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Thermal and radiation-enhanced diffusion in the bulk metallic glass Nj3Zr Al 15
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The temperature dependence of tracer diffusion in the three-component system NiZrAl was measured. For
the composition NikZrgAl 5, it was possible to measure diffusion coefficients below and above the glass
transition temperature. Similar to the binary metallic glass NiZr, the diffusion coefficient was strongly depen-
dent on the atomic size of the tracer, varying by two orders of magnitude. The results are suggestive of a
collective diffusion mechanism in bulk metallic glasses. Radiation-enhanced diffusion was also measured in
this alloy and compared with measurements of radiation-induced viscous flow on similar alloys.
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[. INTRODUCTION an increased atomic mobility, which is reflected in an in-
creased slope of the Arrhenius plot. This effect has been
A strong dependence of diffusion coefficients on theobserved in several bulk metallic glasses, e.g.,
atomic size of the tracer atoms has been observed in marBrTiCuNiBe.”® The atomic transport mechanism, however,
binary amorphous alloy systems. This effect was first noteds believed to be still solidlike thermally activated hoppthg.
in the alloy NiZri0s «," and led to the conclusion that two In contrast to these experiments, which have investigated
distinct diffusion mechanisms were possible: an interstitial-mainly the self-diffusion, we performed diffusion studies
like process for smaller atoms and a collective one for largewith tracer impurities(Co, Fe, Cu, Ti, and Hf which are
atoms. The packing density of a binary metallic glass is resimilar in atomic size to the matrix components Ni, Zr, and
ported to increase by alloying with AIAl has an intermedi-  Al; cf. Table I.
ate atomic size, compared with Ni and Zr, and thus can Only a few measurements of radiation-enhanced diffusion
fill the free volume within the disordered structure of the (RED) on amorphous metals have been reported. They are
glass. The increased packing results in a reduced atomigseful, however, since if point defects were vehicles for dif-
mobility of the alloy components, which possibly explains fusion, radiation-induced vacancies would reduce the effec-
the existence of a significant supercooled liquid regiontive activation enthalpy@. On the other hand, if the diffu-
in these alloys. The difference between the glass transitiosion occurs by a collaborative motion of several atoms, there
temperature and the crystallization temperature~ig5 K  should be no influence on the activation enthalpy. Both ten-
for the example of NiZrgoAl 5. (Strictly speaking this value dencies have been observed, a reductio@df NiZr (Ref.
is only true for a heating rate of 0.67 K(40 K/min) since  10) and FeNiB! and no influence in CoNiFeSit.The ef-
the glass transition is time and temperature dependentect observed is likely to depend on the mass of the
cf. e.g., Ref. 3. In the following, however, this value will be projectile’® Our investigation is limited to the high-energy-
taken as a reference, because the small mass of sample ntensferred irradiation, because only results of this kind are
terial in our case did not permit measurements with a differ-available for NiZr. For the effect of low-energy-transferred
ential scanning calorimetern contrast the glass transition irradiation cf. Ref. 14.
in the absence of Al, i.e. in NiZr, is too small to readily  For the present diffusion experiments, we have selected a
observe thin film geometry containing an embedded layer of tracer
Although the reduction of the diffusion coefficients in
Ni,sZrgoAl 15 has been postulated and surmised from its so-
lidification characteristic3 jt has not been measured directly tra
in a systematic manner. We have demonstrated recently.

