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Bulk samples of Pd41Ni10Cu29P20 glass were tested at constant true stresss20–636 MPad in
compression at 550, 555, and 565 K to study the transition from steady-state creep at low stress to
deformation-induced softening at high stress. In the high-stress regime strongly accelerating creep
was observed. All deformation was homogeneous. The activation volume was 106 Å3. The
isoconfigurational activation energy was 9.03±0.64 eV. The disordering rate is proportional to the
applied power density(stress3strain rate). The disordering process is inefficient in energy and in
the production of free volume. ©2005 American Institute of Physics. [DOI: 10.1063/1.1827344]

I. INTRODUCTION

Plastic deformation of metallic glasses has two modes.1,2

At low temperature and high stress, these glasses deform
inhomogeneously, i.e., the deformation is confined to a small
number of very thin shear bands. Inside these bands, the
shear strain and shear strain rate are very large. At higher
temperature and lower stress, the deformation ishomoge-
neous, i.e., each volume element of the material undergoes
the same strain. The latter mode includes flow of the liquid.

Inhomogeneous flow is an instability due to pro-
gressive softening brought about by deformation-induced
disordering.3 The atomistic mechanism of the disordering
process is still under investigation. For example, it has been
variously proposed that the disordering depends on the
strain, the strain rate or the stress.4–12 The functional depen-
dence of the disordering process on these quantities is
a fortiori unknown. It seems clear, though, that the process is
accompanied by shear-induceddilatation,13–16 a phenom-
enon that has been known for years in the deformation of
soils that consist of randomly packed grains.17,18

One expects deformation-induced disordering to occur
during homogeneous deformation as well. Most of the ex-
periments in this mode, however, have been performed at
low stresses and strain rates, where the disordering rate is
small and is overwhelmed by the ordering process known as
structural relaxation.2,19–23In the experiments that have been
carried out in the high-stress part of the homogeneous mode,
a disordering process has indeed been identified. De Hey,
Siestma, and van den Beukel made such observations using
tensile tests at constant strain rate on Pd40Ni40P20.

6 The dis-
ordering was most apparent from the dramatic drop in the
flow stress in many tests. Lu, Ravichandran, and Johnson
made similar observations on the Zr-based Vitreloy-1 alloy.8

Heggen, Spaepen, and Feuerbacher9,10 have used compres-
sion creep testing at constant stress to study this regime in
Pd41Ni10Cu29P20, and observed accelerating strain rates. The
advantage of studying disordering in the homogeneous flow
mode is that the process is sufficiently slow for its functional
dependence on stress, strain rate, or strain to be established.
In this paper these dependences are analyzed on creep data
on Pd41Ni10Cu29P20.

II. THE FREE VOLUME MODEL

Plastic deformation of metallic glasses occurs by the su-
perposition of the shear of localized groups of atoms, often
referred to as “flow defects” on “shear transformation
zones.” Subjected to an external stresss, small regions of
volumen0 undergo a strain«0 at a rate that depends on the
stress. If the concentration of these flow defects iscf, the
macroscopic strain rate can be written as

d«

dt
= 2cfkf

«0n0

V
sinhS«0n0s

2kT
D , s1d

wherekf is a temperature-dependent rate constant,V is the
atomic volume,k is Boltzmann’s constant, andT is the
temperature.1 The product«0n0 is the activation volume of
the process. The stressess and strains« in this analysis are
taken to be uniaxial quantities, as in the compression tests to
be performed. Since plastic deformation is a shear process,
similar equations in terms of shear stresses and shear strains
are often found in the literature.

The defects in amorphous metals are often described by
the free volume model,24 in which they are density fluctua-
tions with volume greater than a critical valuen*. The defect
concentration is described by

a)Author to whom correspondence should be addressed; electronic mail:
spaepen@deas.harvard.edu

JOURNAL OF APPLIED PHYSICS97, 033506(2005)

0021-8979/2005/97(3)/033506/8/$22.50 © 2005 American Institute of Physics97, 033506-1

Downloaded 07 Apr 2005 to 128.103.60.225. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1063/1.1827344


cf ; expS−
gn*

n f
D = expS−

1

x
D , s2d

whereg is a geometrical overlap factor between 0.5 and 1,
and n f is the average free volume per atom. The quantityx
=n f /gn* is the reduced free volume.

