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The article presents the results of studying the changes of coherent length, micro-
strain value, density of phason defects and residual macro-stresses in Tiyq 5Zr,4 5Nij; icosa-
hedral quasi-crystalline ribbons after irradiation by VUV (hv = 10.2 eV, duration up to
40 h), electron and proton fluxes (kv = 100 KeV with doses D up to 13-1016 ecm™2), X-ray
bremsstrallung (hv = 1 MeV with doses D up to 10000 rad). It is shown that the scale of
the substructure changes, defect density, their type and parameters depend on the perfec-
tion degree of the original structure and impact energy power.
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IIpencraBieHsl pesyibTarhbl aHANNB3A U3MEHEHHUs pasdMepa obsacTeil KOrePEHTHOr'O pacces-
HUs, BeJIWYMHBLI MuKpozedopmanuii, miaoTHOCTH (PasoOHHBIX LeeKTOB M OCTATOUYHBIX MAaKPO-
HapaAKeHUH B Tiyy 520, sNij; uKocasgpuyeckoil KBasWKpPUCTALINYIECKOH (ase mpu obayude-
HUM KBaHTaAMU BaKyyMHOTO yiabTpaduosera (hv = 10.2 5B, grutensHocThio g0 40 uac), mo-
TOKOM 9JIeKTPOHOB u unporoHoB (Av = 100 kB nosoit D mo 18-1016 cm2),
PEHTreHOBCKUM TOPMO3HBIM usiaydenuem (Av = 1 MsB mosoit D go 10000 paxn). Ilokasano,
uTO MacIITad U3MeHeHUsA CyOCTPYKTYDPHI, NBMEHEHU A MJIOTHOCTH AedeKTOB, X TUMNA U Iapa-
METPOB 3aBUCHUT OT CTEIeHUW COBEPIIEHCTBA MCXOMHON CTPYKTYPHI M MOIHOCTY dHepreTUdec-
KOTO BOB/EMCTBUS.

a TaKXKe

3mina crTpykrypum i cyb6crpykTypu ikocaegpmunoro Tiy, ;Zr, sNiy; kKBasikpucrama
npu pamgianmiiiHOMYy BHJINBiI, MO iMiTye (akTOoOpum BIAKPHUTOr0 KOCMiYHOTO TPOCTOPY.
C.B.Basdupesa, C.C.Bopucosa, C.B.Maauxin, A.T.Ilyzaxwoe, A.M.Bosda, C.[.Jlaspunenrxo,
B.B.Abpaimos, B.O.Jlomouyvra.

TIpexcraBieHo pesyabTaTH 3MiHU PO3Mipy o0gacTeil KOTEPEHTHOTO PO3CISHHSA, BeJIUUUHU
mikpogedopmariiii, rycrunu Gasonnux ged@eKTiB Ta BSaJUNIKOBUX MAKPOHATPYMEHb Y
Tigq 5244 sNiy7 iKocaegpuuniii kBasikpucramiumiii dasi mpm ompomineHHI KBaHTAMHU BaKyyM-
Horo yabTpadiomery (hv = 10.2 eB, tpuBanictio 1o 40 rT0ox), TOTOKOM €JEeKTPOHIB Ta TPO-
tonie (Av = 100 keB goszoo D xo 131016 ¢m™2), a rakok peHTreHiBCLKUM TaJbMOBHM OII-
pomimenusam (Av = 1 MeB mozor D mo 10000 pax). ITokasano, o macmrtad sMinm cyGeTpyK-
TypU, 3MiHu rycruHu gedexTiB, ix Tumy i mapaMerpiB sajesKUTL BiI CTyII€HS HOCKOHAJJIOCTL
BUXiIHOI CTPYKTYPH i HOTYIKHOCTI €eHepPreTU4YHOro BILJIUBY.
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1. Introduction

