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Mechanism of internal friction in bulk Zr gCu;7 NijgAl; 5 metallic glass
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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 ZgCu;7 Ni;oAl; 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 stat& e\) and supercooled liquid staté.2 e\) 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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[. INTRODUCTION fail to give any image on the distribution of relaxation pa-
rameters. Hence, a reconsideration of the mechanism of in-

The success of the internal frictiaiF) method in the o 01 fiiction in BMGs is both necessary and important to
studies of the relaxation of point defects, dislocations, gra”iaxplore the intrinsic relaxation in BMGS

boundaries, etc., shows that it is a very useful tool to explore
the relaxation processes in metals and alfolence, it was
widely used to study the relaxation in both the glassy state Il. EXPERIMENTS AND RESULTS

(GS and supercooled liquid stateSLS) of the metallic

glassy ribbons, and some interesting results were obtdihed. The ZsCui7 NijoAl7 s BMG with dimensions of 462
After |t is possib|e to produce bulk meta”ic glasiWGs) x50 miT? were Obtained by Centl’lfugal CaStIng teChniqUe.
at critical cooling rates as low as 1 K#8the IF method has The amorphous structure was confirmed by x-ray diffraction
also been used to study the relaxation of BMGs. AmongXRD), as shown in Fig. 1. The XRD patterns were recorded
these works, some were concentrated on the hydrogerky means of a Philips PW1700 diffractometer using Ca K
induced IF or damp|ng peﬁg, while others emphasized on radiation. Diﬁerentiai Scanning Caiorimet(’KDSC) reSUitS re-
the intrinsic structural relaxation of BM@sC In addition,

the a relaxation associated with the large-scale molecular
movements and th@ relaxation associated with the local-
ized molecular motion below the temperature of glass tran-
sition T, were usually observed in bulk Zr-Ti-based metallic
glasses MG3&-12As for the mechanism of internal friction
or damping in MGs, most models given in the literature
show that the IF ta#h (¢ is the angle by which the strain lags
behind the stregsin the range of low frequencies can be
approximately expressedd8

Intensity (arb. units)

tang = G/Aw7, (1)

whereG is the elastic modulusp=2=f, f is the measuring
frequency, 7 is the effective viscosity, and\ is a constant.
Hence a linear relation between tarand 1f is expected.
Although it was indeed observed in Co-based BM&s,
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 FIG. 1. XRD patterns for original ZtCuy; NijoAl7 s sample
microscopic relaxation processes should be naturally exand annealed samples for 3600s at 693, 713, and 923 K
pected in noncrystalline solids. However, the existed modelgespectively.
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FIG. 2. Internal friction tag as a function of temperaturefor

as-cast ZgCuy7 NijpAl7 s BMG at a heating rate of 0.033 K/s. FIG. 3. Arrhenius plots of the tafp for as-cas{solid symbo)
and annealedopen symbol ZrgsCuy7 NijgAl7 5 BMG at a heating

vealed that the onset temperature of calorimetric glass trarfate of 0.033 K/s, and the fitted resuf&qg. (10)].
sition Ty, and crystallizationT,,, are 642 K and 734 K,
respectively, at a heating rate of 0.33 K/s. Based gpand It can be clearly seen from Fig. 3 that a kink of #n
Tyon at heating rates of 0.33, 0.67, 1.33, and 2.67 K/s, thexists for both samples. The kink temperatilifewas occa-
activation energies were calculated to be 4.90+0.19 eV fogjonally regarded as an indication of thg. It is usually
glass transition by the Arrhenius pftand 2.27+0.13 eV accepted that the relaxation beloly was regarded ag
for crystallization by the Kissinger equation. The apparatugelaxation, while that abovely was thought to bea
for internal friction measurements is an automatic invertedelaxation'>12For the as-cast sample, tfig is about 638 K,
torsion pendulum with the error of about 0.001. The IF waswhich is about 15 K higher thafi,, and close to the ending
measured at 0.1, 0.3, 1.0, 2.0, and 4.0 Hz in a single heatingmperature of the glass transition; while for the annealed
run at a rate of 0.033 K/s. The strain amplitude is 207°.  sample, T¢ shifts to 668 K while T, remains almost the

