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An investigation of the acoustic properties of metallic glass alloys has been carried out in the
temperature range 1.5-300 K. The Young's modulus and internal friction were measured in the
frequency range 0.1-3 kHz using a vibrating-reed technique. The Young's modulus of the alloys
investigated experienced large increases of from 26% to 39% after crystallization. The internal friction
in the amorphous and crystalline phases of the binary alloys Pd08ISio» is consistent with a
thermoelastic relaxation process. Low-temperature anomalies in the damping and dispersion of
multicomponent nickel and iron alloys were observed superimposed on the thermoelastic loss. The
low-temperature measurements in the amorphous phase of Fe0,4P0,6C00~0,Si00, were characterized by
a broad distribution of relaxation times. This distribution is asymmetric, corresponding to excess
damping and dispersion at temperatures below the internal-friction maximum. Crystallization removes
the asymmetry and the crystalline measurements fit a log-normal distribution of relaxation times with

P 13. A temperatureMependent relaxation strength such as that proposed by Scott and MacCrone
explains the main features of the observed low-temperature asymmetry.

In recent years, several amorphous metallic al-
loys1'~ have been prepared by rapid-quenching tech-
niques. At the present time, bulk samples of
these materials are difficult to produce and infor-
mation regarding their general properties are
limited. Measurements of the mechanical behavior
of amorphous metals have indicated that the
amorphous state is characterized by an elastic
softening relative to its crystalline counterpart.
Some of these alloys also exhibit a large anhar-
monicity in both the amorphous and crystalline
phases. 10 However, little information is available
on the temperature dependence of the mechanical
properties of these amorphous metallic alloys.

In the present investigation we present internal-
friction and Young's-modulus measurements in the
amorphous and crystalline states of metallic alloys
over the tempera, ture range 1.5-300 K. The mea-
surements were carried out in the frequency range
0.1-3 kHz using a vibrating-reed technique.
The alloys investigated were Pdo 61 Sio 19,
Feo.v4P„16CO osAlo 03S10 03 Feo 75PO 16S10 06A10 03 and
N 0 74PQ 1680 OVA10. 03 Measurements of the change
in Young's modulus upon crystallization of several
metallic alloys are compared to theoretical pre-
dictions.

Zener's theory of thermoelastic relaxation is
shown to account for the internal friction in the
amorphous and crystalline phases of Pdo 61Sio 19.
From an analysis of the measurements, we deter-
mine the magnitude and temperature dependence of
the diffusivity and thermal conductivity. In the
multicomponent iron and nickel a,lloys, in addition
to the thermoelastic loss, there is a broad low-
temperature internal-friction maximum in the amor-
phous phase. The low- temperature internal fric-
tion and associated dispersion are analyzed using a
broad spectrum of relaxaticn times. The low-tem-

perature damping is also present in the crystalline
phase,

I. THEORY

A. Internal friction

A mell-known relaxation mechanism in thin r eeds
is the thermoelastic loss, first described by Zener. 11

During flexural vibration one side of the reed is
compressed and heats, while the opposite side is
extended and cools. In this process, energy is
lost from the sound wave, due to heat flow from
warmer to cooler regions of the reed. The char-
acteristic time for heat to flow from the heated to
cooled side of a rectangular reed is

7„(T)= (t/v)'D '(Z),

where t is the sample thickness and D= X/C~ is the
thermal diffusivity, with X and C~ being the thermal
conductivity and isobaric specific heat, respective-
ly. Zener showed1 that to a good approximation
(&2/g) the internal friction and Young's-modulus
dispersion could be represented by the single re-
laxation expressions

q '(&u, T) =A[&us, /(1+ ~'~„')), (2)

[Z(u&, r) —Sr (r)]/Er (T) =A[(umv~/(1+ (o27'g)], (3)

where Er(T) is the isothermal Young's modulus.
The relaxa, tion strength, A, is given by

where a is the linear thermal expansion coefficient.
For ~r„«1, the heat generated by flexural motion
has time to flow across the reed within half a sound
period and we have isothermal propagation. For
higher frequencies where &1~ » 1, the propagation
is adiabatic. In the present investigation, mea-
surements covered both the adiabatic and isotherm-
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al regimes. For most materials, the thermoelas-
tic-relaxation process becomes unimportant at low
temperatures, since the relaxation strength, Eq.
(4}, decreases sharply as T- 0 K. This is not the
case, however, for materials which have low-tem-
perature phase transitions. +

Previous acoustic investigations of glasses '"
have revealed relaxation processes with a broad
spectrum of relaxation times. To interpret these
measurements it is usually convenient t6 introduce
a relaxation time distribution function tp(v) such
that

q '= n. J,
"

y(r)(ov «/(1+(o'v')

aE &pal 8)
ABACI

3

) (8)

with B= p/B. By assuming to a first approxima-
tion that no internal displacements take place, we
obtain the simplifying relation B= —,

' between B and
Substitution into Eq. (8) yields

(9)

where 6 is a relaxation strength. In the present
investigation, we have interpreted the low-tempera-
ture internal-friction measurements using a Gauss-
ian distribution in lnv' (log-normal distribution).
The log-normal distribution function is defined by

y(v)«= (Pdm) 'e "'"dz (8)

where z = 1n(v/v' ). v„ is the mean value of the re-
laxation time and P is a parameter which measures
the width of the distribution. A single relaxation
time corresponds to p= 0. The higher the value of
P the larger is the spectrum of relaxation times.
Numerical calculations of the internal friction based
on the log-normal distribution of relaxation times
are available~ '~5 as a function of P.

