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A mechanism of internal friction in metallic glasses is developed and adopted to analyze the results mea-
sured in the bulk Zr65Cu17.5Ni10Al7.5 metallic glass. A kink of internal friction is observed near the calorimetric
glass transition. The nonlinear relation between the internal friction and frequencies is observed. The obtained
activation energies for the relaxation in glassy states1.7 eVd and supercooled liquid states5.2 eVd suggest that
the relaxation should be mainly controlled by the motion of a single atom in the glassy state, while by
collective motion of atoms in the supercooled liquid state. The nonlinear relation between the internal friction
and frequencies should be mainly caused by the distribution of microscopic relaxation parameters. The effects
of annealing on relaxation parameters are also observed and discussed.
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I. INTRODUCTION

The success of the internal friction(IF) method in the
studies of the relaxation of point defects, dislocations, grain
boundaries, etc., shows that it is a very useful tool to explore
the relaxation processes in metals and alloys.1 Hence, it was
widely used to study the relaxation in both the glassy state
(GS) and supercooled liquid state(SLS) of the metallic
glassy ribbons, and some interesting results were obtained.2,3

After it is possible to produce bulk metallic glasses(BMGs)
at critical cooling rates as low as 1 K/s,4,5 the IF method has
also been used to study the relaxation of BMGs. Among
these works, some were concentrated on the hydrogen-
induced IF or damping peak,6,7 while others emphasized on
the intrinsic structural relaxation of BMGs.8–10 In addition,
the a relaxation associated with the large-scale molecular
movements and theb relaxation associated with the local-
ized molecular motion below the temperature of glass tran-
sition Tg were usually observed in bulk Zr-Ti-based metallic
glasses MGs.11–13 As for the mechanism of internal friction
or damping in MGs, most models given in the literature
show that the IF tanf (f is the angle by which the strain lags
behind the stress) in the range of low frequencies can be
approximately expressed as1,10

tanf = G/Avh, s1d

whereG is the elastic modulus,v=2pf, f is the measuring
frequency,h is the effective viscosity, andA is a constant.
Hence a linear relation between tanf and 1/f is expected.
Although it was indeed observed in Co-based BMGs,10 a
nonlinear relation was observed in our studies. The
frequency-dependence relation of internal friction is very im-
portant to understanding the mechanism of relaxation in
BMGs. Unfortunately, very limited work on this aspect can
be found up to now. Furthermore, the broad distribution of
microscopic relaxation processes should be naturally ex-
pected in noncrystalline solids. However, the existed models

fail to give any image on the distribution of relaxation pa-
rameters. Hence, a reconsideration of the mechanism of in-
ternal friction in BMGs is both necessary and important to
explore the intrinsic relaxation in BMGs.

II. EXPERIMENTS AND RESULTS

The Zr65Cu17.5Ni10Al7.5 BMG with dimensions of 4032
350 mm3 were obtained by centrifugal casting technique.
The amorphous structure was confirmed by x-ray diffraction
(XRD), as shown in Fig. 1. The XRD patterns were recorded
by means of a Philips PW1700 diffractometer using Cu Ka
radiation. Differential scanning calorimetry(DSC) results re-

FIG. 1. XRD patterns for original Zr65Cu17.5Ni10Al7.5 sample
and annealed samples for 3600 s at 693, 713, and 923 K
respectively.

PHYSICAL REVIEW B 70, 184208(2004)

1098-0121/2004/70(18)/184208(5)/$22.50 ©2004 The American Physical Society70 184208-1



vealed that the onset temperature of calorimetric glass tran-
sition Tgon and crystallizationTxon are 642 K and 734 K,
respectively, at a heating rate of 0.33 K/s. Based onTgon and
Txon at heating rates of 0.33, 0.67, 1.33, and 2.67 K/s, the
activation energies were calculated to be 4.90±0.19 eV for
glass transition by the Arrhenius plot,14 and 2.27±0.13 eV
for crystallization by the Kissinger equation. The apparatus
for internal friction measurements is an automatic inverted
torsion pendulum with the error of about 0.001. The IF was
measured at 0.1, 0.3, 1.0, 2.0, and 4.0 Hz in a single heating
run at a rate of 0.033 K/s. The strain amplitude is 2310−5.

