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Tracer-diffusion coefficients D of the impurities B, Be, Fe, and Si in the amorphous alloy TigNig have
been measured in the temperature range 598—690 K using the technique of secondary-ion-mass spec-
trometry for concentration depth profiling. The temperature dependence of the measured diffusion
coefficients in each case exhibited an Arrhenius behavior and yielded the values of the activation energy
Q in units of eV as (2.0510.14), (2.20+0.15), (2.3310.14), and (2.3510.15) for the diffusion of B, Be, Fe,
and Si, respectively. The corresponding values of the preexponential factor of the diffusion coefficient
D, in units of m?s™! were obtained as 7.4X10"40t1D 17X 10(730£12) 3 5 10~30%1D " and
5.8X 10 "*0£18) The results show the size dependence of D in this alloy according to which the small
boron atoms diffuse about 2 orders of magnitude faster than the big silicon atoms while the diffusivities
of Be and Fe had intermediate values following the trend Dy > Dy, > D, > Dg; which is opposite to that
of atomic radii r of the diffusing species, i.e., rg; > rg. > rg. > rg. The present data have been compared
with those available in other amorphous alloys and in crystalline a-Zr and a-Ti. The notable distinct
differences in the diffusion behavior in the amorphous and the crystalline cases are highlighted. On the
basis of an observed correlation between the activation energy Q and the prefactor D, the possible
diffusion mechanism in amorphous alloys is discussed.
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I. INTRODUCTION

Amorphous metallic alloys are metastable structures
which undergo structural relaxation and crystallization
on thermal annealing. These kinetic processes lead to
significant changes in many of their structure-sensitive
properties. A considerable rearrangement of atoms
occurs during these processes and thus a knowledge of
atomic transport mechanisms is highly desirable for un-
derstanding pre- and post-crystallization changes of their
properties.! The discovery of amorphization by solid-
state reaction? has further added to the importance of
diffusion investigations in these materials. In addition to
these, a comparative study of the diffusion behavior in
amorphous and crystalline materials is important for es-
tablishing any distinct differences in the nature of atomic
transport processes in these two structurally different
atomic environments.

There are two broad categories of amorphous metallic
alloys, namely, the metal-metalloid (M-Me) and the
metal-metal (M-M) types. Despite the fact that a consid-
erable amount of diffusion investigations have been car-
ried out in these materials, there are only limited sys-
tematic investigations.>~® Such systematic investigations
are necessary in view of the uncertainties associated with
the structural state of these materials due to relaxation,
and those associated with the measurement of small
diffusion distances (typically of the order of a few nanom-
eters) in them. Small diffusion lengths are, in fact, a
consequence of the narrow permissible range of annealing
temperatures and times during which the metastable ma-
terial remains amorphous without undergoing any crys-
tallization. Experimental techniques having comparable
depth resolution such as ion-beam microsectioning com-
bined with the measurement of the activity of ra-
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diotracers, secondary ion mass spectrometry (SIMS),
Auger electron spectrometry (AES), and Rutherford
backscattering spectrometry (RBS) have thus mostly been
employed for direct measurement of these small diffusion
lengths.> "8

The status of diffusion research in amorphous metallic
alloys has been reviewed in several articles’ % and a re-
cent compilation of the available diffusion data has also
appeared.!® It is noted that fewer diffusion investigations
have been reported in M-M-type amorphous alloys as
compared to those in M-Me-type amorphous alloys.
Some notable systematic diffusion studies carried out on
M-Me-type amorphous alloys include those on
Fe4oNigoB,0, > *Pd,5Cu ¢Sie, ® and on the binary Fe-B (Ref.
11) alloys. On the other hand, among the M-M-type
amorphous alloys, Zr-based alloys, e.g., Zr-Ni,*!? Zr-
Fe,'® Zr-Co,'* and the amorphous Ni-Nb (Ref. 15) have
mostly been considered for diffusion investigations.

Ti-Ni constitutes an important alloy system among the
Ti-based alloys wherein amorphous alloys over a wide
composition range have been produced.!®!” Some of the
attractive features of these alloys are their good thermal
stability, excellent mechanical properties, and low-mass
density. Moreover, the ternary additions of B, Be, and Si
to Ti-based alloys (e.g., Ti-Zr-Be, Ti-Ni-B, and Ti-Ni-Si)
have been found to result not only in high strength amor-
phous alloys with drastically enhanced thermal stability,
but also in their easy quenchability in amorphous
forms.!”!® The kinetics of structural relaxation and crys-
tallization of amorphous Ti-Ni alloys has been investigat-
ed several times [e.g., Refs. 19 and 20]. In contrast to
this, not much attention has been paid to the diffusion
behavior of these and other Ti-containing M-M-type
amorphous alloys. The reported direct measurement of
diffusion rates in Ti-Ni alloys include the data pertaining
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to the diffusion of Si in TigNi,, (Ref. 21) and the prelimi-
nary measurements®? of diffusion of several other impuri-
ty atoms in this alloy as well as the diffusion of B in
Co4,Tige. 2

The present study was started not only with the
motivation to increase the data base of reliable diffusion
measurements in Ti-based amorphous alloys but also to
test for these M-M-type alloys some correlations which
have been observed already in other amorphous alloys.!2
There are correlations which show a systematic depen-
dence of the diffusion coefficient D and of the activation
energy Q of diffusion on the size of the diffusing impurity,
and a relationship between the preexponential factor D,
and the activation energy Q of the respective diffusion
coefficients. We believe that these correlations, if they
exist universally, are highly significant for a proper un-
derstanding of the yet unknown diffusion mechanism in
amorphous alloys.

The present study reports on a set of data pertaining to
the diffusion of the impurity atoms B, Be, Fe, and the
previously investigated Si (Ref. 21) in amorphous
TigyNiyy. These diffusing species possess an appreciable
difference in their atomic sizes, and it is therefore expect-
ed that the diffusivities show a sufficiently large variation
in order to make the test of the above-mentioned correla-
tions meaningful.

