard law for
period of solid solution lattice o-(Ti, Zr)
with zirconium content 12 at % (that corre-
sponds to 20 %): a = 0.474 nm, ¢ = 0.298 nm.
Alloy Ti—20Zr in initial state has coarse
grained structure with low density of intra-
grained dislocation (according to the data of
transmission electron microscopy) (Fig. 2a).
In nanocrystalline state the mean size of
grain is ~49 nm (Fig. 3a, b). The high den-
sity of dislocations is observed inside the
grains. Annealing of the condensate at
500°C during 1 h doesn’t cause the increase
of the grain size. The mean size is 45 nm
(Fig. 3¢, d) that is equivalent to 45 nm tak-
ing into account 10 % error of electron mi-
croscopic study. Contrast in the grain body
gives evidence about the presence of signifi-
cant stresses in the coating material.
Determination of parameters of the solid
solution substructure in the foil was carried
out by the method of approximation for
broadening of all available intense diffrac-
tion lines. It turned out that despite the
absence of lines which are different orders

Table 1. Results of X-ray diffraction patterns

of a—(Ti, Zr) alloy and coating

Sample a, nm ¢, nm Lg;,, nm L,, nm p, cm™2
Foil 0.299 0.476 24 27 5-1010

As deposited coating 0.311 - 12 - -
Annealed coating 0.309 - 14 30 4.1011

Functional materials, 20, 3, 2013

a
Fig. 2. TEM images of Ti—20Zr alloy in the initial state (a) and after exposure to 80 dpa at 500°C (b).
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Fig. 3. TEM images and histograms of the grain sizes of nanocrystalline Ti—20Zr after deposition
(a, b), after annealing at 500°C (¢, d) and after irradiation to 80 dpa at 500°C (e, f).

of one reflection, point on the plot of Hall
fall on a straight line (Fig. 4) and the size
factor contributes mainly to the broadening
of the diffraction lines. According to the
results of calculation the size Lm in the foil
constitutes 27 nm which practically coin-
cides with value 24 nm (the value obtained
with Cherrer formula for line (100)). The
level of microdeformation in the foil doesn’t
exceed 0.06 % which corresponds to the
density of randomly distributed in L, dislo-
cations 7-109 em 2. The mean density of

dislocations p (see Table 1) according to the
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data of diffractometry doesn’t exceed
5-1010 em—2,

Unlike the foil on diffractogram of the
coatings only two strong lines of the solid
solution are seen a—(Ti, Zr):(100) and (200)
intensity of these lines is much higher than
that of lines for the foil. It is due to forma-
tion in the coating of strong texture of
axial type with preferred orientation of
crystallites by planes (100) in the plane of
the base. Lines of the film are significantly
broader than lines of the foil and are dis-
placed into the side of lower angles that is
caused by the high level of microdeforma-
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tion and compressive residual stresses in
the film. Compressive stresses cause the
significant increase of parameters of crys-
talline lattice of the solid solution in the
direction of normal to the film surface
to a = 0.311 nm. Crystallite size calculated
by broadening of line (100) constitutes
12 nm which is much lower than value ob-
tained by electron microscopy.

For the material in nanocrystalline state
we have tried to determine separately the
dimensions of the areas of coherent diffrac-
tion and microdiffractions in the solid solu-
tion crystallites according to the broadening
of diffraction lines (100), (200) and (300).
The level of crystalline lattice distortion in
the film is significantly higher than that in
the foil. It is seen on the plot that it is not
possible to use the approximation method
for separation of dimensions and deforma-
tion contribution to the broadening for the
primary coating because the condition

cosB 190 B B(z00) - 86300 1)
t20(100)

cosO300)  B(100)
is not satisfied and the plot of Hall cuts the
ordinate axis below zero. Such a singularity
of the plot is often observed in the coatings
deposited from the flows of accelerated ions
and demonstrates the presence of additional
factors of line broadening and extremely
high presence of defects in the crystalline
lattice of the film [12, 13]. According to
[14] interstitial atoms may be such defects;
they were formed by ion bombardment dur-
ing deposition [15].

It was established that vacuum annealing
of the coating doesn’t cause the changes of
phase composition and texture in the film
but contributes to the partial relaxation of
the micro- and macrodeformation. The gen-
eral view of diffraction pattern doesn’t
change but lines o—(Ti, Zr) become stronger,
narrow and displace towards higher angles.
The period of the solid solution lattice in
the annealed film decreases to 0.309 nm
which is due to anneal of residual stresses.

