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Accumulation and recovery kinetics of radiation damages in ZrussTis.CursNijgBers and Zrsy sTisCui7oNijasAlio
metallic glasses was investigated by means of low temperature electron irradiation and electrical resistance measure-
ments. The linear dose dependence of resistance is a manifestation of accumulation of irradiation defects without
considerable interaction between them. The recovery spectrum of irradiation-induced electrical resistance was ob-
tained for the 85...300 K temperature range. Two annealing peaks located at T~150 K and ~225 K were resolved.
The present data suggest the conclusions that the defect mobility is a thermally activated process, and that the acti-
vation energy is not as high as that for vacancies in crystalline alloys. These results are in agreement with the poly-

cluster model of metallic glass structure.

INTRODUCTION

Owing to their unique mechanical and electrophysi-
cal properties, including improved radiation resistance,
new bulk multicomponent amorphous metallic com-
pounds find an increasingly wide application in various
fields of industry, while the research into them becomes
more extensive and intensified.

The recent experimental data indicate that the atomic
structure of metallic glass is much similar to the struc-
ture of supercooled melt. Not being in equilibrium state,
the glass is crystallized so slowly that it appears perti-
nent to use the “freezing” concept for its structure. The
main property of the metallic glass structure is the con-
figurational disorder. Correlations in the positional rela-
tionship of atoms in the metallic glass quickly disappear
as the interatomic spacing increases, and become negli-
gibly small at distances that are equal to approximately
ten atomic diameters. It is natural to assume that irradia-
tion cannot increase anymore the structural disorder of
the amorphous substance that has already a “perfect dis-
order”. It is just this property that underlies the assump-
tions about a higher radiation resistance of amorphous
alloys.

When planning experimental studies we proceeded
from the existence of two most developed theoretical
structural models for amorphous solids, namely, the
model of random closely packed spheres [1-4] and the
polycluster model [5-7]. Each of these structural models
implies radically different kinds of primary configura-
tion, lifetime, diffusion length and other properties of
point defects. As a result, the kinetics of accumulation
and thermal annealing of radiation damages is also ex-
pected to be different. Thus, the sensitivity of radiation
effects to the structural peculiarities of metallic glass
opens up a real possibility for investigating the structure
and structural defects in these glasses through investi-
gating the kinetics of accumulation and relaxation of ra-
diation damages. The data obtained in this case may

serve as a criterion in choosing this or that structural
model of metallic glass.

EXPERIMENTAL

Five-component amorphous alloys of
Zl‘41Ti14Cu12,5N110B622,5 and ZrsysTisCuy79Ni146Al
compositions that refer to bulk metallic glasses
were prepared for the present experiments by the
spinning method. The initial structure and the quali-
ty of samples were examined and controlled by the
use of X-ray diffraction and electron microscopy
methods. A typical halo of the X-ray diffraction
pattern shows that the as-prepared materials are
amorphous.

The method of low-temperature electron irradiation
of the above-mentioned metallic glasses with their
subsequent isochronal annealing and electrical re-
sistance measurements was used in our experiments
The irradiation experiments were carried out at the
NSC KIPT Van-de-Graaff accelerator ELIAS. The
samples were irradiated with 2.5 MeV electrons in
a special two-loop nitrogen cryostat providing the
ultrapure liquid nitrogen environment. The temper-
ature of samples under irradiation did not exceed 85
K. After irradiation, the samples were subjected to
isochronal annealing at temperatures between 85
and 300 K with a 10 K step. The annealing took 15
minutes at each step. The electrical resistance mea-
surements of the samples were performed by the
standard four-probe method using an automated
measuring system with two-channel nanovoltmeter
Agilent 34420A as the basis. The circuit made it
possible to measure simultaneously the current and
temperature of the sample and the potential across
the sample. To attain better accuracy, 50 to 60 re-
sistance measurements of each sample were made
in the temperature range 79...82 K. The obtained
results were approximated by the linear depen-
dence, and the resistance value at T=80.5 K was
calculated. In this case, the relative error was not
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higher than 5 ppm. These sensitivity and precision
are not attained with other research methods. The
electrical resistance of the samples was measured
before irradiation and after each step of irradiation
and isochronal annealing.

RESULTS AND DISCUSSION

As it follows from our first experiments, the irradia-
tion of bulk metallic glasses by high-energy electrons to
a dose of ~700" e/cm? does not cause any appreciable
structural change that can be detected by common meth-
ods of X-ray diffraction and electron microscopy. It is
evident that here one must use the method providing a
much higher sensitivity to primary radiation damages
than the above-mentioned methods do. For this reason
we have used low-temperature electrical resistance mea-
surements to study the kinetics of accumulation and an-
nealing of radiation damages in bulk metallic glasses.