II. EXPERIMENT

The material used in this investigation was a melt-spun
amorphous ribbon (11 mm wide, 30 um thick) of the alloy
TigyNiyy produced by the Vakuumschmelze, Hanau,
FRG. A characterization of this material by x-ray
diffraction (XRD) and transmission electron microscopy
(TEM) showed that the wheel side of the ribbon (i.e., the
nonshiny side, which was in direct contact with the cool-
ing copper wheel during production) was completely
amorphous, while the air side of the ribbon (i.e., the shiny
side) contained some crystalline fraction in addition to
the bulk amorphous phase due to the somewhat slower
cooling rate. Therefore, the wheel side was used for
diffusion measurements in the present investigation.
Specimens, each measuring about 11 mm in length, were
cut from the as-received ribbon of the alloy. The wheel
side was mechanically polished first with 3 um and then
with 1-um diamond abrasive to remove a layer of about 5
pm thickness of the material. During this mechanical
polishing much lubricant was used to minimize the speci-
men heating. The polished specimens were thermally re-
laxed at 620 K for 2 h in a high vacuum furnace (pressure
<107* Pa). An XRD check of the polished side of the
relaxed specimens confirmed their amorphous nature. It
should be noted that all the diffusion coefficients reported
in the present study correspond to those in the relaxed
state of the amorphous alloy.

Diffusion specimens were prepared in a UHV chamber
under argon pressure of 10”* Pa without breaking the
vacuum. In a first step the polished surface of the relaxed
specimens was cleaned by argon-ion etching in order to
remove residual contaminations. In a second step be-
tween about 0.2 and 2 ug/cm? of the diffusing species

were sputter deposited onto an area of 9 mm diameter of
the cleaned surface. In a last step finally the thin tracer
layer was covered by about 50 nm of the sputter-
deposited TigNi,, base material in order to form an
amorphous sandwich specimen with the thin impurity
layer at a predefined position. The pure elemental targets
of Be or Fe were employed for the sputter deposition of
the tracer layers of Be or Fe, respectively. In order to
evaluate the diffusivities of B, a tracer layer of FeNiB was
sputter deposited from a compound target which consist-
ed of the metallic glass Fe,,NiyB,,. It was realized that
this procedure would permit the simultaneous evaluation
of the diffusivities of both B and Fe from one and the
same specimen. An independent check of the diffusivity
values of Fe was made by comparing these values with
the diffusion rates obtained from the specimens on which
a tracer layer of pure iron was sputter deposited. It is as-
sumed that the effect of any interaction between the con-
stituents of the FeNiB tracer layer in their dilute concen-
tration on the diffusion rates of the respective tracers is
quite insignificant.

The specimens were diffusion annealed between 602
and 690 K at selected temperatures and times in a high
vacuum (pressure < 10~* Pa) furnace having a tempera-
ture accuracy of 1.5 K. In the case of the earlier inves-
tigated Si,?! the temperature range was 598-690 K. The
annealing temperatures and the time periods are men-
tioned in Tables I-III for the different impurities. XRD
measurements were taken from both sides of the annealed
specimens. A significant crystallization was noticed at
the air side. However, our measurements were made on
the wheel side which was found to be completely amor-
phous at least up to a depth of several microns as probed
by the XRD. Considering the small diffusion lengths the
thickness of the amorphous zone extending from the
wheel side was large enough to yield diffusion coefficients
in the amorphous phase of the alloy. Some of the
diffusion-annealed specimens were also checked by TEM
and the wheel side was found to be amorphous.

The concentration depth profiles of the impurity layers
were obtained by using the technique of secondary ion
mass spectrometry. A primary beam of 4-keV O; ions
was used for sectioning. It was raster scanned to produce
a flat-bottomed sputter crater of 1 mm X Imm. Concen-
tration depth profiles of the impurities Be, B, or Fe were

TABLE 1. Diffusion coefficients of Be in amorphous TigNiy,.

Specimen Anneal temp. Anneal time D

no. T (K) t (10° s) (1072 m2s7 ')
1 604 502.2 8.5X1072
2 612 320.7 1.3x107!
3 619 2394 1.9%x107!
4 632 82.08 43%X107!
5 633 73.5 5.9%107!
6 642 32.7 7.5X107!
7 653 16.5 2.0
8 666 7.38 3.7
9 667 7.2 4.2

10 690 24 15.0
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TABLE II. Diffusion coefficients of Fe in amorphous
TigNigo.
Specimen  Anneal temp.  Anneal time D
no. T (K) t (10° s) (107 m?s7!)
1 602 530.7 8.3X1073
2 611 404.7 1.4X1072
3 619 243.9 2.5X1072
4 632 82.08 6.4X1072
5 653 16.5 2.6X107!
6 665 7.50 5.6%x107!
7 676 342 1.1
8 688 24 2.0

obtained under identical experimental conditions from
the same specimen before and after the diffusion anneal-
ing. In this way a diffusional broadening of less than 5
nm could be resolved. SIMS measurements provide no
absolute depth scale, as the relative concentration versus
time-integrated ion current is monitored. Thus, for depth
calibration of the concentration profiles the depth of the
sputter craters after the completion of the SIMS analysis
was measured directly on some specimens by a surface
profilometer (DEKTAK, Veeco) to determine the
sputtering rate. For the metallic glass TigNi,, used in
the present investigation, this rate was determined to be
0.05 nm/uAs (which corresponds to about 0.015 nm/s
for the ion current of about 0.3 pA used in the present
experiments). The accuracy of this depth calibration was
+15-25% and was limited mainly by the waviness
present on the polished specimen surfaces.

ITI. DATA ANALYSIS AND RESULTS

The specimen geometry employed for diffusion mea-
surements was that of a thin layer sandwiched in the
amorphous matrix. Therefore, the diffusion coefficients
were evaluated by using the thin-film solution?* of the
diffusion equation, namely,

C(x,t)= A(wDt)”?exp(—Ax?/4Dt) , (1)

TABLE III. Diffusion coefficients of boron (Dg) and iron
(Dg. ) obtained from the simultaneous diffusion of Fe, Ni, and B
in amorphous TigNigy.