The annihilation of defects during structural relaxation
takes place by abimolecularprocess, the rate of which can
be described as

Udcf

dt
U−

= − krcf
2, s3d

wherekr is a rate constant. The validity of this ansatz has
been verified by measurements of the viscosity, which at low
stresses is inversely proportional tocf. During structural re-
laxation, the viscosity increaseslinearly with time as implied
by Eq. (3).19,25 The bimolecular nature of the annihilation
process is easily understood in the case of amorphous Si,26

for example, where annihilation occurs by the joining of two
dangling bonds. In metallic glasses, the physical basis of the
bimolecular reaction is less obvious. One interpretation is
that the juxtaposition of two fairly equiaxed voids(density
fluctuations) creates one with a larger aspect ratio that can
collapse under the interatomic tractions on its surface(such
as a vacancy disk in crystals) and thereby displace the free
volume elastically to the sample boundary.27

Tsao and Spaepen, Volkert and Spaepen, and Duine,
Sietsma, and van den Beukel have shown that during isother-
mal annealing at temperatures close to the glass transition
temperatureTg the viscosity of amorphous metals reaches a
saturation value.19–21,28Since the viscosity is inversely pro-
portional to the defect concentrationcf, the defect concentra-
tion then reaches a metastable equilibrium concentrationceq.
Duine, Sietsma, and van den Beukel found from the fitting of
viscosity and calorimetric data that the change ofcf towards
equilibrium can best be described by an appropriately
adapted bimolecular rate equation28

Udcf

dt
U−

= − krcfscf − ceqd. s4d

The deformation-driven creation of defects can be mod-
eled through the free volume theory by considering the den-
sity fluctuations with volumes just smaller than the critical
size n*. Under stress, a neighboring atom can be squeezed
into this pocket, the expansion of which leads to the creation
of free volume. The resulting expression for the creation of
free volume is4

dn f

dt
= 2cfkf

kT

S

gn*

n f
FcoshSs«0n0

2kT
D − 1G , s5d

whereS is a stiffness, obtained from Eshelby’s theory for the
dilatation of an isotropic continuum29

S=
2

3
m

1 + n

1 − n
, s6d

wherem andn are, respectively, the shear modulus and Pois-
son ratio. At high stress, the hyperbolic functions in Eqs.(1)
and (5) approximate exponentials, and Eq.(5) reduces to

dn f

dt
=

kT

S

gn*

n f

«0n0

V

d«

dt
; axgn *

d«

dt
. s7d

This proportionality between defect creation rate and the
strain rate has been used in the data analysis of de Hey,
Sietsma, and van den Beukel.6 At low stress, expansion of
the sinh in Eq.(1) and the cosh in Eq.(5) leaves a term that
is, respectively, linear and quadratic in the stress. Combina-
tion of the two results leads to the following expression for
Eq. (5):

dn f

dt
=

1

8

V

S

gn*

n f

d«

dt
s ; ax8gn *

d«

dt
s. s8d

Here, the defect rate is proportional to the product of stress
and strain rate, i.e., the applied power density.5 In the analy-
sis of the data from the experiments described below, these
two limits will be considered.

III. EXPERIMENTS

Metallic glass samples of composition Pd41Ni10Cu29P20

and size 53232 mm3 were cut from the metallic glass
casts. The faces were prepared by grinding and polishing.
The surfaces, in contact with the compression anvils, were
carefully aligned to be parallel and were ground on a glass
plate with diamond paste to avoid concavity of the surface.

The samples were preannealed at the testing tempera-
ture for an extended period. Samples for experiments
at low stresses(Figs. 1, 2, and 7) were annealed
for 5.23105 s s550 Kd, 2.33105 s s555 Kd, and 8.0
3104 s s565 Kd, respectively. Samples for experiments at
high stresses(Figs. 3, 5, and 6) were annealed for 1
3104 s s550 and 555 Kd, and 8.03104 s s565 Kd, respec-
tively.