Studying the behavior of functional ma-
terials under conditions of outer space (OS) is
an actual problem at present. At the height
of 300-400 km from the Earth the most sig-
nificant factors are the following: micro-
gravity; space vacuum (~1074...1075 Pa); pe-
riodic temperature variations in the range
from 120 K to 420 K; the orbital station
intrinsic residual atmosphere including the
atoms and molecules of O, O,, Ny, He, H,
Ar; micrometeorites; incoming flow of
atomic oxygen with energy of 5...10 eV; ir-
radiation by the fluxes of protons (E ~
0.1...1 MeV, 108 cm2c1), electrons
(E>1.5 MeV, 510° em 2¢1), X-ray and
vacuum ultraviolet (VUV) quanta with en-
ergy about 1.4-10% W.cm?2 [1]. Previously,
most attention was focused to studying the
phenomena stimulated by irradiation of
crystalline metals and aerospace alloys such
as aluminum, titanium and their alloys,
spring steels and other metals for aerospace
purposes [2, 8]. The mechanism and kinetics
of photochemical solid-phase reactions oc-
curring on the surface of nanoscale films
under VUV irradiation were investigated in
[4, 5]. The discovery of stable quasicrystals
has given a new impetus for such investiga-
tions, because quasicrystals are considered
as promising radiation-resistant materials
due to their non-periodic structure [6]. It
should be noted there are only several
works on the quasicrystals under irradia-
tion [7-11]. The aim of this work is study-
ing the variations of structure, substruc-
ture and stress state in quasi-crystalline
samples under irradiation by different ra-
diation components characteristic for outer
space conditions.

2. Samples and methods of
research

The samples were ribbons of
T|4152r415N|17 alloy with thicknesses from
20 to 100 mm, prepared by rapid quenching
at the single disc. The details of preparation
procedure are given in [12, 18]. The structure
of the samples was investigated by X-ray dif-
fraction. Phase identification and indexing
of the quasi-crystalline phase were carried
out according to the J.W.Cahn procedure
with two-index notation (N, M) [14]. To
characterize the quasi-crystalline phase, the
quasi-crystalline parameter a, was used,
which magnitude was related to the diffrac-
tion vector @ in physical (parallel) space
by the ratio,
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QH=_4ES11]B_:JI_1/N+MT,

A a, 241
where 1= 1.618034 — irrational number,
which is so-called "golden section”. The
total six-dimensional diffraction vector for
the quasi-crystals consists of two three-di-
mensional terms: Qgp = Qi + Q;. The last
term (@) is a component of the diffraction
vector in the additional (perpendicular)
space.

Irradiation experiments were carried out
using VUV photons (with exposure time up
to 40 h), X-ray bremsstrallung irradiation,
electron and proton fluxes. The source of
vacuum ultraviolet was a barrier discharge
lamp BAR [15] emitting the continuum
spectrum with wavelengths A > 120 nm
(argon) and photon flux with densities from
~1016 to0 1017 cm 2¢ 1. The lamp was placed
close to the sample surface. Irradiation ex-
posures were carried out in several succes-
sive stages. For X-ray irradiation the appa-
ratus "TEMP-A" NSC KIPT IFTTMT was
used, based on the pulse accelerator of rela-
tivistic electrons. The maximum energy of
photons Av,,,,. =1 MeV, and the maximum
dose D up to 10000 rad were used. The ab-
sorbed dose was measured with a special
receiver placed in the irradiation chamber.
Irradiation by protons and electrons with
energy of 100 keV and doses D = (1.8; 3.6;
8.5; 13)-1016 cm~2 was carried out with the
experimental facility made in ILTPE NASU.
Such experiments simulated a long-term
holding under conditions of OS. The maxi-
mum irradiation dose was equivalent to 10-
year presence at the orbit.

The residual macrostresses in textured
quasicrystals were determined by X-ray dif-
fraction using sin?y-method, where angles
v corresponded to crystallographic angles
between the reflecting plane and the plane
perpendicular to the texture axis [16]. To
study the substructure characteristics we
used the modified approximation method
described in detail in [17]. This method al-
lows to evaluate coherence length (L), aver-
age value of micro-strain (¢) and density (V)
of phason defects specific to the quasi-crys-
tals. The phason as a defect induces some
local topological and chemical disorder into
the structure. The presence of the phasons
is manifested by variations of the diffrac-
tion peaks parameters, depending on @ com-
ponent of the diffraction vector [19-21].
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Fig. 1. The variation of the residual macro-
stresses magnitude under VUV irradiation
during 40 h.