Anneal Anneal
Specimen  temp. time Dy Dk,

no. T@EK) t(10°s) (1072 m?s7!) (1072 m?s7!)
1 604 502.2 52X107! 50x1073
2 612 320.7 9.5X107! 1.8X 1072
3 619 2394 1.3 2.8X1072
4 633 73.5 3.7 3.8X1072
5 637 56.1 4.2 7.0X1072
6 642 32.7 5.3 1.2x107!
7 653 16.5 11.0 2.5%107!
8 658 11.52 15.0 4.1X107!
9 667 7.2 23.0 42x107!

10 677 33 35.0 9.7X107!

11 690 2.4 73.0 2.2

where C(x,t) is the impurity concentration,
Ax =(x —x,) is the distance measured from the thin lay-
er position x, ¢ is the diffusion time, D is the diffusion
coefficient, and A is the total amount of the tracer. The
concentration depth profiles were analyzed on the basis of
Eq. (1) assuming that the concentration C is proportional
to the measured SIMS intensity of the impurity. The log-
arithm of the SIMS intensity of the diffusing tracer was
plotted against the square of the depth Ax? to yield the
diffusion penetration plots. The diffusion coefficients of
the tracer impurity atoms were determined from the
mean slopes of the straight Gaussian fits to the penetra-
tion plots of InC versus Ax2. If s, and s are the mean
slopes obtained from the penetration plots before and
after the diffusion annealing for a time ?, respectively,
then the diffusion coefficient D is calculated from the re-
lation

D=(1/s—1/s¢)/4t . 2)

Figures 1 and 2 represent the typical penetration plots
and the Gaussian fits for Be and Fe diffusion in amor-
phous TigNiy,, respectively. The corresponding plots for
the diffusion of B and Fe obtained from the alloy layer of
FeNiB are shown in Figs. 3(a) and 3(b), respectively. All
the data were background corrected before obtaining
these plots. Two features are worth noticing from these
plots: (i) the curves bend up in the vicinity of the concen-
tration maximum, i.e., at Ax =0 [cf. Figs. 1 and 3(a)] and
a slight overall curvature is visible which is most pro-
nounced in the plots for the nonannealed specimens (cf.
Fig. 2). The first feature pertaining to the enhanced in-
tensity in the vicinity of the concentration maximum is

A3
-
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Ax2(102nm?)

log,, ( Intensity )

FIG. 1. Typical Gaussian penetration plots corresponding to
the diffusion of Be in amorphous TigNig. The logarithm of Be
intensity as measured by SIMS is given after background
correction as a function of Ax2=(x —x,)?, where x, is the posi-
tion of the maximum in the concentration profile. The speci-
men number indicated on the plot refers to the annealing condi-
tions which are given in Table I. The lower curve denoted by
“0” is an example of the nonannealed state.
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Fe/Ti Ni,

log,, ( Intensity )

0 10 20
Ax2(102nm?)

FIG. 2. Typical Gaussian penetration plots corresponding to
the diffusion of Fe in amorphous TigNi,. The measurements
were carried out using pure Fe. The specimen number indicat-
ed on the plot refers to the annealing conditions which are given
in Table II. The curves denoted by “0” correspond to the
nonannealed state.

attributed to an enhancement in the ionization probabili-
ty during SIMS analysis. This enhancement arises prob-
ably due to contamination with the residual gas atmo-
sphere (mainly oxygen, nitrogen, and water vapors in the
pressure range of <10 % Pa) during specimen prepara-
tion in the UHV chamber.?> However, such contamina-
tion has no effect on the diffusion behavior of the tracer
impurity atom outside the contaminated region. The
data evaluation was thus restricted to the region lying
well outside the contaminated zone. The other
noteworthy feature relating to the slight curvature in
some of the Gaussian plots arises due to atomic mixing
effects during the sputter sectioning process which are
known to produce exponentially decaying concentration
profiles.?®

The slopes used for calculating D according to Eq. (2)
were obtained from the least-mean-squares fits to the
penetration plots shown in Figs. 1-3. Limits for these
fits were chosen in such a way that the minimum intensi-
ty considered was a factor of 2 higher than the observed
background intensity level, and the maximum intensity
was lying well outside the contaminated region near the
concentration maximum at Ax =0. As a result of the
subtraction procedure employed in Eq. (2) for calculating
D from the slopes of the penetration plots before and
after annealing, the influence of the above-mentioned
atomic mixing effects on the evaluation of diffusion
coefficients are considerably reduced. The D values for
the diffusion of Be, B, and Fe are summarized in Tables
I-III. The temperature dependence of these diffusion
coefficients is shown in the form of an Arrhenius plot in
Fig. 4. The errors of the D values reported here resulted
mainly from the error in the depth calibration and
amounted to 30—-50 %. They were estimated for different
series of measurements separately.

It is observed from Fig. 4 that the temperature depen-
dence of the diffusivity of the impurity atoms B, Be, Fe

and Si in the amorphous alloy TigNiy, is Arrhenius in
nature over the whole investigated temperature range
from 598 to 690 K. The values of the diffusion parame-
ters, viz., the activation energy Q and the prefactor D, as
obtained from fits of D =Dyexp(—Q /kzT) to the data in
Fig. 4, are given in Table IV.

As described above, the diffusion coefficients of Fe
were evaluated from the compound layer of FeNiB which
yielded the diffusivity values of both B and Fe in one and
the same specimen. In order to check the correctness of
the diffusivity values obtained by this procedure, the
diffusion rates of Fe were also measured in those speci-
mens on which a layer of pure Fe was sputter deposited.
It is seen from Fig. 4 and Table IV that both these pro-

log,, (Intensity )

0 50 100 150 200 250
Ax%(102nm?)

T T T T

Fe/TiNi,

log,, ( Intensity )

. 1
0 5 10 15 20 25
A x2(102nm?)

FIG. 3. (a) Typical Gaussian penetration plots corresponding
to the diffusion of B in amorphous TigNiy. The specimen num-
ber indicated on the plot refer to the annealing conditions given
in Table III. (b) Typical Gaussian penetration plots correspond-
ing to the diffusion of Fe in amorphous TigNig. The lower
curves denoted by B and Fe are from the nonannealed speci-
mens containing B and Fe, respectively. A layer of the FeNiB
alloy sputter deposited from the amorphous target Fey NiyB)g
was used in both of these measurements. The specimen num-
bers indicated on the plot refer to the annealing conditions
given in Table III.
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FIG. 4. The temperature dependence of the diffusion
coefficients of B, Be, Fe, and Si in amorphous TigNi in the Ar-
rhenius plot. Open symbols indicate diffusion coefficients of Fe
obtained from the simultaneous diffusion of Fe, Ni, and B. Si
data are taken from Ref. 21.

cedures yielded the same diffusivities within experimental
uncertainty. It is thus concluded that B has no
significant influence on the diffusivity of Fe in the present
investigation.