TABLE I. Atomic size of the components of the alloy and the
cers used.

however, that there is a decrease of the diffusion coefficients Element Sizenm)
with additions of Al to NiZr® In the ternary system NiZrAl,
the compositions in the region MZrgAl 5 are of particular Ni 0.124
interest since supercooled liquids of these alloys exist over a Co 0.125
large range of temperatures. In this paper, we concentrate on Fe 0.127
an alloy with composition NiZrg,Al5, which is in the Cu 0.128
middle of the composition field of alloys having large under- Al 0.143
cooling. Ti 0.147
The amount of free volume is increased significantly as Hf 0.158
the glass transition temperatufg, is reached. Concurrent Zr 0.160

with this change of the structure of the amorphous matrix is
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atoms. This sample geometry enables easy depth profiling L L
ideal incorporation of the tracer layer and ease in altering the ~ 250%1 - T
composition of the alloy during growth. 1 5 aoukah 1

20000 a 598K 18h E

Il. EXPERIMENTAL TECHNIQUES

The thin film samples were prepared in an ultra high 150001

vacuum molecular deposition systéMBE) with four elec-
tron beam evaporators, one for the tracer metal and three rat;
controlled evaporators for the matrix componeftis, Zr, ]
Al). Oxidized Si-wafers(3-in. diameter maintained near 5000
room temperature were used as substrates. The tracer laye
were deposited without interrupting the growth of the metal-
lic glass, thus avoiding discrete interfaces. The film, which
was~200-300 nm thick, contained the tracer layer at a S
depth of~100 nm from the substrate. The tracer atoms were
initially spread over a regiorr 3 nm thick, using a shuttering
system. The tracer concentration in this region was initially  FiG. 1. Concentration-depth profile 8fFe in NiysZrsAl 5 be-

~20%. fore (as prep. and after annealing623 K 2 h and 598 K 18 h

Prior to the diffusion anneals the samples were cut intqptained by SIMS. The symbols represent the measured values, the
small pieces. For the temperature range between 473 and 7{ges are the fits to the data.

K, annealing was performed under high vacuum conditions
(p<10 ° Pa) with a resistance wire heated furnace. For the . ) )
higher temperatures, up to 763 K, and corresponding shortéfiffusion coefficients of all tracer&Co, Fe, Cu, Ti, Hf in the
annealing times, a rapid thermal processing unit withtemperature range 508—763 K are summarized in Fig. 2 and
ultraviolet-light heating was employed with a heating rate ofTable Il. The temperature range is smaller for Ti and Hf due
15 K/s. Annealing in the latter case was performed in an Ato their smaller diffusion coefficients. The experimental er-
atmosphere. The accuracy of the temperature measuremewots in the absolute diffusivities are largest20%, for
was *+ 2 K at the higher temperatures andl K at the lower  samples with the smallest diffusivities:5x 10 2* m?s™ 2.
temperatures. Several cross-checks, such as annealing at #hi¢ curves exhibit an Arrhenius behavior both above and
same temperature in both annealing facilities, were perbelow T,. Above Ty, i.e., ~700 K, however, the slopes in
formed to rule out experimental artifacts. the Arrhenius curves are larger for the tracers Co, Ti, and Hf.
The irradiations were performed with Krions with en-  The values of the activation enthalpyQ, (accuracy
ergies of 1 and 2 MeV for Hf and Co tracers, respectively.+ 15 ev) and the pre-exponential factdr,, are given in
The beam was scanned to provide a homogeneous flux; afhples |11 and IV for the temperature range beldyy and
aperture, 3 mm in dlamete_r, de:ﬁn_ed the area %f th?zbe"’”%boveTg, respectively. For comparison, the data for Co and
The total ion dose for all iradiations was<10'® cm™2, ¢ yitsion in NisZrso, calculated from the values fa@
while ion current was limited to~100 nA to reduce beam 4 D, provided in Refs. 15 and 16, respectively, are indi-

heating. ted by the dotted lines in Fig. 2
The amorphous structure of the films, both before andcae y the dofied fines i Fg. =

after all diffusion anneals, was checked using x-ray diffrac-
tion. The composition of the samples was determined with TCO

Rutherford backscattering spectroscopy using 2- or 3-MeV 0 4% M0 W O W 0™
He" and a backscattering angle of 171°. The concentration- 10”3

depth profiles of the tracer atoms were determined using sec
ondary ion mass spectromet(gIMS) with 8-keV O, pri- E
mary ions (Cameca ims 5f Assuming a Gaussian 107 4
distribution for the tracer profile before and after annealing, E
the diffusion coefficientD was obtained using the expres- <~ 107 4
sion, £

< 10? _!