DOSE DEPENDENCES OF ELECTRICAL
RESISTANCE

Dose dependences of electrical resistance of the
samples irradiated with 2.5 MeV electrons are presented
in Fig. 1. The data show that the electron irradiation re-
ally changes the electrical resistance of metallic glasses.
It means that irradiation generates atomic replacements
and displacements that result in the resistance changes.
The linear dependence of Ri./R, on the dose is a mani-
festation of accumulation of irradiation defects without
considerable interactions of the cumulative damages.
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Fig. 1. Dose dependences of relative electrical resis-
tance for ZrTiCuNiBe and ZrTiCuNiAl irradiated with
2.5 MeV electrons at 85 K

The remarkable feature of the present data is that the
Rix(D) line for ZrTiCuNiBe has a positive slope, while
for ZrTiCuNiAl glass we have dRi./dD<0. The main
compositional difference of the glasses under study is
the presence or absence of Be atoms. It is just this
difference that causes the observed dramatic changes in
Rir (D). The origin of the observed difference in the
slopes, dRi(D)/dD, for different glasses can be
understood as follows.

In the Be-containing glass, the interstitials of Cu-Be
or Ni-Be dumbbell types have the lowest energy
formation of all possible interstitial compositional

configurations. The same phenomenon is well known
for all crystalline alloys, where atoms of the host metal
and the undersize impurities form stable interstitial
dumbbells with a low diffusion activation energy. Due
to this fact, the segregation of undersize atoms on the
sinks takes place. Accordingly, the Ri+(D) increase with
increasing irradiation dose can be explained as a result
of Be segregation on intercluster boundaries, just as in
the crystals [8, 9].

In the ZrTiCuNiAl bulk glass, the interstitial
dumbbell formation is questionable. In this case no
undersize impurities are segregated at the boundaries,
and therefore, electron scattering at the boundaries does
not increase too much. But this property cannot account
for the decrease in electrical resistance under irradiation
and during the following annealing. This feature can be
explained as a result of irradiation-induced atomic
replacements that lead to short-range ordering of the
alloy. The ordering process enhanced by electron
irradiation can take place in both the cluster body and at
the intercluster boundaries. This process does not need a
long-range diffusion (as Be atoms do within
ZrTiCuNiBe glass). Of course, the short-range ordering-
induced decrease in the resistance is accompanied by
the increase in resistance due to the conducting electron
scattering on the irradiation-generated defects and
heterogeneities. The observed result shows that the last
process is weaker than the first one, in other words, the
short-range ordering is a dominant process.

RECOVERY KINETICS IN IRRADIATED
METALLIC GLASSES

The recovery curves of irradiation-induced electrical
resistance changes on isochronal annealing of ZrTiCu-
NiBe and ZrTiCuNiAl bulk metallic glasses are shown
in Figs. 2 and 4, respectively. The first derivatives, dR/d
T, are presented in Figs. 3 and 5.

100 I
.\.\
80 o

x° 60 Ye S
o N
= <
~x AN

£ 40 .
o e
o« \-\
g 20 -

00 0 0-¢
0
50 100 150 200 250 300
T K

ann’

Fig. 2. Recovery of irradiation-induced resistance
changes of ZrTiCuNiBe irradiated with 2.5 MeV elec-
trons at 85 K to a dose of 7.500" e/cm’. Here R,, R,
and Ruw are the electrical resistances before irradia-
tion, after irradiation and after annealing at T = T,

respectively

As it is clearly seen from Figs. 3 and 5, two anneal-
ing peaks located at T~150 K and T~225 K are resolved
for ZrTiCuNiBe glass. The only difference of the recov-
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ery result for the ZrTiCuNiAl bulk MG is a shift of the
first peak towards ~130 K. It is necessary to note that in
this case there is no real recovery, but a further decrease
in resistance occurs during annealing. This feature can
be attributed to a continued short-range ordering in the
previously irradiated alloy.

From the location of annealing stages (peaks in Figs.
3 and 5) the effective activation energy of relaxation
processes can be estimated as Eci(eV) = 3007°x Tpea(K)
[10]. As a result, we have for ZrTiCuNiAlBe: Eis;x =
0.46 eV and Exnsk = 0.69 eV and for ZrTiCuNiAl: Essx
= 0.40 eV and Exsk = 0.69 eV. Accordingly, the activa-
tion energies responsible for the relaxation stages do not
exceed | eV.
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Fig. 3. Recovery spectrum of irradiation-induced resis-

tance changes for ZrTiCuNiBe irradiated with 2.5 MeV
electrons at 85 K to a dose of 7.500" e/cm’

-100

-110 -

-120 .

-130

-140 ..

-150 Y

-160 °

-100-(R R, J/(RR)
| ]

'~o-0-® "

-180

50 100 150 200 250 300

ann’

Fig. 4. Recovery of irradiation-induced resistance
changes of ZrTiCuNiAl irradiated with 2.5 MeV elec-
trons at 85 K to a dose of 7.500" e /cm’
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Fig. 5. Recovery spectrum of irradiation-induced resis-
tance changes for ZrTiCuNiAl irradiated with 2.5 MeV
electrons at 85 K to a dose of 7.500" e /cm’

The relaxation kinetics of interstitial and vacancy
complexes in the crystals within the mentioned tempera-
ture range, as a rule, has a similar characteristic activa-
tion energy. It is worthy of note that in crystalline Zr-
based alloys the diffusion migration energies are higher
than 1 eV [11].