The plastic deformation tests were carried out in a Zwick
Z050 uniaxial tester under compression. That tester had been
modified by a feedback loop that controlled the load. Creep
deformation was performed under constant true stress: the
load L was controlled to take into account the change of the
cross section upon straining. For homogeneous plastic defor-
mation at constant volume the true stress is

FIG. 1. Strain rates measured in a uniaxial compression creep test on a
Pd41Ni10Cu29P20 metallic glass at 550 K at constant true stresses of 30, 60,
90, 119, and 148 MPa. The numbers indicate the order of the test.
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strue=
L

A0
s1 − «d, s9d

where A0 is the initial cross section and« is the nominal
uniaxial strain. The duration of the individual creep tests was
much greater than the decay time of the anelastic response
that followed the load changes. The strain was measured
directly at the sample by a linear inductive differential trans-
ducer at an accuracy of ±10 nm. Strain vs time data were
taken at frequencies between 1 and 50 Hz, depending on the
duration of the experiments. The data were smoothed by av-
eraging in bins of 100 points and differentiated. All data are
presented as strain rate vs time.

IV. RESULTS

Figure 1 shows the strain rate vs time in a sequence of
tests at 550 K, performed at successively higher true stresses
of 30, 60, 90, 119, and 148 MPa. After the decay of the
anelastic response following a stress change, the strain rate
becomes constant, within the accuracy of the experiment.
Such a constant strain rate is found in all tests below
255 MPa at this temperature. Note that good data could be
taken even at strain rates as low as 10−8 s−1.

Figures 2 and 3 show the results of subsequent tests at
higher stresses: 255–636 MPa. An increasing strain rate is
observed; at the highest stress, the increase is even stronger

than exponential. Nevertheless, in all experiments, the defor-
mation remains fully homogeneous, as is demonstrated by
the sequence of images in Fig. 4, taken during the test at
636 MPa. The sample is oriented with one edge toward the
front, so that two side faces can be seen. The upper and
lower parts of the images are the compression anvils. During
the final seconds of the test the sample appears to buckle a
little bit, but the deformation remains homogeneous. No
shear band can be seen. The sample fractured at high speed
at the end of this test along a plane inclined 45° to the com-
pression axis. The fracture morphology showed the river pat-
tern typical of the instability that develops in the low-
viscosity material of a shear band.30 Failure occurred almost
instantaneously after the formation of the shear band. The
accelerating strain rate observed in the experiments is, there-
fore, a bulk property of the material: it is the result of stress-
induced creation of flow defects. Figures 5 and 6 show that
the same phenomenon is observed at other temperatures(555
and 565 K).

Figure 6 also illustrates that the disordering process is
reversible and reproducible. The solid line represents an ac-
celerating strain rate during a test at 445 MPa for 1700 s.
The sample was then tested for 5.83104 s at 14 MPa(not
shown), during which the strain rate decreased because de-
fect annihilation outstrips creation at low stresses. Subse-
quent testing at 445 MPa(dashed line) again shows an ac-
celerating strain rate(the steep initial drop is an anelastic
transient irrelevant to this discussion). That the solid and
dashed lines can be made to coincide by shifting their origin
shows that the defect concentration in the third test again
reaches its value in the first one, and subsequently evolves
with the same kinetics. It is therefore justified to describe the

FIG. 2. Experimental(solid line) and calculated(dashed line) strain rates
measured at 550 K and 255 MPa.

FIG. 3. Experimental(solid line) and calculated(dashed line) strain rates
measured in a creep test at 550 K and 397, 537, and 636 MPa.

FIG. 4. Images taken from the video observation the sample during the test
of Fig. 3. The times indicate that the images were taken from the test at the
highest stress.
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evolution of the defect concentration in terms of theinstan-
taneousstress, strain rate, and defect concentration.

