Relationship between the shear viscosity and
heating rate of metallic glasses below Tg
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It has been shown that the shear viscosity of bulk and ribbon glassy Pd;,CuzoNijoPy at temperatures

T<T, (T, is the glass transition temperature) follows a simple relationship, In 7(T)=B(T)-In T, where T is the
heating rate and B depends only on temperature. This means, in particular, that In 7(7) dependencies measured

at different heating rates can be superposed by a simple vertical shift and the derivative d1n 7/d1n T| T=const
=-1. Such a behavior is indeed found for glassy Pd,CusoNi;oP,y. The experimental viscosity data derived
earlier on other metallic glasses follow the same relationship. It is argued that this relationship originates from
stress-oriented irreversible structural relaxation with distributed activation energies.
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I. INTRODUCTION

Metallic glasses (MGs) attract considerable attention due
to their unique physical properties and recently developed
techniques of preparation of samples in the bulk form.'?
Among the other physical characteristics of MGs, the shear
viscosity 7 is one of the most important kinetic parameters
controlling their atomic mobility and, hence, the glass-
forming ability and relaxation kinetics of many physical
properties below the glass transition temperature Tg.3’5 In
particular, it has been long known that the shear viscosity of
MGs changes by orders of magnitude upon structural relax-
ation below Tg.6 It is, therefore, of major importance from
both scientific and application viewpoints to study the kinetic
viscosity laws upon different experimental conditions.

At a constant temperature, the shear viscosity linearly in-
creases with time (after a short transient), while the viscosity
growth rate decreases with temperature, as it was found as
far back as in the early eighties.”® Upon heating at a constant

rate T, the heating rate dependence of the shear viscosity was
first explicitly reported in Ref. 9 for a Co-based ribbon glass.
Later, this dependence was reported in Refs. 10-12 for
ribbon Finemet Fe73'5Cu1Nb3Si13_5B9 and ribbon/bulk

Zrs, sTisCuy; oNiy Aly,. It was found that 7(7) dependence
below T, is pretty strong and its isothermal cuts show that
the viscosity linearly increases with the inverse heating rate.
All the aforementioned features of both isothermal and linear
heating viscosity behavior below T, were consistently ex-
plained within the framework of the directional structural
relaxation (DSR) model>'? as a result of stress-oriented irre-
versible structural relaxation with distributed activation en-
ergies.

In this report, we extend the 7(T,T) study on bulk and
ribbon Pd,yCu;gNioP,o, which is currently considered as a
model nondecomposing (above T,) glass with exceptionally
high glass forming ability and propose a new simple relation-
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ship between the shear viscosity and heating rate based on
the DSR model.

II. EXPERIMENT

The initial Pd4,Cus,Ni;oP, (at. %) master alloy was pre-
pared by direct melting of the components (purity not worse
than 99.95) by a two-zone method in a thick-walled quartz
vial under controlled phosphorus pressure. A part of this al-
loy was used to prepare the ribbon (27-34 um thick and
0.6-0.8 mm wide) by a conventional single roller melt
quenching technique. The other part was jet quenched into a
copper mold with a 2 X 5 X 60 mm? cavity. The melt quench-
ing rate R in this case was directly measured by digitizing the
signal of a thermocouple placed in the center of the cavity
and found to be 70<R<350 K/s near T, X-ray mi-
croanalysis of bulk bars as well as that of the ribbons showed
that the variations of the chemical composition do not exceed
1 at. %. Bulk and ribbon samples were carefully checked by
x rays (diffractometer Seifert XRD 300 PTS) to be com-
pletely amorphous. Differential scanning calorimetry (DSC)
was carried out by a Perkin-Elmer DSC-7 instrument.

The shear viscosity was calculated from linear heating
creep data. Tensile creep measurements were performed by a
quartz Setaram TMA-92 thermomechanical analyzer and by
a homemade quartz instrument with similar characteristics in

the range of the heating rates 0.3<7'< 10 K/min. The gauge
length of samples was about 15 mm while the sensor resolu-
tion was set in-between 0.1 and 0.01 wm depending on the
heating rate. At a given heating rate and sample type (bulk/
ribbon), the creep test was taken twice, under the tensile
stresses of about 8 and 120 MPa (held to within 10%—15%).
The runs under 8§ MPa were used as reference measurements
and, to eliminate the unwanted thermal expansion of the in-
struments, were subtracted from the creep data taken at
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FIG. 1. (Color online) Temperature dependencies of the loga-
rithm of the shear viscosity of bulk and ribbon Pd,oCusoNi;oP,, at
two indicated heating rates. Literature data on the equilibrium shear
viscosity of similar glasses are also shown. The arrow denotes the
glass transition temperature measured by DSC at 5 K/min. It is
seen that the In 7(T) dependencies below T, are nearly parallel each
other as shown by five equal vertical bars, in accordance with the
expectations, see the text. Isothermal viscosity changes of bulk
samples at 7=513, 517, and 529 K are given for a comparison.