Figure 2 shows the internal friction ténfor the as-cast same. As usual, the average activation enddgy(slope of
ZrgsCup7 NijoAl7 s BMG. The calculated onset temperatures|ines) of different frequencies for th@ relaxation is evalu-
of calorimetric glass transitioly,, and crystallizatio,,,at  ated to be 0.80+0.07 eV for the as-cast sample, which is
heating rates of 0.033 K/s are 625 K and 692 K, respecelose to that(0.7 e\) obtained in ZrTiCuNiBe BMG&112
tively, and also marked in the figure. A pronounced IF peakqowever, theQ, is only 0.44+0.09 eV for the annealed
occurs at about 690 K, almost the same temperature of theample. It is unreasonable that the localized atom moves
Tyon It suggests that the origin of the peak should be mainlywith a smaller energy barrier in the denser packed atom
caused by the beginning of crystallization. Similar results bukstructure. In addition, detailed analysis of #ggnat the same
with a much lower peak height were also observed for thaemperature but at different frequenciéseveals that the

sample annealed at 693 K for 3600 s. The peak completelinear relation of the tas, and 1f does not exist. Instead, a
disappears for the sample annealed at 713 K for 3600 s. Theonlinear relation was found

corresponding XRD patterns for the samples annealed at
693, 713, and 923 K are also shown in Fig. 1. It can be found tangp o« 1/f", (3)
that most XRD peaks can be identified by the tetragonal
CuZr, phasgSG 139, and the remaining peaks can be iden-wheren is the apparent nonlinear index. The average values
tified as orthorhombic ZrA[{SG 63 and monoclinic NiZr,  of n for different temperatures change from 0.45 for the as-
(SG 12 phases. Nevertheless, the pattern for the sample amast samples to 0.30 for the annealed samples, i.e., the index
nealed at 713 K closer to that of the sample annealed at should be a microstructure-sensitive parameter of BMGs.
923 K. The combined XRD and IF results indicate that theHence, reconsideration of the mechanism of internal friction
sample annealed at 693 K should be partially crystallized. of BMGs is both necessary and important.
One can see from Fig. 2 that the internal friction peak is In order to study the effects of temperature on the struc-
superimposed by a background #n which can be gener- tural relaxation, the internal friction of ZCuy; NijAl; 5
ally expressed as BMG was measured during annealing at different tempera-
_ _ tures. Figure 4 shows the variation of ¢gaduring annealing.
tangg = B + Ce ¥, @ The results can be summarized @stang keeps invariant at
where bothB and C are frequency-dependent constaig, 653 K, (ii) tang is invariant for the initial 1300 s and then
is the apparent activation energy, ahds the absolute tem- decreases gradually at 673 Iji) tang continuously de-
perature. Using a fitting program, the tanfor differentf  creases at 693 K~T,), and (iv) tang is very small and
was obtained, as shown in Fig. 2 by solid lines. By subtractdisplays small variations at 713 K.
ing tangg from the measured tah the internal friction as- For the sake of obtaining the intrinsic relation of gaand
sociated with the peak tap was obtained. Figure 3 shows f, only 653 K and 713 K were chosen to measure theptan
the Arrhenius plots of tapp for both the as-cast sample and ~ f spectrum. The results are shown in Fig. 5. It should be
the sample annealed at 693 K. pointed out that the data in Fig. 5 were averaged over three
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O 653K internal friction in metallic glasses is to be developed in the
OB sesece, o K following. '
al “a oo v 3‘;’§§ Under the action of the alternating stress(=oe', oy
’ A LIPS . . . . .
N °q the stress amplitude artdis the time for internal friction
s 03 a Ce, measurements, the total strain should be the sum of all vis-
2 4, . coelastic strairz,; caused by the motion of théh relaxation
bpogoaad nAuA:lA‘:' Dopoooao center(single atom or atom clusterand the homogeneous
01 Aan, elastic straine, (=0,/G=0.J,, J, is the unrelaxed compli-
oYY Y Y YYYYYYYYYYTYTY QS ance. Assuming the _motion of each relgxgtion center can be
represented by a Voigt modethe ¢,; satisfies

0 500 1000 1500 2000 2500 3000 3500
t(s) : _
78y t Kigy = 03, (4)
FIG. 4. Internal friction tagh as a function of time during an-
nealing at different temperatures; the measuring frequency
1.0 Hz.

_wherek; is the restoring force representing the action of the
'?\eighboring atoms on the relaxation center. From &,
one can easily obtain the complex compliance

measurements. The period is about 1200 s for a whole mea- 3. =Bl _ 1 5)
surement. Hence, for the same frequency, the time at the "oy Kitinoe

third measurement is about 2400 s later than that at the first . o

one. The small error of the tgnalso suggests that the an- By settingK;=0 and dividingJ,; by the unrelaxed com-
nealing on these two temperatures has little influence on thilianceJ,, one can immediately obtain EQ), i.e., the result
tang, i.e., the obtained relation between gaandf should be ~ Of Maxwell model*°In fact, the condition tha; =0 should
an intrinsic property of the bulk glassy g€u;; NijoAl7 s be valid on_Iy for fluids. According to Ec(5)_, the storage and
alloy. One can find that an approximately linear relatidat- ~ 10Ss compliances,; andJ,;, are, respectively,

ted ling between Iiftang) and Inf exists at 653 K. The non-

linear indexn was evaluated to be 0.45 from the slope, the Jin= izz (63)
same value evaluated from the internal friction-temperature 1+or

tangp~ T spectrum. Reminding that tanincludes the con-

tribution of the background tafy. However, the tasg is T

small and increases slowly with temperatures in both the GS Jiz = 6Jim’ (6b)

and SLS(Fig. 2). Hence, the influence of the background
tangg on the obtained relation is small. As for the internal where8J,(=1/K;) is the relaxation of the compliance and the
friction at 713 K, the level of it is small. It should be mainly relaxation timer; is
consisted of the background tag
7i = pilK;. (7)