Figure 2 shows the internal friction tanf for the as-cast
Zr65Cu17.5Ni10Al7.5 BMG. The calculated onset temperatures
of calorimetric glass transitionTgon and crystallizationTxon at
heating rates of 0.033 K/s are 625 K and 692 K, respec-
tively, and also marked in the figure. A pronounced IF peak
occurs at about 690 K, almost the same temperature of the
Txon. It suggests that the origin of the peak should be mainly
caused by the beginning of crystallization. Similar results but
with a much lower peak height were also observed for the
sample annealed at 693 K for 3600 s. The peak completely
disappears for the sample annealed at 713 K for 3600 s. The
corresponding XRD patterns for the samples annealed at
693, 713, and 923 K are also shown in Fig. 1. It can be found
that most XRD peaks can be identified by the tetragonal
CuZr2 phase(SG 139), and the remaining peaks can be iden-
tified as orthorhombic ZrAl(SG 63) and monoclinic Ni7Zr2
(SG 12) phases. Nevertheless, the pattern for the sample an-
nealed at 713 K closer to that of the sample annealed at
923 K. The combined XRD and IF results indicate that the
sample annealed at 693 K should be partially crystallized.

One can see from Fig. 2 that the internal friction peak is
superimposed by a background tanfB, which can be gener-
ally expressed as1

tanfB = B + Ce−Qb/kT, s2d

where bothB andC are frequency-dependent constants,Qb
is the apparent activation energy, andT is the absolute tem-
perature. Using a fitting program, the tanfB for different f
was obtained, as shown in Fig. 2 by solid lines. By subtract-
ing tanfB from the measured tanf, the internal friction as-
sociated with the peak tanfP was obtained. Figure 3 shows
the Arrhenius plots of tanfP for both the as-cast sample and
the sample annealed at 693 K.

It can be clearly seen from Fig. 3 that a kink of tanfP
exists for both samples. The kink temperatureTK was occa-
sionally regarded as an indication of theTg. It is usually
accepted that the relaxation belowTg was regarded asb
relaxation, while that aboveTg was thought to bea
relaxation.11,12For the as-cast sample, theTK is about 638 K,
which is about 15 K higher thanTgon and close to the ending
temperature of the glass transition; while for the annealed
sample,TK shifts to 668 K whileTp remains almost the
same. As usual, the average activation energyQb (slope of
lines) of different frequencies for theb relaxation is evalu-
ated to be 0.80±0.07 eV for the as-cast sample, which is
close to thats0.7 eVd obtained in ZrTiCuNiBe BMGs.11,12

However, theQb is only 0.44±0.09 eV for the annealed
sample. It is unreasonable that the localized atom moves
with a smaller energy barrier in the denser packed atom
structure. In addition, detailed analysis of tanfP at the same
temperature but at different frequenciesf reveals that the
linear relation of the tanfP and 1/f does not exist. Instead, a
nonlinear relation was found

tanfP ~ 1/fn, s3d

wheren is the apparent nonlinear index. The average values
of n for different temperatures change from 0.45 for the as-
cast samples to 0.30 for the annealed samples, i.e., the index
n should be a microstructure-sensitive parameter of BMGs.
Hence, reconsideration of the mechanism of internal friction
of BMGs is both necessary and important.

In order to study the effects of temperature on the struc-
tural relaxation, the internal friction of Zr65Cu17.5Ni10Al7.5
BMG was measured during annealing at different tempera-
tures. Figure 4 shows the variation of tanf during annealing.
The results can be summarized as:(i) tanf keeps invariant at
653 K, (ii ) tanf is invariant for the initial 1300 s and then
decreases gradually at 673 K,(iii ) tanf continuously de-
creases at 693 Ks,Tpd, and (iv) tanf is very small and
displays small variations at 713 K.