IV. DISCUSSION

A. Comparison with data in other amorphous
alloys and in crystalline a-Ti and a-Zr

Except the data of this study, no other direct measure-
ments of diffusion coefficients in an amorphous Ti-Ni al-
loy have been reported. The preliminary results of this
systematic investigation have been reported previously.??
However, two indirect estimates of diffusion coefficients
in compositionally different amorphous Ti-Ni alloys at
some specific temperatures only have been made. A
diffusion coefficient of about 107 !° m?s~! at 750 K has
been reported in an investigation dealing with the crystal-
lization of amorphous TiNig,2” while a diffusion
coefficient of about 10722 m?s~! at a much lower tem-
perature of 523 K has been estimated in an investigation
on solid-state amorphization of a Ti/Ni multilayer speci-
men.?® The diffusion coefficients estimated in these inves-

TABLE IV. Diffusion parameters in amorphous Tin}w.

Impurity at. radius D (650 K) Q D

(nm) (1072 m?2s~1)  (eV) (1073 m?s71)
B® 0.098 9.4 2.05+0.14 7.4Xx10"1EL1
Be 0.112 1.5 2.204£0.15 1.7X 10+
Fe* 0.126 2.1X107! 2.33+0.14 2.5X10FLD
Fe® 0.126 20X107! 2.39+0.14 6.8X10E:D
Si 0.132 3.5X1072 2.35+0.15 5.8X10"!EL®

*Using a pure Fe layer.
*Using an alloy layer of FeNiB.
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tigations may be considered to represent interdiffusion
coefficients in the respective binary Ti-Ni alloy. A com-
parison of these diffusion data may be attempted with the
diffusion rates of Fe from the present investigation. The
diffusion coefficient derived from the solid-state amorphi-
zation?® is higher than the diffusion coefficient of Fe by
about 3 orders of magnitude (Dg, =8.9X 1072 m?s™! at
523 K). This difference is quite noteworthy because it
resembles a respective difference between the diffusivities
of Ni and Fe in the related amorphous alloy ZrsyNisq
(Ref. 4) and is in agreement with the assumption that the
rate of solid-state amorphization of TiNi is limited by the
diffusion of Ni in the amorphous material. On the other
hand, the diffusivity obtained from the crystallization of
TiyNig, compares fairly well with our measurements in
which, at 750 K, a diffusion coefficient of
D, =5.6X10"" m?s~! is obtained. This may indicate
an additional rate limiting process which could be related
to the complicated morphology of crystalline TiNi and
TiNi, phases observed in this material.”’ In regard to im-
purity diffusion in amorphous alloys, it is worth mention-
ing that a strong compositional dependence for the
diffusion of the impurity Cu in the M-M-type amorphous
alloy Zr-Ni has earlier been reported.*

We shall compare in the following the data obtained in
amorphous TigNiy, with those available for the diffusion
of the same or similar-sized impurity atoms in other
amorphous alloys. The diffusion data of all the species
investigated here, namely, the B, Be, Fe, and Si have also
been measured in the M-Me glass Fe,oNigB,o.>?3° The
data for Be, Fe, and Si in Fe,,NiyB,, along with those in
amorphous TigNiy, have been plotted in Fig. 5 in the
form of normalized Arrhenius plots for D, i.e., InD versus
T, /T, where T, is the alloy crystallization temperature.

T T T T T T T
17+ 4
—-18} .
Co/Zr Nig,
~ —19F B
2 _ol B/Niy Nb, |
3 Fo/Zr Niy,
e -2 cf//{::::: b
2 Be/Ti Ni,,
8 -22p Fo/TiNi,
e/Fe Ni B,
-23} S‘;; /:a_“Ni‘B- 4
) I-, I.
-24} Si/Fe Ni B, B
1 1 1 1

110 120 1.30 1.40
T/

FIG. 5. The normalized Arrhenius plots of the diffusivity of
various diffusants in the M-Me-type Fe,,NisB,, and the M-M-
type TigNig, ZrsoNisg, and Nisg sNb,g s amorphous alloys. The
values of the diffusion data for plotting these lines have been
taken from the literature: Be, Si in FeyNiyB,o (Ref. 5); Fe in

FeyNigBy (Ref. 30); Cu, Fe, Co in ZrsNis, (Ref. 4); B in

Nisg sNbyy s (Ref. 15); B, Be, Fe, and Si in TigNiy, (see Table
Iv).
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The data for B diffusion in Fe,,NiyB,, (Ref. 29) have not
been included in this figure in view of their non-
Arrhenius nature. Such comparison of diffusion data in
amorphous alloys on normalized Arrhenius plots has ear-
lier been carried out™’ and these, in fact, are analogous to
comparing data on InD versus T,, /T plots in crystalline
materials (T, is the melting temperature). It is observed
from an intercomparison of normalized Arrhenius plots
in Fig. 5 that the diffusivity of the same species at a given
value of T, /T is higher in TigNi,, than in Fe,,Ni B,,.
This is consistent with the earlier observations”3! made
from such normalized plots that the diffusion coefficient
of a given species at the same value of the normalized
fraction T, /T is generally higher in an M-M-type than in
an M-Me-type amorphous alloy. It is suggested than the
energy barrier for the same migrating species is generally
smaller in M-M-type than in M-Me-type amorphous al-
loys. This, in turn, would mean a more open structure
for an M-M-type amorphous alloy in comparison to that
for an M-Me-type one. As is known, there are basic
structural differences between these two types of amor-
phous alloys. In particular, the metalloids in M-Me-type
alloys are prevented from making any direct hard-sphere
contact while the constituent metal atoms in M-M-type
amorphous alloys prefer a more random distribution.’? It
appears that the structure of M-Me amorphous alloys, in
which the metalloids are much smaller in size than the
metallic constituents, is closer to a dense random packing
than the structure of M-M-type amorphous alloys, where
the size difference of the constituent metal atoms is not so
large.? 3% We note that in a recent investigation®
diffusivity differences observed in the binary Fe-B and the
ternary Fe,Ni,oB,o have been correlated with the known
structural differences of these amorphous alloys.