(counts/s)

ty

10000 +

Intensi

Depth (nm)

107

_1 2 2 ]
Dt= 2 (O'annealed_ Uunannealea' (1) 1o‘22,E

wheret is the annealing time. The sputter erosion rate in the
SIMS was obtained by measuring the depth of the sputtel
crater using a Dektak Ila profilometer. 10% ]

-23

0.02)14 ' 0.0516 ' 0.0;)18 ' 0.0020
Il. RESULTS (K"
A. Thermal diffusion FIG. 2. Diffusion coefficients D of various tracers in
Representative examples of concentration-depth profileNli,sZrs,Al 5. The dotted lines indicate the diffusion of CRef. 19
as obtained by SIMS can be found in Fig. 1, the thermaknd Hf (Ref. 16 in NigoZrs,.
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TABLE Il. Annealing temperature and time and diffusivity for the tracer elements Co, Fe, Cu, Ti, and Hf.

Temperature Annealing Diffusivity Temperature Annealing Diffusivity
Tracer (K) time (s) (m?s™ Tracer (K) time (s) (m?s™
Co 508 230400 8R10 % Cu 523 172800 9810 #

516 518400 9.810 % 548 64800 9.x10 %

523 86400 4.%10°% 573 18000 4.%10°%

538 86400 5X10 % 598 18000 1.%10 %

548 64800 1.x10 % 623 7200 5x10 #

560 64800 1.310 2 648 3600 1.%10 %

573 18000 6.6610 %2 673 1800 5.410 20

—21

593 7200 Lx 10,21 Ti 573 248400 2.x10"%

598 4500 1.&10 s
o1 598 259200 3.810

613 2700 2.%10 oy
- 608 252000 7.510

623 5400 4.X10 s
0 623 43200 8.X10

643 2400 2.¥10 s
s 633 64800 8.6 10

673 1200 1.%10 s
19 643 32400 6.6 10

698 1200 1.%10 oy
19 658 28800 2.%10

713 120 9.x10 n
18 673 2700 1.X10

723 450 2.x10 0
s 698 1800 3.X10

733 330 3.x10 00
s 723 600 8.x 10

743 60 4510 1o
753 60 8.2 1018 743 240 2.X10

' 753 120 5.x10°1°

Fe 523 230400 20103 763 60 9.%x10° %

- 23

548 18000 7910 ” Hf 623 180000 1.x10 %

560 72000 1.6010 o3
o 638 259200 1.%10

573 5400 5.K10 03
o 648 158400 6.810

593 10800 5.610 oy
0 673 18000 2.%10

598 14400 8.610 0y
o 698 36000 7.610

611 14400 1.810 o
o 721 18000 5.6 10

623 7200 5.%10 00
0 723 600 2510

635 1800 1.x10 00
0 733 600 3.5%10

648 2400 2.%10 00
0 743 240 9.x10

673 2700 3.¥10 10
698 1050 9.x10 % 753 120 3.6¢10

) 763 60 7.6¢10 1

A distinct dependence o) and D, on the size of the smaller atoms are generally faster than larger ones, cf. Table
tracer atoms is observed for the ternary alloy, i.e., the valuekfor a list of the atomic sizes. The diffusivity of Co, which
are higher for the larger tracers. The diffusion parameters arean be regarded as a substitute for the smallest component of
related according to the alloy, Ni, is about two orders of magnitude greater than

the diffusion coefficients of Ti. Ti is only slightly larger than
Q the mid-sized component ALf. Table ). The difference in
DOIAEXP( §) (2)  diffusion coefficients between Ti and Hf, the latter being of
similar size as Zr, is only about one order of magnitude. It is
with constant fitting parametes and B, as seen in the plot
of In Dy versusQ shown in Fig. 3. All data pointébelow and
aboveT,) can be fit with a single line, with factors=1.2
x10®¥ m?s! and B=0.067 eV. It has been demonstrated

TABLE lII. Activation enthalpiesQ and pre-exponential factors
Dy in the temperature range beloly.