For the sake of obtaining the intrinsic relation of tanf and
f, only 653 K and 713 K were chosen to measure the tanf
, f spectrum. The results are shown in Fig. 5. It should be
pointed out that the data in Fig. 5 were averaged over three

FIG. 2. Internal friction tanf as a function of temperatureT for
as-cast Zr65Cu17.5Ni10Al7.5 BMG at a heating rate of 0.033 K/s. FIG. 3. Arrhenius plots of the tanfP for as-cast(solid symbol)

and annealed(open symbol) Zr65Cu17.5Ni10Al7.5 BMG at a heating
rate of 0.033 K/s, and the fitted results[Eq. (10)].
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measurements. The period is about 1200 s for a whole mea-
surement. Hence, for the same frequency, the time at the
third measurement is about 2400 s later than that at the first
one. The small error of the tanf also suggests that the an-
nealing on these two temperatures has little influence on the
tanf, i.e., the obtained relation between tanf and f should be
an intrinsic property of the bulk glassy Zr65Cu17.5Ni10Al7.5
alloy. One can find that an approximately linear relation(dot-
ted line) between lnstanfd and lnf exists at 653 K. The non-
linear indexn was evaluated to be 0.45 from the slope, the
same value evaluated from the internal friction-temperature
tanfP,T spectrum. Reminding that tanf includes the con-
tribution of the background tanfB. However, the tanfB is
small and increases slowly with temperatures in both the GS
and SLS(Fig. 2). Hence, the influence of the background
tanfB on the obtained relation is small. As for the internal
friction at 713 K, the level of it is small. It should be mainly
consisted of the background tanfB.

III. MECHANISM

As mentioned previously the existed model on the internal
friction tanf of metallic glasses[Eq. (1)] cannot give a sat-
isfied explanation of the present results, especially the non-
linear relation between tanf and frequencyf in the present
range of low frequencies. Accordingly, a mechanism of the

internal friction in metallic glasses is to be developed in the
following.

Under the action of the alternating stresssa (=s0e
ivt, s0

the stress amplitude andt is the time) for internal friction
measurements, the total strain should be the sum of all vis-
coelastic strain«vi caused by the motion of theith relaxation
center(single atom or atom clusters) and the homogeneous
elastic strain«u (=sa/G=saJu, Ju is the unrelaxed compli-
ance). Assuming the motion of each relaxation center can be
represented by a Voigt model,1 the «vi satisfies

hi«̇vi + Ki«vi = sa, s4d

whereKi is the restoring force representing the action of the
neighboring atoms on the relaxation center. From Eq.(4),
one can easily obtain the complex compliance

Jvi =
«vi

sa
=

1

Ki + ihiv
. s5d

By settingKi =0 and dividingJvi by the unrelaxed com-
plianceJu, one can immediately obtain Eq.(1), i.e., the result
of Maxwell model.1,10 In fact, the condition thatKi =0 should
be valid only for fluids. According to Eq.(5), the storage and
loss compliancesJvi1 andJvi2 are, respectively,

Jvi1 =
dJi

1 + v2ti
2 , s6ad

Jvi2 = dJi
vti

1 + v2ti
2 , s6bd

wheredJis=1/Kid is the relaxation of the compliance and the
relaxation timetI is

ti = hi/Ki . s7d

Due to the existence of lots of such relaxation centers, a
continuous distribution of the relaxation timet should exist.
In general, a Gaussian distribution function is assumed1

Xszd = dJbo
−1p−1/2e−sz/bd2, s8d

wherez= lnst /tmd. tm is the mean relaxation time,dJ is the
total relaxation of the compliance andbo is a measure of the
width of the distribution. ReplacingdJi in Eqs. (6)(a) and
(6)(b) by Xszddz, and the integration yields

Jv1 = J1 − Ju =
dJ
Îp
E
−`

+`

e−w2

1 + e2sx+bowddw, s9ad

Jv2 = J2 =
dJ
Îp
E
−`

+`

e−w2

ex+bow + e−sx+bowddw, s9bd

wherex= lnsvtmd, ws=z/bod is the integrating variable, and
J1 and J2 are the total storage and loss compliance, respec-
tively. According to the definition of internal friction, one
can obtain

FIG. 4. Internal friction tanf as a function of time during an-
nealing at different temperatures; the measuring frequency is
1.0 Hz.