As regards the diffusion of B, Be, Fe, and Si in other
M-M-type amorphous alloys, the data for the diffusion of
B in CoqsTiy, (Ref. 23) and Nisq sNby, 5 (Ref. 15) and for
the diffusion of Fe in Zrs;Nis, (Ref. 4) have been report-
ed. There are no data available for the diffusion of Be
and Si in any other M-M amorphous alloys except those
obtained in amorphous TigNiy, in the present study.
Agreement is observed between the B diffusivity at 650 K
in amorphous TigNiy, and Co4,Tiyg (Ref. 23) although in
the latter alloy Q=1.63 eV and D,=1.77X10"7 m?s~!
are observed which are both smaller than the respective
values in TigNig, (cf. Table IV). The B data in Co,4Tiy
have not been plotted in Fig. 5 as the crystallization tem-
perature of this alloy was not available. On the other
hand, the B diffusion in TigNigg is about 2-3 orders of
magnitude faster than in Nisg sNby, s when compared at
the same temperature (say 650 K) while the Fe diffusion
in TigNiyg is about 2 orders of magnitude slower than in
ZrsNiso. The much slower diffusion of B in Nisg sNbyg 5
could be attributed to the higher thermal stability of this
alloy as is also revealed by its significantly higher crystal-
lization temperature T, [T,=953 K for Nisg sNbyg s
(Ref. 15) as compared to T, =770 K for TigNig (Ref.
16)]. This assumption is supported by the presentation of
the B diffusion data in Fig. 5 which shows that the values
for the two alloys lie much closer together if they are
compared at the same normalized temperature 7 /T,.
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The trend of an even lower B diffusivity in TigNi,, than
in Nisg sNby, 5 visible in this type of normalized plot
might be traced back to a respective difference of the pre-
factors D, of the diffusion coefficients. As the crystalliza-
tion temperatures of TigNisy and Zrs;Nisy do not differ
considerably from each other [T, =750 K for ZrNis,
(Ref. 35)], the faster diffusion of Fe in Zr;,Nis, than in
TigoNiyg is quite noteworthy (cf. Fig. 5).

In addition to the diffusion data of Fe, those of the
similar-sized impurity atoms Cu and Co in Zrs;Nis, have
also been reported* and are plotted in Fig. 5. It is seen
from this figure that Fe, Cu, and Co diffuse much faster
in ZrsoNisy than the much smaller Be atoms in amor-
phous TigNig,. This is an interesting observation and is
perhaps related to the properties of the different matrices
containing either Ti or Zr. In this regard, the diffusivity
trends in crystalline a-Ti and a-Zr (Refs. 36 and 37) will
be worth examining. In the case of crystalline a-Ti and
a-Zr, the diffusivity values show the trend D¢, (in a-
Zr)> D¢, (in a-Zr)> Dg(in a-Zr)> Dy, (in a-Ti)> D,
(in @-Ti).*® This trend remains valid even at some nor-
malized reciprocal temperature T,, /T, where T,, is the
melting temperature of Ti or Zr and is analogous to the
analysis presented for amorphous alloys in the form of
normalized plots of In(D) versus T, /T. It is noted that
the trend of impurity diffusivities in crystalline a-Ti and
a-Zr, in fact, nearly resembles the observed trend of the
corresponding diffusivities in the amorphous TigNiy, and
ZrNis, alloys (cf. Fig. 5), and thus the difference in the
diffusion rates in the two amorphous alloys seems to be
related to the differences in the alloy matrices in the two
cases. It appears that a replacement of Zr by Ti in a
given type of M-M amorphous alloy may lead to a de-
crease in the impurity diffusion rates.

A word of caution would be advisable here in regard to
drawing conclusions on the basis of a comparison of data
on a normalized Arrhenius plot as shown in Fig. 5. The
normalization parameter T, is not a uniquely defined
quantity because it is prone to variations by 20-80 K de-
pending on the heating rates used for its measurement.
Therefore, the T, values at the same heating rate for the
alloys considered in such a comparison must be used.
However, normalized Arrhenius plots have been found to
be quite useful when the comparison involves either the
same diffusing species in several amorphous alloys or the
different species in a given amorphous alloy system.>”

B. Validity of the size dependence

A size dependence of D according to which smaller
atoms diffuse faster than bigger ones has previously been
shown to hold in amorphous ZrgNij (Ref. 12) and
ZrsNisy.* It was suggested!? that such size dependence
is possibly a general feature of M-M-type amorphous al-
loys, but shows a number of exceptions in the case of M-
Me-type amorphous alloys. Indeed, in a recent investiga-
tion on diffusion in the M-Me amorphous alloy
FeNiyB,g, it has been shown that the size dependence
of D holds in this alloy for Be, Ni, Fe, Cu, P, Si, and Ti,
but at the same time it does not hold for Au.® Exceptions
from the rule were also observed in Feg,B s, > where the
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size dependence of D holds for Cu, Si, and Au, but fails
for Al and Sb, and in Pd,;CuSi ¢, ¢ where the rule is ob-
served for Pt, Au, T, Tb, and Bi, but does not hold for Ir,
W, and Hg. It was argued® that the presence of metal-
loids and the resulting strong chemical effects between
the matrix and the diffusing atoms may conceal an other-
wise possible size dependence of D for certain diffusing
species in these alloys.

With regard to Fig. 4 the validity of the size depen-
dence of D for the impurity data obtained in the M-M-
type amorphous TigNiy, is obvious when the different
impurities are compared on the basis of their metallic ra-
dii for a coordination number of 12. It is seen that the
small boron atoms (atomic size rz=0.098 nm) diffuse
about 2 orders of magnitude faster than the big silicon
atoms (r5;=0.132 nm) and the diffusivities of Be
(rge=0.112) and Fe (rg,=0.126) have intermediate
values following the trend Dg>Dg, >Dg, > Dg. This
trend of the diffusivity values in amorphous TigNi,, is
opposite to the trend of the atomic size of the diffusing
impurity atoms, namely, rg <rg, <rg, <rs, thus indeed
suggesting the size dependence of D in this alloy.?> A plot
of D versus the atomic radius r at 650 K, a temperature
lying in the middle of the investigated temperature re-
gime is shown in Fig. 6. It can be seen from Fig. 4 that
the magnitude of the size dependence shown in Fig. 6
practically does not change over the entire temperature
range 598-690 K investigated here.