The black squares in Fig. 7 show the strain rates mea-
sured at the three temperatures for the lower stresses, at
which a steady-state value is reached. The numbers indicate
the order of the test. The arrows indicate the onset of accel-
eration of the strain rate. At low stress, the linear dependence
of strain rate on stress, i.e., Newtonian viscous flow, is im-
mediately apparent.

V. ANALYSIS

A. Stress-dependence of the strain rate

The solid lines in Fig. 7 are fits of Eq.(1) to the data.
Table I lists the fitting parameters: the activation volume
«0n0 and the prefactor 2kfcf«0n0V−1. The activation volume
is independent of temperature.

Note that the data points at lower stress(e.g., 1–4 at
550 K) lie generally slightly above the fit, whereas those in
the middle range(e.g., 5–7 at 550 K) lie slightly below it.
This is caused by small changes in the defect concentration
cf over the course of the experiments as a result of defect

annihilation and creation. The kinetics of these phenomena
are analyzed in the following section, during which the
analysis of Fig. 7 will be revisited.

B. Kinetics of creation and annihilation

1. Strain-rate-dependent defect creation

Based on the success of de Hey, Sietsma, and van den
Beukel6 with using strain-rate-dependent defect creation, as
in Eq. (7), to model softening in tensile testing of
Pd40Ni40P20 ribbons, we used this mechanism first to model
our data. A combination of Eq.(2) and (7) gives the defect
creation rate as

Udcf

dt
U+

= ax«̇cfsln cfd2. s10d

For simplicity, we concentrated on the data at 550 K,
since the equilibrium defect concentration, according to de
Hey, Sietsma, and van den Beukel6 is sufficiently low at this
temperature that the simple bimolecular description, Eq.(3)
can be used for defect annihilation.

The data were fit by numerically integrating Eq.(3) and
(10) for the evolution of the defect concentrationcf for each
of the experimental conditions and by using the final value of
cf in one test as the initial value for the next test. The fol-
lowing parameters were used:V=13.2 Å3,8 «0n0=126 Å3

[from a fit of Eq.(1) to just the first four data points at 550 K
on Fig. 7], the initial value ofcf was taken as 2310−14 (from
de Hey, Sietsma, and van den Beukel6 for the preannealing

FIG. 5. Experimental(solid line) and calculated(dashed line) strain rates
measured in a creep test at 565 K and 111, 250, 286, and 303 MPa.

FIG. 6. Strain rates as a function of time measured at 555 K. First experi-
ment(solid line) at 445 MPa. Second experiment(not shown): 5.83104 s at
14 MPa. Third experiment(dashed line) at 445 MPa. The origins of the two
plotted lines were shifted to show the match.

FIG. 7. Experimental(filled squares) and calculated(open squares) values
of the stress dependence of the strain rate for low stresses at 550, 555, and
565 K. Some of the open squares are obscured by perfect coincidence with
the data. The arrows indicate that the strain rate increased from the initial
value of the filled square. The triangle marks the slope for the linear relation.
The solid line is the fit of all data at each temperature to Eq.(1). Test
number 5 at 565 K(not shown) was made at 6 MPa.

TABLE I. Parameters used for the fits of Eq.(1) to the data in Fig. 7: the
activation volume«0n0 and the prefactor 2kfcf«0n0V

−1.

T (K) «0n0 sÅ3d 2kfcf«0n0V
−1 ss−1d

550 141.6±3.2 4.9±0.2310−8

555 152.0±10.8 3.5±0.4310−7

565 143.8±2.0 4.6±0.1310−6
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conditions of our samples), and kf =2.33105 s−1 [from the
prefactor of the fit of Eq.(1) to the first four points]. The
remaining parameterskr and ax were determined by fitting
the data of Figs. 1–3. They could be varied only within nar-
row limits (20%). A fit of the data withkr =93107 s−1 gave
parametersax that depended strongly on the stress, as illus-
trated in Fig. 8. The dependence is clearly linear, which in-
dicates that a defect creation mechanism that depends on the
applied power density[Eq. (8)] is more appropriate here.