21
that the diffusion behavior of various elements in metallic Tracer Do (M”s ) QY
NiZr glasses is largely influenced by their atomic size and Co 1.1x10°7 1.63
less by the differences of the chemical nature of the ele- Fe 2.8x10°7 1.70
ments. Therefore, the following discussion is based on the Cu 2.8x10°7 1.70
size differences of the various tracer atoms. Ti 8.5x10°° 2.27
The absolute values of the diffusion coefficients of differ- Hf 3.7x 101 3.13

ent tracers are dependent on the atomic size of the tracer

014303-3



S. FLEGE, H. HAHN, AND R. S. AVERBACK PHYSICAL REVIEW B59, 014303 (2004

TABLE IV. Activation enthalpieQ and pre-exponential factors 10% T . T . T v T
Dy in the temperature range aboVg. ]
Tracer Do (m?s™ Y Q (eV)

Co 6.0x10"° 2.66 |

Ti 3.1x10"° 3.56 ]

Hf 6.6x10"13 4.83 ;g

a }

remarkable, however, that the dependence of diffusion or }
size for the smaller atoms Co, Fe, and Cu, in comparison tc
that in the binary alloy NiZrigo-, iS much less pronounced.
Although their sizes are nearly the same, it should be re- 10* T

d T T T T T
0 20000 40000 60000

called that the diffusion coefficient of Co in §Zrsq at T o

=573 K is about 40 times larger than that of Ehis is annealing time (s)

also true for the amorphous alloy fgli4Boo with the dif- FIG. 4. Relaxation effect for the diffusion of Fe in NZre,Al s
fusion coefficient of Fe and Ni being nearly ten times the oney; 1= 595 k.

of cul’

During the initial stage of the diffusion anneal, structural from Ref. 10: the diffusion coefficients, however, were nor-
relaxation can lead to a reduction in the diffusion coefficientsnzjized by the rate of damage energy deposition by plotting
with time. This effect, however, is small in the present casept/¢Fy vs 1T as illustrated in Fig. 6. Herep is the ion
the diffusion coefficient decreases only by a factor of 2, ag|ence andFp, is the damage energy deposition per unit
illustrated in Fig. 4. This is in agreement with the observa-jength normal to the specimen surface. For all tracers,
tion in NijgZresAl 19 (Ref. 6; in NiyZrigox, not even this  pt/4F, is nearly independent of temperature at lower tem-
small relaxation effect was observed. peratures and increases with temperature at higher tempera-

B. Radiation-enhanced diffusion tures. In both alloys, both smaiCo, Cu and large(Hf, Au)
- e . ._tracer atoms have been used. As seen in Fig. 6, RED depends
.The results for fad"?‘“o"?'e”hanced diffusion pf Qo 'Nmore on the size of the tracer atoms than it does on the
NizsZreAl15 are shown in Fig. 5. The observed diffusional composition of the alloy. For the larger tracer atoms, the

broadening of the Co tracer consists of the temperaturez, o5 ofpt/F, are smaller and the onset of RED occurs
independent ion beam mixing observed at the lowest |rrad|aé‘t higher temperatures

tion temperatures and the temperature-dependent radiation-
enhanced diffusion. Consequently, the diffusion coefficient is
enhanced compared to the thermal diffusion, which is in- IV. DISCUSSION

cluded for comparison in Fig. 5. In order to compare the |t giffusion takes place via an interstitial mechanism, a

results of the binary and ternary alloys, sMirso and  pronounced dependence of the diffusion coefficient on the
Ni,zZrs,Al 5, data of the binary metallic glass were taken