FIG. 5. Double logarithmic plots of internal friction tanf vs
frequency f at different temperatures, and the fitted result[Eq.
(10)].
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tanf =
J2

J1
<

D

Îp
E
−`

+`

e−w2

ex+bow + e−sx+bowddw, s10d

whereDs<dJ/Jud is the relaxation strength.

IV. DISCUSSION

Before using the Eq.(10), the expression of the mean
relaxation timetm on temperatures must first be known. Ac-
cording to Eq.(7), the temperature dependence relation oftm
should be mainly determined by the effective viscosityhi
due to the relatively slow change of the restoring force con-
stantKi. According to Angell’s classification, thehi andtm of
the strong liquids behave in nearly Arrhenius fashion, while
fragile liquids show Vogel-Fulcher-Tammann(VFT)
relation.15,16 It is generally thought that the BMGs are rather
“strong” compared to the fragile glasses relative to the con-
ventional MGs. Zapple and Sommer also found that thehi of
the present alloy could be described by an Arrhenius
relation.14 Hence the mean relaxation timetm is can be ex-
pressed as

tm = tm0e
Qm/kT, s11d

wheretm0 andQm are the pre-factor and activation energy of
tm respectively. It should be noted that the present mecha-
nism may be extended to fragile glasses if we replace Eq.
(11) with the VFT relation.

According to Eq.(10), a fitting program was developed
based on the Bevington method.17 Due to the existence of the
kink, the tanfP was divided into two subsets according to the
kink temperatureTK. By fitting the tanfP of different T and
f together, the relaxation parameters in GS and SLS for the
as-cast sample were obtained, respectively, as shown in
Table I. Similar results were obtained from the internal
friction-frequency tanf, f spectrum. Using the same
method, the corresponding relaxation parameters for an-
nealed samples were also obtained, and shown in Table I.
The fitting results were also shown in Figs. 3 and 5 by lines.
One can find that there is good agreement between the fitted
and experimental results. Thus, we have obtained the activa-
tion energy and preexponential factor of relaxation time for
both glassy state and supercooled liquid state by internal
friction measurements. Now we can clearly understand that
the observed nonlinear relation between the internal friction
tanf and frequenciesf should be caused by the distribution
of microscopic relaxation processes. The change of the dis-
tribution parameters will result in the change of the value of
the apparent nonlinear indexn [Eq. (3)].

From Table I, one can find that the mean activation energy
for the relaxationQm s5.2 eVd in supercooled liquid state is
much larger than thats1.7 eVd in glassy state for the as-cast
BMG. It is striking to be noted that the difference of the
magnitude of thetm0 in GSs,10−9 sd and SLSs,10−36 sd is
over 27 orders. Similar results have also been observed in the
study on the diffusion coefficientD of Be in ZrTiCuNiBe
BMGs.18–20 As mentioned previously, theQm should be
mainly associated with the effective viscosityh. According
to the Stokes-Einstein relation,16,19

D = kT/s6phRd, s12d

whereD is the diffusion coefficient,R is the atomic radius.
Hence an inverse relation exists for theD and h. Although
Geyer and his collaborator19 found that the exact Stokes-
Einstein relation does not hold for ZrTiCuNiBe BMGs, the
diffusion coefficient obtained from viscosity and measured
data have a similar temperature-dependence relation and the
difference of them decreases with increasing temperatures. In
addition, the measured viscosityh should be associated with
slower constituents because the viscous deformation is
mainly governed by the mobility of slower constituents(gen-
erally larger atoms). Accordingly, the activation energy ob-
tained here should be associated with that of the diffusion of
larger atoms.