2. Power-dependent defect creation

The defect creation rate, derived from Eqs.(2) and (8),
in this case is

Udcf

dt
U+

= ax8s«̇cfsln cfd2. s11d

This equation was numerically integrated together with Eq.
(4) for the defect annihilation rate. For fits at temperatures
higher than 550 K, it is necessary to take into account the
approach of the defects to their equilibrium valuesceq which
were taken from the determination by de Hey, Sietsma, and
van den Beukel6 (see Table II). The initial defect concentra-
tion of the as cast material was estimated atcinit =5310−14.
In all cases, the defect evolution during preannealing was
computed; this made the initial concentration for the creep
tests insensitive to the precise estimate of the defect concen-
tration in the as cast condition. As above, the final value ofcf

for each test was taken as the input value for the next test.
The fit parameters for all the tests are listed in Table II. A
single value of the activation volume«0n0 was used; it was
found that«0n0=106 Å3 gave the best results. That this value
is considerably smaller than that found in the fits of Sec. I
reflects the effect of the small changes in defect concentra-
tion in those data.

The open squares in Fig. 7 are the values calculated by
the model for the tests at low stress; the agreement is gener-
ally very good(the calculated and experimental values are
often indistinguishable). The calculation also reproduces the
slight deviations of the data points from the overall fit(e.g.,
the first four points at 550 K being above the line). This
shows that these deviations are indeed the result of small
changes in defect concentration between the tests.

Figure 9 shows the calculated evolution of the defect
concentration for the tests at low stress. The numbers of the
individual tests correspond to those in Fig. 7. The points in
Fig. 9 correspond to the beginning of each test. At 550 K, in
test 4 at 119 MPa, the defect concentrationcf remains nearly
constant; at lower stresses, it decreases; at higher stresses it
increases. This is analyzed further in Fig. 10, which shows
two plots(linear and log-log) of dcf /dt as a function ofcf at
90, 119, and 148 MPa, the stresses of tests 3, 4, and 5. At
119 MPa, the curve crosses zero atcf =1.8310−14, which is
the steady-state value seen in Fig. 9. At 90 MPa, the steady-
state value is 4.3310−15; as a result, if creep test 3 were
continued, the strain rate would decrease over a very long
time by about a factor of 5. At 148 MPa, the steady-state
value is 4.6310−12 and under the conditions of the test the
defect creation rate even accelerates. The steady-state values
of cf for all stresses are shown in Fig. 11; the steady-state
value at zero stress is, of course, the equilibrium concentra-
tion. Figure 12 is a calculated creep test at 148 MPa. It
shows that steady state is reached only after 3.13106 s and
1000% strain, which is unrealistic. Under ordinary laboratory
conditions only a continuously accelerating strain rate is seen
in experiments at high stress.

In the tests at 555 and 565 K, the tests were not per-
formed in an ascending series of stresses; test 4 at 555 K and
test 5 at 565 K were at lower stresses. During these tests the

FIG. 8. Dependence of the proportionality constant for strain-rate-induced
free volume production[Eq. (7)] on the stress.

TABLE II. Parameters used to fit the creep data at 550, 555, and 565 K;
«0n0, activation volume;kf, jump frequency of the flow defects;kr, rate
constant for bimolecular annihilation of the defects;ax8, proportionality con-
stant in the production of free volume;cinit, flow defect concentration of
nonannealed samples; andceq, equilibrium density of flow defects.

550 (K) 555 (K) 565 (K)

«0n0 sÅ3d 106 106 106
kf ss−1d 2.453105 2.213106 3.823107

kr ss−1d 5.153107 2.673108 3.313109

ax8 sPa−1d 5.05310−11 3.61310−11 1.88310−11

cinit 5310−14 5310−14 5310−14

ceq

(de Heyet al. 1998)
2310−15 8310−15 2.1310−14

FIG. 9. Calculated evolution of the defect concentration over the course of
three test sequences, at 550(squares), 555 (diamonds), and 565 K
(triangles).
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defect concentration drops. As a result the strain rates(ex-
perimental and calculated) in subsequent tests tend to lie
below the overall fit.