T (°C)
500400 300 200 100 0 -190 200
10" T T T T T T T T T T T 1 7 T T T T T /llll d
] T T T T T T T T L ]
: o |
1012: e 1 107 i
0] o 1 ] ii
) ] k ) | 3
Do 100: /,/' fa) 10"9-: \‘ E 3
] \
; i _ L it SUETENES 3-
10°1 -F ; ; \,
] therm. \
10" — T T T T T T 7 107 T T T T T T T T T T 7/ 1T
10 15 20 25 30 35 40 45 50 55 0.0015 00020 00025 00030 0.0035 0013
Q(ev) T (K"
FIG. 3. Plot of the experimentally observed valuegfandQ FIG. 5. Diffusivities of Co in Nj3Zrg,Al 5 during irradiation

for various tracers in NiZrgAl 5. The filled symbols represent with 1-MeV Kr* as a function of inverse temperature; the solid line
values in the glassy state, the open ones in the deeply supercoolegpresents the temperature dependence of the thermal diffusion, i.e.,
state. The line is a linear fit to all the data points given. without irradiation.
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T(°C) atoms, such as Co, are dramatically reduced by the addition
040w 2 W™ M of Al to Nis¢Zrsq. For the larger tracer atoms, such as Hf, the
diffusion coefficients in the binary and ternary metallic
1074 Co in Ni_Zr_Al_ 3 glasses are comparable beldiy. Above T, the diffusion
] Hf in Ni, Zr_Al,, ] coefficients of Hf in the ternary alloy system become closer
Cuin NigZr,, 1 to those of small tracers, which is indicative of its higher
Auin Nig Zr, 1 value of the activation enthalpy. It must be pointed out that
- ] the value ofD, for Hf according to Ref. 16 is rather low
10° 4 . i (2.8x 10 ° m?/s). This result contrasts with the observation
] o ] that Dy is usually higher with higher values . It should
s . ] be noted that the measurement of the diffusion of large trac-
° o : ers in amorphous metals is difficult due to the very small
: values of the diffusion coefficients.
» It is noteworthy that the absolute values of the diffusion
00015 00020 00025 00030 00035 . 0013 coefficients of the tracers in the ternary NiZrAl system at a
T K given temperature are not necessarily the lowest in
Ni,sZrg-Al 5 alloy chosen for this study. It is observed, espe-
FIG. 6. Normalized diffusion coefficienDt/¢F, as a func-  Cially in the Al-richer/Ni-poorer region of this alloy system,
tion of inverse temperature. that the diffusion is slower. Comparing the diffusion coeffi-
cients of the tracers Co and Ti in NZrg,Al 15 with those in
atomic radius is expected, as observedw@r and a-Ti.2®  Ni;gZrs-Al 5 and Nij;Zrg,Al19, Which have been reported in
The strong size dependence observed-NiZr thus led to  Ref. 6, illustrates that the diffusion coefficients in the latter
the interpretation of the diffusion behavior of small traceralloys are about one order of magnitude smaller at tempera-
atoms in terms of an interstitial-like mechanidrim contrast  tures around 573 K. Comparing the diffusivities not at a
a collective diffusion mechanism, as assumed for larger atfixed temperature but at a homologous temperdiuge nor-
oms in metallic glasses, does not show such a pronouncedalized to the glass transition temperatiligg that is given
size dependence of the diffusion coefficients. Inin Ref. 2, shows thatD(Ty) is, indeed, the lowest for
NiyxZrg Al 5, a distinct dependence on size is indeed ob-Ni,3Zrg,Al5. This conclusion is based on the data given
served for the tracers Co, Ti, and Hf, but there is almost ndhere and in Ref. 6, and thus comprises only a few composi-