As for the reason for the marked difference betweenQm
and tm0 of diffusion coefficients in GS and SLS, there are
detailed discussions in Refs. 19 and 20. The small isotope
effect of diffusion observed in the study of the mass depen-
dence of diffusion suggested that the collective hopping of
atoms governs long-range diffusion in SLS. Furthermore, the
hopping is a highly cooperative process involving about ten
atoms.21,22 Tang et al.23 clearly pointed out that the single-
atom hopping is an intrinsic property of both the relaxed GS
and SLS, while the collective motion of atoms is the domi-
nant process for the diffusion in SLS. The present results also
show that the relaxation in Zr65Cu17.5Ni10Al7.5 BMG should
be mainly controlled by the viscoelastic motion of single
atoms in the glassy state, while by the collective motion of
atoms in the supercooled liquid state.

It is worthwhile to noted that the obtained distribution
parameterbos6,10d of relaxation timetm for the present
BMG is much larger than thes3,4d observed in
crystalline1,24 and nanocrystalline materials.25 This result in-
dicates that the relaxation should be controlled by the pro-
cesses with a very broad distribution oftm. One can find
from Eq. (7) that thetm is determined by both the effective
viscosityhi and the restoring force constantKi, which were

TABLE I. Relaxation parameters for GS and SLS in Zr65Cu17.5Ni10Al7.5 BMG.

Glassy state Supercooled liquid state

D Qm:eV tm0:s bo D Qm:eV tm0:s bo

As-cast 3.88 1.69 1.9310−9 7.4 16.6 5.18 3.5310−36 6.4

tanf, f spectrum 17.4 51.3 3.8310−36 6.2

Annealed 0.21 2.09 6.8310−14 9.9 1.05 4.29 6.2310−28 8.4
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mainly determined by the atomic structure of relaxation cen-
ters and the arrangement of neighboring atoms. Comparing
to crystalline materials, the BMGs have very complex atomic
structure and configuration. Hence, a broader distribution of
tm should naturally be expected.

For the sample annealed at 693 K, the marked decrease of
D suggests that the BMG should be partially crystallized.
The increase ofQm and decrease oftm0 in GS should be
caused by the stronger interaction between atoms resulted
from the increasing density, which is induced by the partial
crystallization, while the decrease of theQm and the increase
of tm0 in SLS should be associated with the decreasing size
of collective moving atom clusters because the larger ones
are more difficult to move in the partially crystallized struc-
ture. It is interesting to note that thetm0 in GSs,10−14 sd for
the annealed samples is of the same order of magnitude of
that for crystalline materials(the reciprocal of Debye
frequency).1,24This is also an indication that the relaxation in
glassy state should be controlled by the motion of a single
atoms.

As for the decrease of the internal friction tanf during
annealing at temperatures higher than 673 K, it is mainly
caused by the irreversible structure relaxation and the begin-
ning of the crystallization. But it is surprising that the tanf
keeps almost invariant at 653 K because the free volume
reduction Dv should apparently occur at this temperature.
Investigation on the correlation between enthalpy change and
Dv of ZrCuAlNi BMG18 showed that the low-temperature
structure relaxation should be also connected with topologi-
cal short-range ordering(TSRO) and not only with chemical
short-range ordering(CSRO). As for the reason for the in-
variance of tanf at 653 K, we think that the change of tanf
induced byDv may be much smaller than that caused by the
intrinsic viscoelastic relaxation. In addition,Dv caused by
the TSRO and CSRO may already be completed during the

heating to the annealingT with relatively slow heating rate
s,0.17 K/sd. Similar results were also observed by the com-
parative internal friction study of bulk and ribbon glassy Zr-
TiCuNiAl alloys.8

V. CONCLUSION

A mechanism of internal friction in metallic glasses was
developed and adopted to analyze the results measured in
Zr65Cu17.5Ni10Al7.5 BMG. An apparent kink of internal fric-
tion exists near the calorimetric glass transition. The nonlin-
ear relation between the internal friction and frequencies was
observed. According to the derived expression, a fitting pro-
gram was developed to obtain the relaxation parameters. The
obtained activation energy for the relaxations1.7 eVd in
glassy state ands5.2 eVd in supercooled liquid state suggest
that the relaxation should be mainly controlled by the motion
of single atoms in glassy state, and by the collective motion
of atoms in the supercooled liquid state. The nonlinear rela-
tion between the internal friction and frequencies should be
mainly caused by the distribution of microscopic relaxation
parameters. The effects of annealing on the relaxation param-
eters were also observed, and the annealing will result in the
decrease of the size of collective moving atoms. Finally, very
broad distributions of relaxation times were found to be ex-
isted in both the as-cast and annealed samples.