The size dependence of D has been verified in several
other M-M-type amorphous alloys beyond Zr-Ni and Ti-
Ni, viz., in Zr-Fe,!* Zr-Co,* and Ni-Nb.!>4 Neverthe-
less, for M-M-type amorphous alloys this dependence, in
all probability, is not general, because in Zrg;Ni;; (Ref.
41) and NigNb,, (Ref. 40) the impurity Pb is observed to
diffuse faster than Au despite its larger atomic radius,
and in ZryNiy, the diffusivity of Ag is more than 1 order
of magnitude higher than that of Au despite their atomic
radii are practically equal.*?

A correlation of the diffusion coefficient with the size
of the diffusing atom can be interpreted qualitatively as
being caused by different elastic distortions of the matrix
during the thermally activated jump of the differently
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(D at 650K)

1
0.10 0.11 0.12 0.13 0.14
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FIG. 6. The plot of the diffusion coefficient D of various
diffusing species in the amorphous alloy TigNiy, at 650 K vs
their atomic radii. The line was drawn visually.
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sized atoms. Such an interpretation would imply an
influence of the size of the effective activation energy Q as
well. Recently for several M-M-type amorphous alloys a
linear correlation of Q and the quantity kT, (V;/V,)%/¢
was proposed,'? where the V; and V, are the molar
volumes of the diffusing impurity and the smaller of the
matrix atoms, respectively. This correlation does, in fact,
represent the size dependence of the activation energy Q
normalized to the crystallization temperature T,. It is
based on the assumption that T, is proportional to the
formation energy of a hole of the size of the smaller of
the matrix atoms*** and the relation has been simply
scaled by the ratio of the molar volumes of the impurity
and the matrix atom, i.e., by (¥;/V,)*’5, to represent the
formation energy of a hole of size of the diffusing atom.
It can be observed from Table IV and Fig. 7 that there is,
within the experimental uncertainties, a trend of an in-
crease in Q with an increase in the size of the diffusing
impurity atom in amorphous TigNi,,. However, this
trend is small compared to the FeNiB system. A similar
trend of increasing Q with increase in the size of the
diffusing atom is also noticed in other systematic investi-
gations in both metal-metal-type Zr¢;Nij2, ZrsNisp,* and
metal-metalloid-type Fe,NigBy, > ?% and Pd,sCugSi;q
(Ref. 6) amorphous alloys. The data reported in these in-
vestigations are collected in Table V.

The atomic size effect on diffusion is only one of several
factors affecting the diffusion rate. Other factors are the
structure of the matrix and the electronic configuration
of the impurity and the solvent species. A clear size
dependence can be expected only if chemically and
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FIG. 7. The plot of the activation energy Q of various

diffusing species in the amorphous alloys TigNiy (cf. Table 1IV)
and FeNigB,, (Ref. 5) vs their atomic radii.
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TABLE V. Size dependence of the activation energy for
different amorphous alloys.

Alloy system Impurity Atomic radius (nm) Q (eV)
Zrg;Ni;g Cu 0.128 1.33
Ref. 12 Au 0.144 1.66
Al 0.143 1.68
Sb 0.159 2.07
ZrsoNis, Ni 0.124 1.45
Ref. 4 Co 0.125 1.40
Cu 0.128 1.57
Fe 0.126 1.64
Au 0.144 1.77
Pd78Cu165i6 Pt 0.138 1.39
Ref. 6 Au 0.144 2.10
Tl 0.171 2.70
Hg 0.157 2.79
Pb 0.175 2.98
w 0.139 3.19
Bi 0.170 3.69
Ir 0.136 3.99

structurally similar systems are compared. It seems that
the M-M-type amorphous alloys are systems for which
chemical and structural effects are less important than for
M-Me-type amorphous alloys. Finally we should em-
phasize that in case of a clear dependence of the
diffusivity and of the effective activation energy on the
size of the diffusing impurity, a preferential single jump
mechanism of diffusion is indicated since the specific im-
purity and not the matrix atoms surrounding it obviously
determine the diffusion jump in this case.

C. Comparison of the diffusion behavior
in amorphous alloys and crystals

The observation of linear Arrhenius plots representing
the temperature dependence of D is suggestive of some
specific mechanism of diffusion in these alloys. The ab-
sence of translational periodicity in amorphous alloys will
lead to the assumption that the local atomic structure is
different at each point in these materials. As a result the
potential barrier for atomic migration should be non-
periodic and of different heights. Under these conditions
the measured values of D, and Q would represent aver-
age values over many different diffusion jumps. However,
on the basis of observed straight Arrhenius plots for
diffusion it was suggested* ~*’ that the distribution of ac-
tivation barrier heights to individual diffusion jumps is
fairly narrow in amorphous alloys.

On the basis of this observation diffusion in amorphous
alloys can be characterized by the two experimental
diffusion parameters, the prefactor D, and the activation
energy Q, which are determined by the diffusion mecha-
nism. It is expected that varying diffusion mechanisms
between crystalline and amorphous alloys will show up in
a different behavior of these parameters. An empirical
correlation between the prefactors and the activation en-
ergies of reaction rates of closely related chemical reac-

tions has been frequently observed and is known as the
isokinetic relation or compensation effect.*®*° For
diffusion rates this relationship leads to

InD,=In4A +Q/B , (3)

which is expected to be fulfilled with specific parameters
A and B for a whole set of diffusion coefficients if they
are based on a common diffusion mechanism. However,
the equivalence of two diffusion mechanisms cannot
necessarily be concluded from a near coincidence in the
parameters A and B.