The test of Fig. 2s550 K,255 MPad, which exhibits an
accelerating strain rate, is reproduced well by the model
(dashed line). In other tests at high stress(Figs. 3 and 5), the
agreement is less perfect. The strongly accelerating strain
rate at the highest stress(636 MPa, Fig. 3) is reproduced.
The discrepancies between fits and data may be the result of
the transients corresponding to the stress changes. During

these transients, which can take substantial amounts of time,
the defect concentration may change considerably, but can-
not be calculated.

VI. DISCUSSION

The quantitative demonstration in this paper of pro-
nounced deformation-induced defect generation during ho-
mogeneous flow has several interesting implications. For the
experimentalists, it brings out the importance of knowing the
true stressin a test, especially at high stresses, where the
strain rate can depend strongly on the true stress. Creep ex-
periments at constantnominalstress,31 for example, can give
erroneous results in this regime.

Our observations and measurements also unambiguously
show that the accelerating strain rate is an intrinsic feature of
homogeneous flow and not an artifact of the geometry. In
tensile creep experiments,25,32 rapid increases in the strain
rate prior to failure have been attributed to void formation or
necking, both of which are ruled out in our compression
geometry. In our experiments, shear band formation and fail-
ure occurred during a small fraction of the very last second.

The activation volume for flow found in these experi-
ments is«0n0=106 Å3, which is of the same magnitude but
smaller that the value«0n0=130 Å3 measured in the work of
de Hey, Sietsma, and van den Beukel6 in tensile testing of
Pd40Ni40P20 ribbons. Since the average atomic volume in our
alloy is V=13.2 Å3,8 the activation volume found corre-
sponds to eight atomic volumes. Since these experiments
only give the product«0n0, the size of the flow defect can not
be determined accurately. It seems plausible, however, that it
consists of at least eight atoms, since local strains greater
than unity have not been seen in any model simulations.

Figure 13(a) is an Arrhenius plot of the rate constant for
flow rearrangementskf. The corresponding activation energy
is 9.03±0.64 eV. As Eq.(1) shows, this corresponds to the
activation energy forisoconfigurational flow, i.e., flow at
constant structure and hence constant defect concentrationcf.
Under these conditionskf is the dominant temperature-
dependent factor in Eq.(1). Isoconfigurational flow has been
achieved in creep experiments far below the glass transition
temperature by rapidly cycling the testing temperature. In

FIG. 10. Linear(a) and logarithmic(b) plots of the rate of change of the
defect concentration as a function of the defect concentration, calculated
using Eqs.(4) and (11) for the conditions of the test sequence at 550 K on
Fig. 9; the vertical dashed line corresponds to the defect concentration in test
4.

FIG. 11. The steady state defect concentration as a function of stress, cal-
culated for the conditions of Fig. 10.

FIG. 12. Strain rate as a function of time calculated for a long-term test
under the conditions of test 5 in Figs. 9 and 10s550 K,148 MPad.
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Pd82Si18, the activation energy for isoconfigurational flow
was found to be 2.0 eV.25 The large discrepancy between
these values has two implications. First, during the
temperature-cycling experiments some reversible structural
changes must have occurred(e.g., as a result of thermal ex-
pansion) that altered the defect concentration. Subsequent
work on isoconfiguration flow in Pd77.5Cu6Si16.5 already in-
dicated that such changes could be occurring.19 Second, the
value of the activation energy found here is too high to be
attributable to a singly activated event: it far exceeds even
the cohesive energy. The shear of a flow defect, therefore,
consists probably of a sequence of several activated events,
which is plausible given that the defect consists of several
atoms.

Figure 13(b) is an Arrhenius plot of the rate constant for
bimolecular defect annihilationkr. The corresponding activa-
tion energy is 7.44±0.64 eV. That this value is close to the
activation energy forkf is consistent with earlier observa-
tions that the activation energy for the rate of change of the
viscosity ḣ measured in earlier tensile creep work is quite
small,21,25on the order of −0.1 eV. A comparison of Eqs.(1)
and (3) shows thatḣ~kr /kf, so that its activation energy
should be the difference between that of the two rate con-
stants. In these experiments, that difference has the right
sign, and, using the outer values of the(standard deviation)
error bars, a plausible magnitude.