size dependence among the small atoms Co, Fe, and Ctipns. A more detailed description of the influence of the
despite being very strong ia-Zr, «-Ti, anda-NiZr. Aweak  composition on the diffusivity will be published elsewhéfe.
dependence on size was also observed for the diffusion dfhe reduced atomic mobility in BlZrg,Al 5 relative to Nizr
Ni, Co, and Fe in CgFeNioSii;sBig (Ref. 12 and in s also suggested by the small but measurable structural re-
Zr 46 75Tig 2:6C 7 sNijoBey; 5.19%° In comparison to the data laxation observed only in the ternary alloy. Due to the re-
and interpretations given in the literature, the diffusion be-duced atomic mobility, the as-prepared structure of the ter-
havior of tracer atoms with minor size differences can benary amorphous alloy is not completely relaxed, as the atoms
explained assuming a collective diffusion mechanism evermrriving at the surface do not have sufficient time to arrange
for the smallest transition metal tracers. compared to atoms in the binary alloys, at similar growth
The isotope effect for a diffusion mechanism involving rates.
several surrounding atoms is expected to be small based on A distinct change of the slope in the Arrhenius plot is
theoretical calculations. In metallic glasses, isotope effectsbserved at temperatures abdWg, i.e., at~700 K. Even
ranging fromE=0 to 0.1 have been found, indicating that though the activation enthalp) and the pre-exponential
~10 atoms are involved in the diffusion procés¥alues of  factor D, increase abové,, cf. Table 1V, the correlation as
E~0.1 have also been measured for several tracers igiven in Eq.(2) remains valid. Ref. 25 compared the values
Ni,aZrsAl 15; these data will be published elsewhéfdt of Q andD, reported in the literature for some bulk metallic
appears, therefore, that the addition of Al as a constituent tglasses in the glassy and deeply supercooled state and in
the binary metallic glass NiZr dramatically alters the diffu- conventional metallic glasses. These data were fit with a
sion of very small tracer atoms. Diffusion of Ni and Co takessingle line, the parameters beidg=4.8x 10 ®m?s™ ! and
place by individual atomic jumps in an interstitial-like B=0.056 eV, which are close to those obtained here. The
mechanism in NZrq9-4, While Co diffuses by a collective correlation of the values was interpreted by assuming a
process in a-NbkZrg,Al 5. Reference 23 reported valuestdf  highly cooperative diffusion mechanism in both states,
close to zero even for the small tracer Co in&2g_, with glassy and deeply supercooled liquid. This is consistent with
0.31<x<0.86, concluding a highly collective diffusion the interpretation of the results of the diffusion experiments
mechanism. Whether this is also valid for NiZr cannot beof different tracers given above.
clarified without measurements; there exist, however, no The RED experiments demonstrate that irradiation in-
measurements of the isotope effect in NiZr. In simulations ofduced defects can act as carriers for diffusion. When point
the diffusion in NiZr a high fraction of individual jumps of defects are the carriers of the radiation-enhanced diffusion,
Ni was found?®* the resulting enhancement is expected to be nearly the same
We also find that diffusion coefficients of small tracer for both alloys, Nj3ZrgAl 5 and NigZrsy. In the case of

]
CnDen

Dt/oF, (m°/eV)
*
[ ]
L ]
& m0O

o]