ACKNOWLEDGMENT

The financial support of the foundation of the director of
the Institute of Solid State Physics is appreciated. In addi-
tion, we gratefully acknowledge M. Frey, M. Stoica, and H.
Grahl for their help in sample preparation, as well as stimu-
lating discussions with F. Faupel and H. Teichler.

*Corresponding author. Electronic address: bcai@issp.ac.cn(Per-
manent); bcai@byu.edu(Present)

1A.S. Nowick and B.S. Berry,Anelastic Relaxation in Crystalline
Solids(Academic Press, New York, 1972).

2C.M. Mo, J.P. Shui, and Y.Z. He, J. Phys. Colloq.42 C5, 523
(1981).

3H.R. Sinning, J. Non-Cryst. Solids110, 195 (1989).
4A. Inoue, Mater. Trans., JIM36, 866 (1995).
5W.L. Johnson, Mater. Sci. Forum225–227, 35 (1996).
6M. Hasegawa, K. Kotani, S. Yamaura, H. Kato, I. Kodama, and

A. Inoue, J. Alloys Compd.365, 221 (2004).
7H.R. Sinning, Phys. Rev. Lett.85, 3201(2000).
8O.P. Bobrov, V.A. Khonik, S.N. Laptev, and M.Y. Yazvitsky, Scr.

Mater. 49, 255 (2003).
9Y. Hiki, T. Yagi, T. Aida, and S. Takeuchi, J. Alloys Compd.355,

42 (2003).
10V.A. Khonik, J. Non-Cryst. Solids296, 147 (2001).
11C. Gauthier, J.M. Pelletier, L. David, G. Vigier, and J. Perez, J.

Non-Cryst. Solids274, 181 (2000).
12Q. Wang, J.M. Pelletier, Y.D. Dong, and Y.F. Ji, Mater. Sci. Eng.,

A 370, 316 (2004).
13N. Mattern, S. Roth, H.-D. Bauer, G. Henninger, and J. Eckert,

Mater. Sci. Eng., A304–306, 311 (2001).
14J. Zappel and F. Sommer, J. Non-Cryst. Solids205–207, 494

(1996).
15C.A. Angell, J. Non-Cryst. Solids131–133, 13 (1991).
16P.G. Debenedetti and F.H. Stillinger, Nature(London) 410, 259

(2001).
17P.R. Bevington,Data Reduction and Error Analysis for Physical

Sciences(McGraw-Hill, New York, 1969), p. 235.
18A. Slipenyuk and J. Eckert, Scr. Mater.50, 39 (2004).
19U. Geyer, W.L. Johnson, S. Schneider, Y. Qiu, T.A. Tombrello,

and M.-P. Macht, Appl. Phys. Lett.69, 2492(1996).
20U. Geyer, S. Schneider, W.L. Johnson, Y. Qiu, T.A. Tombrello,

and M.-P. Macht, Phys. Rev. Lett.75, 2364(1995).
21H. Ehmler, A. Heesemann, K. Rätzke, F. Faupel, and U. Geyer,

Phys. Rev. Lett.80, 4919(1998).
22V. Zöllmer, K. Rätzke, and F. Faupel, J. Mater. Res.18, 2688

(2003).
23X.-P. Tang, U. Geyer, R. Busch, W.L. Johnson, and Y. Wu, Nature

(London) 402, 160 (1999).
24Q.P. Kong, B. Cai, and G. Gottstein, J. Mater. Sci.36, 5429

(2001).
25B. Cai et al., Scr. Mater.44, 1043(2001).

MECHANISM OF INTERNAL FRICTION IN BULK… PHYSICAL REVIEW B 70, 184208(2004)

184208-5