Due to the existence of lots of such relaxation centers, a
1. MECHANISM continuous distribution of the relaxation timeshould exist.

As mentioned previously the existed model on the internaln general, a Gaussian distribution function is assumed

friction tang of metallic glasse$Eq. (1)] cannot give a sat- X(z) = 838t L2 @p)? (8)
isfied explanation of the present results, especially the non- ° '

linear relation between tghand frequency in the present wherez=In(7/r,). 7, is the mean relaxation time)J is the
range of low frequencies. Accordingly, a mechanism of thetotal relaxation of the compliance am is a measure of the
width of the distribution. ReplacingJ; in Eqgs. (6)(a) and
(6)(b) by X(2)dz and the integration yields

. O 653K
r e 713K +o0
05 — Fiited value —
....... < X 8 eV
Linear fitting -] -]=—] —
T er T Y
§ o} -
0.05 +oo
G
Siee . A €
oo é¢s in.,., . JUZ_JZ_?f de, (9b)
) " . Se9epecl, N €
00T 01 1 16 -
f Hz

wherex=In(wm,), W(=z/ B,) is the integrating variable, and
FIG. 5. Double logarithmic plots of internal friction tanvs  J; andJ, are the total storage and loss compliance, respec-
frequency f at different temperatures, and the fitted reqit;.  tively. According to the definition of internal friction, one
(10)]. can obtain
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TABLE |. Relaxation parameters for GS and SLS ingQu,7 NijoAl; 5 BMG.

Glassy state Supercooled liquid state
A Qm:eVv Tmo: S Bo A Qm:eV Tmo-S Bo
As-cast 3.88 1.69 1910° 7.4 16.6 5.18 3.510°3%6 6.4
tang~ f spectrum 17.4 51.3 3810736 6.2
Annealed 0.21 2.09 661071 9.9 1.05 4.29 6.X1028 8.4
oo 2 From Table I, one can find that the mean activation energy
tang = 2 _ A_f e dw (10) for the relaxationQ,, (5.2 V) in supercooled liquid state is
i w) e@FPoV 4 @ (xthom T much larger than thdtl.7 eV) in glassy state for the as-cast
e BMG. It is striking to be noted that the difference of the
whereA(=48J/J,) is the relaxation strength. magnitude of ther, in GS(~10 s) and SLS(~107*%s) is
over 27 orders. Similar results have also been observed in the
IV. DISCUSSION study on the diffusion coefficiend of Be in ZrTiCuNiBe

BMGs18-20 As mentioned previously, th&,, should be
mainly associated with the effective viscosity According
to the Stokes-Einstein relatidf;}®

Before using the Eq(10), the expression of the mean
relaxation timer,,, on temperatures must first be known. Ac-
cording to Eq(7), the temperature dependence relatiomn,pf
should be mair_lly determined by the effectivg Viscosity D =kT/(6m7R), (12)
due to the relatively slow change of the restoring force con-
stantK;. According to Angell’s classification, thg andr,,of  whereD is the diffusion coefficientR is the atomic radius.
the strong liquids behave in nearly Arrhenius fashion, whileHence an inverse relation exists for tBeand 7. Although
fragile liquids show Vogel-Fulcher-Tammann(VFT)  Geyer and his collaborattr found that the exact Stokes-
relation!®81t is generally thought that the BMGs are rather Einstein relation does not hold for ZrTiCuNiBe BMGs, the
“strong” compared to the fragile glasses relative to the condiffusion coefficient obtained from viscosity and measured
ventional MGs. Zapple and Sommer also found thatghef ~ data have a similar temperature-dependence relation and the
the present alloy could be described by an Arrheniudifference of them decreases with increasing temperatures. In
relation’* Hence the mean relaxation timg, is can be ex- addition, the measured viscosifyshould be associated with
pressed as slower constituents because the viscous deformation is

_ QukT mainly governed by the mobility of slower constituetgen-

Tm = Tmo® ' (11) erally larger atoms Accordingly, the activation energy ob-
wherer,, andQ,, are the pre-factor and activation energy of tained here should be associated with that of the diffusion of
., respectively. It should be noted that the present mechdarger atoms.
nism may be extended to fragile glasses if we replace Eq. As for the reason for the marked difference betwegn
(12) with the VFT relation. and 7, of diffusion coefficients in GS and SLS, there are