10% 1L
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thermal radiation, however, there are significant differencesnechanism, the diffusion coefficients of small tracers exhibit
in the parameters describing the diffusion, i®..and D, a large size dependence. The drastic decrease of the Co-
for larger tracers like Hf or Au: In NpZrsg, Do~1  diffusion coefficient in Nj3ZrgAl 5, compared to the binary
%108 m?/s and Q~1.8 eV ¢ whereas the values are metallic glass, is caused by a suppression of the interstitial-
considerably higher in NiZrg,Al 15, cf. Table . Thus point  like mechanism by the increased packing of the amorphous
defects cannot contribute substantially to the thermal diffu-matrix. Therefore, only the collective process contributes and
sion. thus controls the diffusion coefficients. As the collective
Lastly, it is illuminating to compare the present results ofmechanism does not have a significant size effect, the small
radiation-enhanced diffusion with reported values ofdifferences of the atomic sizes between Co, Fe, and Cu do
radiation-induced viscous flow, which has been observed fonot result in observable differences of the diffusion coeffi-
a number of different amorphous materials, includingcients. The diffusion of Hf in NisZrg,Al 5 is still reduced
Cuyy £rgsAl; 5, an alloy similar to the one investigated compared to the smaller atoms as the difference of the
here?® In comparing these quantities, we first normalize theatomic size is greatly larger.
units of dose to the more physical units of displacements per In the RED studies of the MZrsq system the enhance-
atom and assume a displacement energy of 18’@Wen, ment of the diffusion was interpreted by the additional defect
assuming that viscous flow requires the diffusion of the leastormation due to the ion irradiation and the reduced activa-
mobile component in the alloy, Zr, we obtaiDt/¢Fp tion enthalpy:® As the thermal diffusion is considered to oc-
=7.5x10" ' m? dpa ®. The radiation-induced viscosity can cur by an interstitial-like mechanism, i.e., a single jump pro-
be expressed in terms of the fluidity=t/ n¢F, where ~ cess involving only individual atoms, this interpretation is
is the radiation-induced viscosity. If we next employ thestraightforward. In the ternary amorphous alloy,
Stokes-Einstein expression to relate diffusivity and viscosityNiosZrg,Al 15, the results of the thermal diffusion give evi-

ie., dence for a collective mechanism for all atomic sizes. There-
fore, the RED of small tracer atoms in the,Birg,Al 5 is not
D= kT 3) expected to be as well defined as in the binary metallic glass.
67 nR,’ However, it can be concluded that in addition to the collec-

tive motion of the small atoms, ion irradiation creates a suf-
Hgiently large number of single defects and thus, small atoms
ve an additional avenue for diffusion. Finally, the Stokes-

we obtainH~3x10 7 (Pa-dpa) !, which is ~100 times
the measured value. Here, we assumed a temperature of 6
K. n Eqg. (3). The dlSCfepancy can be_ur_1derstood by r€CO0E nstein relation is not obeyed in irradiated amorphous al-
nizing ff°”? Fhe magnitude of the radiation-enhanced d|1:fu'loys, presumably owing to the inhomogeneous nature of the
sion coefficient that each created defect undergoes th&amage process

equivalent of less thar=10 nearest neighbor jumps. This '

means that diffusion is well localized around the sites where

defects are created. Since the defects produced by heavy ion V. CONCLUSIONS

irradiation are highly concentrated in displacement cascades, _ L

the diffusion within the cascade is large, but outside the cas- | "€ reduction of the diffusivity in NsZrg;Al 15 compared
cade it is negligible. After high dose irradiations, as is thel® NiZr, as proposed in Ref. 2, is confirmed. The investigated
case for these experiments, all regions are overlapped HjEPendence of the tracer diffusion on atomic size with no
cascades several times. This inhomogeneity in damage créignificant differences for the three smaller tracer atoms Co,
ation, therefore, has little effect on the diffusion measuref€: and Cu is interpreted with the suppression of defect type
ments. diffusion paths available in the binary amorphous alloys.

For radiation-induced viscous flow, however, the inhomo-TNis limits the diffusion path also for the small atoms to a
geneity of the damage cannot be ignored. Viscous flow OCg_ollectlve diffusion m_echanlsm. Radlat|op—enh§ncgd diffu-
curs in the response to an applied stress. Once the stressSi9N Was observed, with the same normalized diffusion coef-
relaxed by the flow, all additional defect motion has no netfiCI€Nts as in NiZrso.
effect. Thus, the large amount of defect motion in a cascade
contributes linearly to the diffusion, but its contribution to ACKNOWLEDGMENTS
flow saturates.
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