3. Results and discussion

As shown by the results of previous stud-
ies [18, 22], Tiyy gZrsq gNiq7 samples obtained
at quenching disk linear velocities of 15,
19.5 and 25 m-s ! contained only single
icosahedral quasi-crystalline phase in the
initial state. This phase was textured and
had the texture cap half-width of about
15...20 degrees. Depending on regime of the
sample preparation the quasi-crystalline pa-
rameter a, varied from 0.51940 +to
0.52100 nm.

By the results of X-ray diffraction no
qualitative changes of diffraction patterns
(total number of reflections) were revealed
after exposure to different irradiation
types. Consequently, the stimulated phase
changes were absent. The quasi-crystalline
phase was found to be stable to all of the
applied radiation types. All observed vari-
ations of the diffraction patterns were re-
duced to changes in position, intensity and
width of the diffraction lines. According to
the theory of scattering by M.A.Krivoglaz
[18] such changes can indicate substructure
variations, namely, structural defects dis-
tribution, their type, density, and parame-
ters.

Analysis of the results we began from
irradiation by VUV having the lowest en-
ergy per atom. Figure 1 shows variations of
the residual macro-stresses with increasing
exposure durations. It is seen that in the
initial state the samples obtained at disk
linear velocity of 19.5 m-s~1 have tensile
macro-stresses about +200+20 MPa. But al-
ready after 20 h of exposure, the tensile
macro-stresses were fully annealed and had
no further modifications. The similar char-
acter of the residual macro-stresses reduc-
ing was characteristic for all experiments
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Fig. 2. The dependences (a) between vari-
ations of micro-strain (¢) and (b) the phason
defects density (N) on the dose of irradiation
in the crossed streams of electrons and pro-
tons. 1, 2 — samples obtained at the quench-
ing disk linear velocity of the 15 ms 1 ; 3, 4
— samples obtained at the quenching disk lin-

ear velocity of the 25 m- s1.

by VUV irradiation of the ribbons. Decrease
of the macro-stresses is accompanied by de-
creasing the quasi-crystalline parameter
(measured for the unstrained section) from
0.52037 nm to 0.52000 nm. Similarly, the
coherence length decreases from 200 nm to
about 50 nm. The phason defect density de-
creases linearly from 90-1011 cm2 to
0.23-1011 ¢m~2. The micro-strain average
value decreases linearly from 1.86.1073
practically to zero for exposure time 1 =
30 h and further grows up to 0.9:1073. The
observed changes can be classified as stimu-
lated annealing. These can be occurred, for
example, by heating in vacuum. As a result
of irradiation the density of initial quench-
ing induced defects decreases. Movement of
randomly distributed dislocations related to
micro-strains, releases stress, and disloca-
tion alignment into the wall results in co-
herence domain fragmentation. All the de-
fects are annealed including chaotically dis-
tributed phasons. The phasons trend to
generate the walls [23], especially near the
dislocations, thus reducing the excessive
strain. However, in this case the localized
(or zero-dimensional) defects transform to
the extended defects type causing different
diffraction effects [18]. Perhaps, the effect
of micro-strains increases after the long-
term exposures is related with such trans-
formations.