Figure 14 is a plot of the temperature dependence ofax8.
Its numerical values can be checked against the simple
model described in the introduction, which leads to the defi-
nition of ax8 from Eq. (8),

ax8 =
V

8Sn f
. s12d

Equation(2) gives the relation betweencf andv f. With
the valuegn* =0.143V, as determined by van den Beukel
and Sietsma,22 and the observation that most of the defect
concentrations are on the order ofcf ,2310−14 (see Fig. 9),
we estimatev f ,0.0045V. Since the modulusS for Pd-based
alloys is 51 GPa,4 Eq. (12) gives ax8=5.4310−10 Pa−1. That
the experimental values are an order of magnitude smaller
means that only a small fraction of the volume produced in
the dilatation mechanism is retained as free volume.

The energy cost of free volume production has been es-
timated by van den Beukel and Sietsma from calorimetric
studies of structural relaxation.22 The production of free vol-
ume requires energy according tosDUd fv=b Dx. For amor-
phous Pd77.5Cu6Si16.5 a valueb=0.41 eV was estimated. The
quantityb8=bV /gn* is the formation energy of one atomic
volume’s worth of free volume.22 For gn* =0.143V, b8
=2.90 eV. Using the parameterax8 from our fits, we can cal-
culate a proportionality factorbW between the mechanical
power applied on the sample and the reduced free volume
according toDW=bWDx, with bW8 =bWV /gn*. The results
for 550, 555, and 565 K are compiled in Table III. The factor
bW8 represents the mechanical work necessary to form one
atomic volume’s worth of free volume. The resulting values
of bW8 are distinctly higher than the thermal formation energy
b8. The ratiobW8 /b8 is the mechanical efficiency of the for-
mation process 9%–24% of the applied energy is used to
form the vacancy, the rest is dissipated as heat. This ineffi-
ciency is hardly surprising: the same applies to the creation
of dislocations in the deformation of crystals.

It should be kept in mind, of course, that the disordering
mechanism described in the introduction needs to be ad-
justed in view the current results. The temperature depen-

FIG. 13. (a) Arrhenius plot of the temperature dependence ofkf, the rate
constant for flow[Eq. (1)]; activation energy 9.03±0.64 eV.(b) Arrhenius
plot of the temperature dependence ofkr, the rate constant for defect anni-
hilation [Eq. (4)]; activation energy 7.44±0.64 eV.

FIG. 14. Temperature dependence of the proportionality constant in the
power-density-induced production of free volume[Eq. (8)].

TABLE III. Proportionality factor between mechanical energy and reduced
free volumebW and free volumebW8, respectively, for 550, 555, and 565 K.

(eV) 550 (K) 555 (K) 565 (K)

bW 1.72 2.37 4.56
bW8 12.0 16.6 31.9
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dence ofax8 (Fig. 14), for example, is stronger than predicted
by Eq. (12). Needed is a kinematic model for dilatation of a
flow defect that goes beyond the motion of a single atom and
takes into account the cooperative motion of the all the at-
oms in the flow defect.

VII. CONCLUSION

We have obtained quantitative evidence for strong
deformation-induced disordering of a metallic glass during
homogeneous flow. Because of the possibly strong depen-
dence of the strain rate on the stress, precise knowledge of
the true stress in the creep tests is essential. Measurements of
the activation volume and of the activation energy for iso-
configurational flow indicate that a flow defect consists of
several atoms. The disordering rate was shown to be propor-
tional to the applied power density, as postulated by Falk and
Langer.5 Interpretation of the proportionality factor accord-
ing to an earlier free volume model showed the disordering
process to be “inefficient,” in that only a fraction of the di-
lated volume is preserved as free volume and most of the
applied power is dissipated as heat.
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