120 MPa (see Ref. 9 for details). Every differential tensile
strain-temperature curve was subjected to a ten-point adja-
cent averaging and numerically differentiated after that. The
shear viscosity was then calculated as n=0,/3€,s, where
the effective plastic strain rate &= %(s—sre_f), € is the strain
determined under the stress o (=120 MPa), &,,; is the strain
measured under the stress o, (=8 MPa), and the effective
SUrESS O ,pp=0— 0 pp.

III. RESULTS AND DISCUSSION

Figure 1 shows temperature dependencies of the loga-
rithm of the shear viscosity of bulk and ribbon
Pd,;(Cu3yNioP5 at the heating rates of 0.33 and 10 K/min.
The literature data by Busch et al.'* and Wilde et al.'> on the
quasiequilibrium viscosity (i.e., in the supercooled liquid
state) of similar glasses (approximated by a straight line) are
also shown. The arrow gives the glass transition temperature
determined as a midpoint between the two tangents drawn
below and above the glass transition region on a DSC curve
taken at 5 K/min. The following features are to be noted.

(i) There is a strong heating rate dependence of the shear
viscosity below T, similar to other MGs (Refs. 10-12) while

at T=T, the In 5(T, T) curves merge defining a clear quasi-
equilibrium viscosity curve together with the aforementioned
literature data.

(ii) The mergence of the viscosity data above T, is in
sharp contrast with previous investigations'!? of bulk and
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ribbon Zrs, sTisCu,; oNi;4 ¢Al;o, which showed a strong 7(T)
dependence even above T, (although in that case # increased

with 7, contrary to the T<T, temperature range). It was
discussed earlier that this feature of Zr glass could be ex-
plained by its phase decomposition above T,.'"12

(iii) Within the data scatter, we did not find any notable
differences in the viscosity behavior of bulk and ribbon
samples both below and above T, in spite of a distinction of
about four orders of magnitude in the production quenching
rates. This rather surprising finding will be discussed in a
separate publication. It could be just briefly mentioned that a
minor effect of such a huge change of the production
quenching rate was earlier noticed upon measurements of
linear heating internal friction'® and isothermal stress
relaxation'” of bulk/ribbon glassy Zrs, sTisCuy; oNij4¢Al;o,
creep'? and isothermal/linear heating stress relaxation!® of
bulk/ribbon Pd,;¢Cu3oNi;oPsg. It turns out, therefore, that such
a behavior could be characteristic of MGs. According to gen-
erally accepted classical phenomenological picture of the
glass transition as a kinetic phenomenon,'” a change of the
production quenching rate must result in a change of the
density while the latter determines the amount of the free
volume. The independence of aforementioned viscoelastic
and anelastic properties on the production quenching rate,
therefore, could question the role of the free volume as a key
parameter controlling the kinetics of structural relaxation and
related viscoelastic phenomena.!”-13

(iv) Five equal vertical bars in Fig. 1 show that the
In 7(T) dependencies taken at different heating rates can be
superposed just by a parallel shift along the ordinate axis.
This procedure is valid for all temperatures, which are lower
than T, by 20-30 K. It should be emphasized that the same
situation could be noticed for Finemet Fe,3 sCu;Nb3Sij35Bg
(Ref. 10) (this glass does not display any caloric glass
transition and the viscosity curves can be superposed by a
vertical ~shift just almost exactly) and bulk/ribbon
Zr52_5T15Cu17‘9Ni14_6A110 (See F]g 2 in Ref. ]2) Since this
superposition seems to be a common feature of MGs, it is
worth close attention. This feature could be understood as
follows.

Irreversible structural relaxation occurring below T, has a
pronounced effect on the viscous flow behavior of MGs. For
instance, three arrows in Fig. 1 show the isothermal viscosity
growth of three different as-cast bulk samples heated up to
T=513, 517, and 529 K at a rate of 5 K/min, preannealed
for =100 s and tested under stress at these temperatures for
14000 s. It is seen that this relatively short annealing in-
creases the shear viscosity by about an order of magnitude.
Meanwhile, it was reported long ago that the shear viscosity
of MGs at a given temperature can increase by five orders of
magnitude as a result of irreversible structural relaxation.
The effect of irreversible structural relaxation on various vis-
coelastic properties (isothermal and linear heating creep,
stress relaxation, low frequency internal friction, and strain
recovery) was recently successfully described within the
framework of the aforementioned DSR model (see Refs. 5,
13, and 20 for a review of the model and its application to
structural relaxation-induced viscoelastic phenomena). For

the shear viscosity upon linear heating at a rate T, the DSR
model gives>!3
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(1) = {N[Eo(T)IQCAT}™, (1)

where N, is the volume density of “relaxation centers” per
unit activation energy interval, C is a parameter accounting
for the orienting effect of the external stress on irreversible
rearrangements in relaxation centers, which on the average
comprise a volume (), and E, is the characteristic activation
energy of these rearrangements connected with current tem-
perature according to E,=AT with A=3.1X107 eV/K.
Equation (1) can be rewritten as