Figure 8 shows a plot of InD, versus Q for the diffusion
data reported in systematic studies of several metal-
metal-type Zr- and Ti-based amorphous alloys. In spite
of the relatively large scatter the data are obviously
correlated according to Eq. (3) with the values of the pa-
rameters A and B as 9.8 X 1072! m?s~! and 0.053 eV, re-
spectively. These values are determined mainly by the
data obtained on Zr-based amorphous alloys which cover
the large range of more than 20 orders of magnitude in
D,. The parameters 4 and B are the same within experi-
mental uncertainty as were reported for several amor-
phous alloys'>>® and for Fe,NiB,, and Pd;gCu,¢Si in a
recent investigation.’ In order to see any distinct
difference between the amorphous Zr- and Ti-based al-
loys and the crystalline a-Zr and a-Ti, the data reported
for crystalline a-Zr and a-Ti (Refs. 36 and 37) have also
been plotted in Fig. 8. Only the data reported in high-
purity single crystals have been considered in this plot.
The main reason for doing so stems from the fact that the
presence of impurities in these materials are known to
have a drastic effect on the diffusion behavior of a given
species and thus the data obtained only in high-purity
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FIG. 8. The plot of InD, vs Q. Each symbol represents the
data for self- or impurity diffusion in a given matrix. The data
for different matrices have been taken from TigNiy, (Table IV);
Ti-Co (Ref. 23), Zr-Ni, Zr-Co, Zr-Fe, Zr-Cu (Ref. 10), and a-Ti,
a-Zr (Ref. 38).
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single crystals can be regarded to be least influenced by
such effects.’! Though there are not many data points
available in crystalline a-Zr and a-Ti,* a trend which is
quite different from that observed for amorphous alloys
arises from Fig. 8 leading to 4=1.4X10"7 m?/s and
B =0.35 eV. A similar comparison has been performed
for the data obtained in amorphous Fe,NiyB,, and
Pd;3Cu¢Sig and the corresponding crystalline alloy con-
stituents Fe, Ni, Pd, and Cu (Ref. 5) yielding also dis-
tinctly different trends in the amorphous and the crystal-
line cases. The parameters 4 and B are summarized in
Table VI. This table also includes the values obtained for
hydrogen diffusion in amorphous alloys which are quite
different from those for the diffusion of all other diffusing
atoms.!? The other noteworthy feature from Table VI
pertains to the fact that the values of 4 and B are practi-
cally the same in a given class of materials, i.e., either
amorphous or crystalline, thus suggesting that the atomic
migration process in the materials of a given class (either
in M-M/M-Me-type amorphous alloys, or in crystalline
materials) must be similar. However, the different values
obtained for A and B for the amorphous and crystalline
materials are indicative of different diffusion mechanism
in the two cases.

With regard to the compensation effect, the parameters
A and B are the coordinates of a common intersection
point of the family of diffusion coefficients in the Ar-
rhenius plot.* The mean temperature T,,=B/kp of
this intersection derived for all the values of the Zr- and
Ti-based amorphous alloys shown in Fig. 8 amounts to
less than 700 K. By inspection of the individual Ar-
rhenius plots of the TigNiy, amorphous alloy in Fig. 4 a
common intersection point of T, of about 2000 K is es-
timated, significantly different from the mean value even
with regard to the uncertainties given in Table IV for the
individual diffusion parameters. Although the impor-
tance of this difference is not clear, it does not invalidate
the above general statement that different diffusion mech-
anisms are operating in amorphous and crystalline ma-
terials.

If diffusion in amorphous alloys can be described by
jump processes like the diffusion in crystals then the pa-

rameters A and B are identified as*>
A=a’gfv,, 4)
B=kzQ/AS . (5)

Here a is the effective jump distance, g the geometric fac-
tor, f the correlation factor, v, the jump attempt frequen-
cy, and AS represents the change in the activation entro-
py during the jump process. In the framework of this
crystalline analogy to diffusion in amorphous materials,
the large difference of more than 10 orders of magnitude
between the values of A for the amorphous and the crys-
talline cases must result from the significantly different
values of the various constituent factors in Eq. (4) in the
two cases. It may be possible to account to some extent
for the low value of A in the case of amorphous alloys in
terms of the low values of all these factors, namely, vy, a,
and f, which in crystals take on values of approximately
10'® s, one lattice spacing, and near unity, respectively.

There are experimental and theoretical indications that
the attempt jump frequency v, and the mean jump dis-
tance ag are smaller in amorphous than in crystalline ma-
terials. From a study of internal friction of the amor-
phous Pd,; sCugSij¢ s alloy®® it was concluded that a cer-
tain internal friction maximum which appeared around
640 K, i.e., below the crystallization temperature, was re-
lated to the mobility of a cluster of about 100 atoms. The
relaxation frequency was observed to be thermally ac-
tivated with an attempt frequency of vy=5X10° s~}
much smaller than the generally assumed value of
10857 ! in crystalline materials. This observation fits to
recent calculations® which showed that localized low-
frequency vibrational modes exist in soft-potential model
glasses, and that up to 100 atoms participate in the soft-
mode performing jump distances of a few percent of the
mean atomic distance. The evaluation of the correlation
factor f for such a complex diffusion mechanism, which
is not so straightforward as known in crystalline cases,?*
is really difficult.”> For a highly correlated diffusion pro-
cess as would be the case for a mechanism involving
several atoms, the f is expected to attain a value much
smaller than unity.’® However, unless the correlation fac-

TABLE VI. The values of the parameters 4 and B [cf. Eq. (3) of the text] in different systems.

A B

System (m?s7!) (eV) Ref.
Amorph. Zr- and Ti- 9.8 X 107 21%1L3 0.053+0.005 This work
based alloys
Single-cryst. a-Ti 1.4x1077 0.384 This work
and a-Zr
Amorph. FeNiB 9.5%x10~2! 0.054 5
and PdCuSi
Cryst. Fe, Ni, 2.8x1077 0.412 5
Cu, and Pd
M-Me- and M-M-type 8.5%x107% 0.054 12
amorph. alloys
Hydrogen in amorph. 8.9x10~ ! 0.038 12

alloys
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tor becomes extremely small the above evidences for a
cooperative jump mechanism are not sufficient to explain
quantitatively the huge difference of the parameter 4 de-
rived for amorphous and the crystalline material by using
an expression like Eq. (4).