According to Eq.(10), a fitting program was developed detailed discussions in Refs. 19 and 20. The small isotope
based on the Bevington methdtDue to the existence of the €ffect of diffusion observed in the study of the mass depen-
kink, the tanpp was divided into two subsets according to thedence of diffusion suggested that the collective hopping of
kink temperaturél. By fitting the tanpp of differentT and ~ atoms governs long-range diffusion in SLS. Furthermore, the
f together, the relaxation parameters in GS and SLS for thBopping is a highly cooperative process involving about ten
as-cast sample were obtained, respectively, as shown Rfoms???Tanget al* clearly pointed out that the single-
Table I. Similar results were obtained from the internalatom hopping is an intrinsic property of both the relaxed GS
friction-frequency tam~f spectrum. Using the same and SLS, while the collective motion of atoms is the domi-
method, the corresponding relaxation parameters for arant process for the diffusion in SLS. The present results also
nealed samples were also obtained, and shown in Table $how that the relaxation in &Cuy7 NijpAl7 5 BMG should
The fitting results were also shown in Figs. 3 and 5 by linesbe mainly controlled by the viscoelastic motion of single
One can find that there is good agreement between the fittedfoms in the glassy state, while by the collective motion of
and experimental results. Thus, we have obtained the activa&toms in the supercooled liquid state.
tion energy and preexponential factor of relaxation time for It is worthwhile to noted that the obtained distribution
both glassy state and supercooled liquid state by internftarameterg,(6~10) of relaxation timer; for the present
friction measurements. Now we can clearly understand tha8MG is much larger than the(3~4) observed in
the observed nonlinear relation between the internal frictiorerystalliné-?* and nanocrystalline materiad$This result in-
tang and frequencie$ should be caused by the distribution dicates that the relaxation should be controlled by the pro-
of microscopic relaxation processes. The change of the disesses with a very broad distribution af. One can find
tribution parameters will result in the change of the value offrom Eq. (7) that ther, is determined by both the effective
the apparent nonlinear index[Eqg. (3)]. viscosity 7, and the restoring force constag{, which were
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mainly determined by the atomic structure of relaxation cenheating to the annealing with relatively slow heating rate
ters and the arrangement of neighboring atoms. Comparing~0.17 K/9. Similar results were also observed by the com-
to crystalline materials, the BMGs have very complex atomicparative internal friction study of bulk and ribbon glassy Zr-
structure and configuration. Hence, a broader distribution ofiCuNiAl alloys.2
7, Should naturally be expected.

For the sample annealed at 693 K, the marked decrease of
A suggests that the BMG should be partially crystallized. V. CONCLUSION
The increase of),, and decrease of,, in GS should be
caused by the stronger interaction between atoms resultedde
from the increasing density, which is induced by the partial
crystallization, while the decrease of tg, and the increase

of .o in SLS should be associated with the decreasing siz jon exists near the calorimetric glass transition. The nonlin-
of crgilective moving atom clusters because the larger one§2" relation between the internal friction and frequencies was

are more difficult to move in the partially crystallized struc- OPServed. According to the derived expression, a fitting pro-
ture. It is interesting to note that thgg in GS(~10"14s) for ~ gramwas developed to obtain the relaxation parameters. The
the annealed samples is of the same order of magnitude &Ptained activation energy for the relaxati¢n.7 eV) in
that for crystalline materials(the reciprocal of Debye glassy state antb.2 eV) in supercooled liquid state suggest
frequency.124This is also an indication that the relaxation in that the relaxation should be mainly controlled by the motion
glassy state should be controlled by the motion of a singl®f single atoms in glassy state, and by the collective motion
atoms. of atoms in the supercooled liquid state. The nonlinear rela-
As for the decrease of the internal friction tamluring  tion between the internal friction and frequencies should be
annealing at temperatures higher than 673 K, it is mainlynainly caused by the distribution of microscopic relaxation
caused by the irreversible structure relaxation and the begirparameters. The effects of annealing on the relaxation param-
ning of the crystallization. But it is surprising that the ¢an eters were also observed, and the annealing will result in the
keeps almost invariant at 653 K because the free volumé@ecrease of the size of collective moving atoms. Finally, very
reduction Av should apparently occur at this temperature.broad distributions of relaxation times were found to be ex-
Investigation on the correlation between enthalpy change angted in both the as-cast and annealed samples.
Av of ZrCuAINi BMG*® showed that the low-temperature

A mechanism of internal friction in metallic glasses was
veloped and adopted to analyze the results measured in
ZrgsCuy7 NijgAl; s BMG. An apparent kink of internal fric-
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