The next by energy impact were experi-
ments by irradiation in the crossed streams
of electrons and protons. In the ribbons ob-
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Fig. 3. Variations of (a) micro-strain level,
(b) phason defect content and (c) coherence
length on the dose irradiation of with X-rays
bremsstrallung.

tained at quenching disk linear velocities
15 m-s! and 25 m-sl, in the initial state the
residual tensile macro-stresses up to
100 MPa were revealed. Under irradiation
the macro-stresses were also annealed. The
micro-strain variations are shown at Fig. 2a,
and the quantities of phason defects are in
Fig. 2b. It is seen that the micro-strain
level lowers as the irradiation dose in-
creases. This decreasing is more significant
in the samples with greater level of initial
micro-strains and insignificant in the in-
itially relatively perfect samples. In the last
ones, the concentration of phason defects is
found to be higher initially, and it is re-
duced as a result of irradiation. Figure 2b
shows that the extent of phasons annealing
is the greater, the more of phason were in
the initial state. In the case of small initial
content of phasons, they were accumulated
as the radiation dose increased. This accu-
mulation is more significant when the
micro-strain annealing becomes more inten-
sive. The coherence length either does not
change in the samples with initially large
(about 200 nm), or reaches this value, when
large coherence length L was smaller
(30...60 nm) in the initial state. Thus, we
can conclude that in the case of electron-
proton irradiation the annealing of initial
defects and the accumulation of new ones
occurs in succession. The nature and extent
of these processes depend on the state of the
initial structure.

X-rays bremsstrallung irradiation was
used as the most energetic. Variations of
the micro-strain level, phason defects con-
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Fig. 4. Dependence of the quasi-crystalline

parameter (a,) on the phason defect density

under irradiation in the crossed streams of
electrons and protons.

tent and coherence length with increasing
radiation dose are shown in Fig. 3.

It is seen that the irradiation exposure
promotes the linear increase of micro-strain
(¢) corresponding to increasing the density
of randomly distributed dislocations in the
coherence domain. Similarly, the density of
phason defects (V) increases. Increasing the
coherence length and decreasing the density
of dislocations forming the walls are linear
up to 6000 rad dose, then the saturation
takes place. The quasi-crystalline parameter
increases monotonically from 0.51950 nm to
0.52000 nm.

From the described experimental results
we can make important conclusions. Firstly,
the correlated changes of L and ¢ values do
not contradict to the classical knowledge
about behavior of pre-deformed material
under annealing. Secondly, any substantial
variation of micro-strains is necessary ac-
companied by accumulation of phason de-
fects. This is indeed possible when disloca-
tions move by sliding in non-periodic struc-
ture [19, 20, 24]. The phasons annealing is
observed only in the case of the constant
micro-strains level. Thirdly, there is an in-
teresting fact for all types of radiation: the
greater is the density of phason defects, the
higher is the quasi-crystalline parameter
(aq), and vice versa. Fig. 4 shows the data
for the samples irradiated by electrons and
protons. The nature of phason defects
("phasons”™) is currently widely discussed
[25]. It is believed [26] that phasons are
small dislocation dipoles. Taking into ac-
count that these are stacking faults inside
the dipoles, it is possible to explain the ob-
served selective displacement and broaden-
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ing of the diffraction lines with strictly de-
fined indices. However, stacking faults or
large prismatic dislocation loops create an-
isotropic strains. Thus, the interstitial loops
of radiation nature cause the largest in-
crease of the interplanar spacing in the
planes where there are. To determine the
quasi-crystalline parameter we selected the
reflection (136, 220), which should be least
sensitive to presence of phasons. Neverthe-
less, we observed the displacement of the
reflection. So, we assume that the phasons
act like interstitial atoms or small com-
plexes and create anisotropic strain, result-
ing the aq increasing. But the phasons cause
broadening other reflections as well. From
observed diffraction effects and based on
the scattering theory [18], we assume that
the phasons generated both during quench-
ing and as a result of strain, are similar to
the small dislocation interstitial loops.

4. Conclusions

Thus, it has been established that even
maximum doses of irradiation by VUV, elec-
tron and proton fluxes, and X-rays
bremsstrallung result in no phase transfor-
mations in icosahedral quasi-crystalline
phase Tigq 5Zr4q sNij7. All types of irradia-
tion result in changes of the diffraction pat-
terns from indicating the following sub-
structure changes: average micro-strain
value, coherent scattering length, and pha-
son defect density. The scale of the sub-
structure variations depends on the perfec-
tion degree of the original quasi-crystal
structure and irradiation impact power.
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