A linear relation between the activation energy Q and
the entropy change AS as given by Eq. (5) has been de-
rived earlier for interstitial diffusion in bcc metals, e.g.,
for the diffusion of carbon in a-Fe, by using thermo-
dynamic considerations.’”*® As a result of these con-
siderations, the parameter B was related to the tempera-
ture dependence of the elastic modulus, and
B=kyT,, /0.35 was predicted in accordance with experi-
mental observation. It was shown that a similar relation
holds for impurity diffusion in fcc crystals. The entropy
change AS, according to Eq. (5), is then derived to be
(1-5)kp depending on the actual activation energy and
melting temperature of the crystal. In amorphous alloys
the parameter B is about 1 order of magnitude smaller
than in crystals (cf. Table VI) which implies an entropy
change AS for diffusion in these materials of (20-40)kj.
This large value suggests cooperative motion of a larger
number of atoms in a qualitative accord with the discus-
sion on the parameter A4 in the previous paragraph.
Therefore, considering the above interpretation of the
values of the parameters 4 and B together, the observed
low value of 4 and a significantly large value of AS in our
analysis of diffusion data tend to suggest that the
diffusion mechanism in amorphous alloys possibly in-
volves a collective motion by a group of atoms rather
than a single atom jump as in crystals. However, a quan-
titative description cannot be achieved by the usually ap-
plied schemes of interpretation. In this context it is
noteworthy that the values of 4 and B obtained for hy-
drogen diffusion in amorphous alloys,'? when interpreted
as given above, suggest that hydrogen diffuses by an in-
terstitial process.

In the following, other experimental results relevant
for an understanding of the diffusion mechanism in amor-
phous alloys are discussed. Impurities in substitutional
metal crystals generally diffuse via vacancies in thermal
equilibrium, i.e., via localized point defects, which can be
identified by the pressure dependence and the isotope
effect of the diffusion coefficient. The possible existence
of vacancylike defects in thermal equilibrium in relaxed
amorphous Co,¢ ;Fe,Nb,, ;B; was investigated recently
by performing for the diffusing cobalt atoms both pres-
sure dependence and isotope effect measurements.”” A
vanishingly small pressure dependence and a very weak
isotope effect of E =0.1 were found which led to the con-
clusion that cobalt diffusion in this alloy does not occur
via a vacancylike defect but by a cooperative mechanism
involving some ten atoms. Further measurements of iso-
tope effect in the same material® showed that in the as-
quenched state vacancylike defects are present which an-
nealed during the thermal relaxation of the material.
This result was interpreted as a transition from a prefer-
ential single-atom jump mechanism operating in the as-
quenched state, to a highly cooperative diffusion mecha-
nism in the structurally relaxed state of the metallic glass.
However, the results of these measurements are in con-
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trast to similar measurements of the pressure dependence
of Co diffusion in amorphous Zr-Ni alloys,®! where an ac-
tivation volume of ~(8-20)X1073° m® was estimated
which is slightly larger than one atomic volume. A simi-
lar value was also derived from an analysis of the crystal-
lization kinetics of amorphous (FeNi)g(PB),. 2

The contrasting results of activation volume obtained
by pressure effect measurements in amorphous
Co44.,Fe;,Nby, ;B; (Ref. 59) and (FeNi)g(PB), (Ref. 62)
alloys, which are both of M-Me type, were rationalized®
within the model of free volume by assuming two possible
types of activation volume: a larger one existing at high
temperatures near the glass transition (AV qy;) and a
smaller one existing at lower temperatures (AVig config )-
This interpretation does not hold, however, if the high
activation volume observed in the relaxed M-M-type Zr-
Ni alloy®! at the low temperature of 573 K is considered.
It is yet an open question, whether or not these
discrepancies result from possible structural differences
between the different amorphous alloys.

The interpretation of the data reported in this paper
brings out two points which are not reconcilable. On the
one hand, it has been shown that the diffusivity and the
activation energy of diffusion depend on the size of the
diffusing impurity (cf. Figs. 6 and 7, and Table V). This
observation would indicate a preferential single-jump
mechanism of the impurity. On the other hand, the ob-
served isokinetic relation (cf. Fig. 8) suggests that a fun-
damentally different diffusion mechanism is operating in
the amorphous alloys as compared to that in crystalline
material. An interpretation of this effect in terms of pa-
rameters like attempt frequency, jump distance, correla-
tion factor, and entropy change during the jump would
suggest that a cooperative jump mechanism is operating
in amorphous alloys. The available pressure effect mea-
surements are not helpful to resolving the conflicting in-
terpretations as they show mutually inconsistent results.
This shows clearly that the pin-pointing of the actual
diffusion mechanism in amorphous alloys is still debat-
able.

V. CONCLUSIONS

The measurement of tracer diffusion coefficients D of
several impurity atoms in amorphous TigNiy, in the tem-
perature range 598—-690 K by SIMS indicated the follow-
ing.

(i) B atoms with the smallest size had the highest
diffusion rates followed by those of Be, Fe, and Si. This
trend of the diffusivities is opposite to the trend of the
atomic radii of the diffusing species, thus suggesting the
size dependence of D in this amorphous alloy.

(i) The measured diffusion coefficients can be described
by the Arrhenius relation D =Dyexp(—Q /kpT) in the
temperature range between 598 and 690 K, yielding the
activation energy Q as (2.05%0.14), (2.20£0.15),
(2.3310.14), and (2.35%0.15) eV for the diffusion of B,
Be, Fe, and Si, respectively. These values are indicative
of a trend of the increasing activation energy with the in-
crease in the size of the diffusing impurity atom and thus
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of a size dependence of the activation energy.

(iii) A comparison of the diffusion data in amorphous
TigeNisg and those reported in Zr-based amorphous alloys
with the available data in crystalline a-Ti and a-Zr sug-
gests a trend according to which the diffusivity is general-
ly smaller in Ti-based alloys than in Zr-based alloys.

(iv) A comparison of the diffusion parameters D, and
Q in the amorphous TigNi, and other amorphous alloys
with those available in the corresponding crystalline con-
stituents suggests that the atom transport mechanism in
amorphous alloys is different from that operating in crys-
tals.
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