In 9o(T)=B(T)-InT, (2)

where B=—-In(Ny)CA) depends only on temperature (activa-
tion energy). Equation (2) shows that if viscosity measure-

ments are done under two different heating rates, Tl and Tz,
then the relationship

w20y T2 3)

772(T2) Tl
should be valid for any temperature. For instance, if like in

Fig. 1, T|=10 K/min and T2=0.33 K/min, then the loga-
rithm of the ratio of the corresponding viscosities should be
equal to In(10/0.33) = 3.41 at any temperature 7<T,. There-
fore, on the In 7(7T) plot, the two viscosity curves taken at
aforementioned heating rates should be separated by the
amount of 3.41 along the ordinate axis. Returning back to
Fig. 1, one can notice that the viscosity curves are shifted by
the length of a vertical bar, which equals to =3.3, in excel-
lent agreement with the prediction of Eq. (2).

On the other hand, Eq. (2) implies that for any tempera-

ture T=const, In % should linearly decrease with In 7" and
the angle coefficient of this dependence should be k

=dln n/dln T|T=C,,,,S,:—1. This prediction could be checked
by making isothermal cuts of temperature dependencies of
the shear viscosity measured at different heating rates. The
corresponding results for bulk and ribbon Pd;,Cu;,Ni;oP5q
are given in Fig. 2 for the cuts taken at 7=400, 425, 450,
500, and 525 K. The root-mean-square linear approximations

of In 7(In 7) data and the corresponding angle coefficients k
together with their standard deviations are also shown. It is
seen that the angle coefficients within the data scatter are
indeed close to —1. It is also worthy of notice that we did not
find any statistically significant difference between the data
taken on bulk and ribbon samples.

Another way to check Eq. (1) is to plot 7 as a function of
the inverse heating rate at 7=const. It was carefully shown
earlier>' !> on ribbon Finemet Fe,;sCu;Nb;Sij;sBy and
ribbon/bulk Zrs, sTisCu;; oNij4 Al that such a dependence
is indeed observed.

It is to be concluded, therefore, that Eq. (1) and its modi-
fications [Egs. (2) and (3)] provide a good explanation for
the shear viscosity behavior upon linear heating with differ-
ent heating rates below 7,. Since this equation was derived
within the DSR model and taking into account the fact that
this model gives a good description of other structural
relaxation-induced viscoelastic properties of MGs, one can
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FIG. 2. (Color online) The shear viscosity of bulk (closed sym-
bols) and ribbon (open symbols) PdCusoNi; (P, at indicated tem-
peratures as a function of the heating rate on the logarithmic scales
on both axes. It is seen that In 7(In 7) dependencies within the error
can be approximated by a straight line with the angle coefficient

k=d1n 7/91n T=—1, in accordance with Eq. (2).

assert that the shear viscosity behavior of metallic glasses
upon linear heating below T, is conditioned by irreversible
structural relaxation, as implied by the DSR model. Within
the framework of the latter, irreversible structural relaxation
is viewed as a set of stress-oriented local irreversible two-
stage atomic rearrangements with continuously distributed
activation energies.>!320

IV. CONCLUSIONS

Detailed linear heating creep study of bulk and ribbon
glassy Pd;,CusgNi;oP,y has been performed. No significant
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difference between the shear viscosity behavior of bulk and
ribbon samples has been found, in spite of a four-orders-of-
magnitude difference in the production quenching rates.
Below T, the temperature dependencies of the shear vis-
cosity measured at different heating rates follow a simple
relationship given by Eq. (2), which was derived within the
framework of the DSR model. Consequently, two viscosity

curves measured at two heating rates, Tl and Tz, can be
superposed by a shift equal to In(7,/T,;) along the In 7

PHYSICAL REVIEW B 73, 092107 (2006)

axis, as exemplified by Fig. 1. At T=const, the logarithm of
the shear viscosity linearly decreases with logarithm of the
heating rate and the corresponding angle -coefficient
within the error equals to minus one, in accordance with
Eq. (2). The fact of applicability of Eq. (2) strongly implies
that the heating rate dependence of the shear viscosity of
metallic glasses originates from stress-oriented irreversible
structural relaxation with continuously distributed activation
energies.
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