The Hall plot plotted for annealed coat-
ing intersects the ordinate axis higher the
zero. The level of microdeformation in the
coating calculated by the plot slope is
10 times higher than in the foil, but consid-
erably lower than into the initial coating.
This corresponds to the high density of ran-
domly distributed dislocations 6-1011 em~2.
Crystallite dimension o—(Ti, Zr) is equal to
30 nm that is twice higher than values cal-
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Fig. 4. Hall graphs of o—(Ti, Zr) alloy and
coating.

culated by broadening of the line (100), but
is near to the values of the mean size of the
grains obtained in the electron-microscopic
images.

So, it is shown that the structure of the
foil and of coating specimens of the system
Ti—20Zr prepared for the radiation resis-
tance tests have considerable differences.
The foils are composed of micron grains of
solid solution o—(Ti, Zr) which have block
structure with the block size fractions of

um and sufficiently perfect structure inside
the block. Coatings o—(Ti, Zr) are nanocrys-
talline and are characterized by high den-
sity of defects of the crystalline structure.
The obtained results demonstrate again that
for the correct determination of dimension
characteristics of the nanostructural mate-
rials a complex study is necessary by meth-
ods of electron microscopy and X-ray dif-
fraction analysis [16].

3.2. Change of the structure and
mechanical characteristics of
specimens afler irradiation

After irradiation in the structure of re-
crystallized alloy elliptic dislocation loops
of a-type with mean size of 11 nm are pre-
sent; elements of dislocation network and
elongated dislocation loops of c-type with
the length 400 nm are also observed (Fig.
1b). The detected dislocation loops of c-type
are the characteristic sing of accelerated ra-
diation growth characteristic for materials
with hep lattice.

Irradiation of material Ti-20Zr in the
nanocrystalline state causes the radiation-
induced isotropic growth of the grain size
to 146 nm (Fig. 2e, f), dislocation of c-type
doesn’t nucleate and anisotropy in the grain
distribution is not detected, which testifies
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Table 2. Nanohardness (H) and elastic recovery (W) of alloy and coating, before and after

irradiation
Samples Alloy Coating
Initial After irradiation| As deposited | After annealing | After irradiation
H, GPa 3.7 5.5 8 8 7
W, % 17 - 36 30 23

to the higher radiation resistance of mate-
rial Ti-20Zr in nanocrystalline state.

Table 2 summarizes the results of the
measurements of nanchardness of alloy Ti—
20Zr in the microcrystalline and nanostruec-
ture state before and after irradiation. As it
is seen from the Table the nanohardness of
the initial alloy constitutes =3.7 GPa. The
value of elastic recovery is on the level cor-
responding to metals and alloys. Nanohard-
ness and elastic recovery of the coating are
two times higher than these values for the
microcrystalline material; this is caused by
its nanosized structure and high internal
stresses. Vacuum annealing of the coating
causes only a decrease of elastic recovery
(by 6 %) at unchanging nanohardness, the
grain size is also unchanging. Consequently,
the high value of nanohardness is due only
to nanosized structure of the coating. After
irradiation the increase of the nanchardness
of alloy is due to the radiation hardening
and some decrease of the nanohardness and
elastic recovery is due to the increase of the
grain size (see Fig. 3e, f).

4. Conclusions

At exposure of alloy Ti—20Zr in recrystal-
lized state to 80 dpa at 500°C dislocations
of c-type are observed; these dislocations
are the characteristic sign of accelerated
phase of radiation growth. Irradiation of
Ti—20Zr material in nanocrystalline state
causes the radiation-induced isotropic
growth of grain sizes. Dislocations of c-type
don’t nucleate and anisotropy in the grain
distribution testifies to the higher radiation
resistance of Ti—20Zr material in the
nanocrystalline state. Vacuum annealing of
the nanocrystalline material at 500°C dur-
ing 1 hour doesn’t cause the change of the
phase composition, of texture, of grain size
and also the decrease of nanohardness. The
used in our work process of vacuum-arc
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deposition on the equipment "Bulat” from
two oncoming flows of titanium and zirco-
nium plasma allows to produce the
nanocrystalline condensates on the base of
two metals of required element composition.
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