The observed annealing stages present the most im-
portant result of the undertaken recovery experi-
ments. They show that stable point defects — va-
cancies and interstitials — do exist in the metallic
glasses under study.

CONCLUSION

The present data show that the point defects are sta-
ble in metallic glasses and the defect mobility is a ther-
mally activated process. The activation energy of defect
migration in metallic glasses is lower than that in crys-
tals. This experimental result allows us to conclude that
(i) the structural model of densely random-packed
spheres is irrelevant to bulk metallic glasses under
study; (ii) the results are in accord with the polycluster
structure of ZrTiCuNiBe and ZrTiCuNiAl bulk metallic
glasses. These results were partially reported at 2007
MRS Fall Meeting [12].
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KHUHETUKA BO3BPATA U YIIOPAJOYEHHUE B OBJIYUYEHHBIX
OBBEMHBIX METAJIVIMYECKUX CTEKJIAX

1O. Ilempycenxo, A. bakaii, U. Heknrwoos, B. bopucenko, /. bapaukos, A. Acmaxoe, M.-II. Maxm

VccnenoBaHa KMHETHKA HAKOIUIGHHMS. W OTXKUTA PAJAMALMOHHBIX  IOBPEXKACHUA B  METAUIMYECKMX  CTEKJIaxX
Zr1465Tig2Cu75Ni10Be27s 1 ZrsysTisCui70NissAljg ¢ MCIIONB30BaHHEM MeTOJa HA3KOTEMIIEPaTypPHOTO 3JIEKTPOHHOTO O0IydYeHHs 1
HU3MEPEHUH DJIEKTPUYECKOTO CONPOTHBIEHHs. JImHelHas 1030Basi 3aBUCHMOCTB SJIEKTPOCOIPOTHBICHHSI CBHAETEIBCTBYET 00
AKKyMYJIMPOBaHUH paJUAllMOHHBIX Je(eKkToB 0e3 CYIIECTBEHHOrO HX B3auMoJeHcTBUA. OmpeleneHbl CIEKTPhl BO3Bparta
paaMalMOHHO-UHAYIIMPOBAHHOIO 3JIEKTPOCONPOTHBIICHHUS Al TeMiepaTypHoro mHrepBaia 85...300 K, BeigeneHs! nBa muka
oTkura npu Temmeparypax T~150 u ~225 K. Ilomy4deHHBle DaHHBIE HO3BOJISIOT CHIEJNATh BBIBOJ O TOM, YTO MOJBIKHOCTD
ne(eKTOB SBIACTCS TEPMOAKTHBUPOBAHHBIM IIPOLECCOM C SHEPruel aKTHBALWM, HE NPEBBILIAIONICH 3HAYCHUH 3HEPruu
MHIPAIMU BaKaHCHIl B KPUCTAUIMYECKUX CIUIaBaX. DTH PE3yJIbTaThl COIVIACYIOTCS C MONUKIACTEPHONW CTPYKTYPHOH MOJIEIBIO
METaIIMYECKOr0 CTEKIIA.

KNHETHUKA BEPTAHHA TA YIIOPAIAKYBAHHSA B OITPOMIHEHMX
OB’€EMHUX METAJIIYHUX CTEKJIAX

10. ITempycenko, O. bakaii, 1. Hexnwooos, B. bopucenxo, /. bapanuxos, O. Acmaxoe, M.-I1. Maxm

Jocnimkena KiHeTHKa HAKOITMYEHHS Ta BiAMIAY paaiallifHIX TMOMIKOIKECHb B METATIYHHUX CTEKINaX ZruqsT1s2Cu7sNijgBesrsta
Zrs5T15Cu179Ni146Al10 3 BAKOPUCTaHHIM METOIY HU3BKOTEMIIEPATypHOTO €IIEKTPOHHOTO OIPOMIHEHHS Ta BUMIPIB ENEKTPUIHOTO
omnopy JliHilHa J1030Ba 3aJI€XKHICTH €IEKTPHYHOTO ONOPY CBIJUUTH NMPO aKyMYJIOBaHHS pamialifHuX nedekTiB 0e3 CyTTeBoi ix
B3aeMo/Iil. Bu3HaueHi CrieKTpy BepTaHHS CHPUYMHEHOTO OMPOMIHEHHSIM €JIEKTPUYHOTO ONOpY UIS TeMIEePaTypHOTO iHTEepBAITY
85...300 K Ta Bipi3HeHi aBa miku Bigmamy 3 Temnepatypamu T~150 ta ~225 K. OTpumani qaHi J03BOJISIOTH 3pOOUTH BUCHOBOK
PO Te, IO PYXJIMBICTH AC(EKTIB € TEPMOAKTUBOBAHUM IIPOLIECOM 3 HEPri€l0 aKTHBALil, [0 He MEePeBHUIIyE 3HAUYeHb EHepril
Mirpamii BakaHCIi B KpUCTANIYHUX cruiaBax. Lli pe3ynbpTaTH y3roKyrOTbCS 3 MOJIKIACTEPHOIO CTPYKTYPHOIO MOJEIUTIO
METaJIIYHOTO CKIIA.
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