B. Young's modulus

Recently, a theoretical analysis of the mechani-
cal properties of amorphous materials was carried
out by %eaire et al. ~6 They used a quasicontinuum
and discrete-atom model to calculate the difference
in density, energy, bulk modulus, and shear mod-
ulus between the glass and crystalline phases. A
theoretical estimate for the change in Young'smod-
ulus may be obtained from their results as follows.
The relationship between the amorphous Young's
modulus E, the shear modulus p. , and the bulk mod-
ulus B for a homogeneous solid is given by

E= QBp/(p, +3B).
Using this equation, the change in modulus can be
written in the form

Weaire et g/. found that upon crystallization the
shear and bulk modub changed by dp/p, = 29%-58%
and nB/B =4/g-17'fp, respectively. Using these
values in Eg. (9) leads to an expected Young's-
modulus change nE/E =25%-51%.

II. EXPERIMENTAL

A. Technique

A squeeze-quenching technique2 was used to pre-
pare the amorphous a,lloys, except for ¹io76PL24.
The samples were in the form of thin reeds -0.3
cm wide, -1.8 cm long, and from 50 to 120 p,m
thick. The Young's modulus and internal friction
were determined using a vibrating-reed method .
described previously. ~ Each specimen was clamped
at one end between two stainless-steel plates and
was free to vibrate at the other. Flectural vibra-
tions were excited and detected with identical elec-
trostatic transducers situated on either side of the
free end. The flectural resonant frequency of the
nth overtone for a clamped-free rectangular reed
is19

(10)

where z = f/%12 is the radius of gyration, and f and
E are the reed thickness and length, respectively.
The resonant frequency is directly proportional to
the Young's-modulus velocity along the reed v&
= (E/p)'I~, where E is the Young's modulus and p is
the density. The constants k„are l. 875, 4. 894,
7. 855, . . . for the overtones n = 1, 2, 3, . . .. The
flexural resonances are not harmonic, the second-
overtone frequency being 6. 28 times the fundamen-
tal.

B. Apparatus

A schematic of the apparatus is shown in Fig. 1.
An Au-Fe vs chromel thermocouple determinedthe
sample temperature and was situated in one of the
plates clamping the sample. The thermocouple and
a heater (100-Q carbon resistor), located in the
other clamping plate, were part of a temperature
controller which could regulate the sample temper-
ature to better than 0. 02'K. The clamped sample
was secured in a copper block containing the drive
and receiver electrodes and the entire assembly
was suspended by strings from a copper platform.
The platform also served as the support for a heat
shield whose temperature was controlled automat-
ically. All measurements were carried out under
equilibrium conditions at pressures less than 10
torr.

The receiver circuit is shown in Fig. 2(a). A
bias voltage V~ was supplied across the receiver
capacitor Cz through a large resistor (-50 MQ).
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The receiver capacitance (-0.2 pF) was small com-
pared to the cable capacitance Cp (-ioo pF) and
this led to a substantial loss in the signal at the
amplifier input. Limitations on the magnitude of
the bias voltage, imposed by the electrostatic cou-
pling discussed below, further reduced the re-
ceived signal. To minimize the loading effect of
the cable capaeitanee, a three-lead receiver con-
figuration was employed using a guarded shield.
This technique increased the detected signal by
-20 dB.

The close proximity of the drive and receiver
electrodes lead to a large capacitive coupling. This
coupling resulted in substantial pickup of the drive
signal, which could saturate the detector electron-
ics. A simple bridge circuit was employed to gen-
erate a reference signal at the detector which was
equal in magnitude, but 180' out of phase, with the
extraneous pickup signal. With this system the un-
wanted coupling signal could be nulled in the detec-
tor circuit.

C. Electrostatic coupling

For thin reeds, the flexural resonant frequency
is a function of the receiver bias voltage. This fre-
quency dependence may be quantitatively understood
by considering the coupling between the electrostat-
ic and mechanical systems. A schematic of the re-
ceiver transducer is shown in Fig. 2(b). We de-
fine the electrostatic energy to be zero at infinity

HERMOMETER VACUUM LINE
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THERMO-
COUPLE

(o) RECEIVER CIRCUIT
FIG. 2. (a) Receiver capacitance C& was dc biased

through a large resistor Rz. Bias voltages ranged from
Vz = 5 to 20 V. The loading effect of the cable capaci-
tance C was minimized using a three-lead configuration.
with a guarded shield. (b) Sehematie of receiver trans-
ducer. The dashed line represents the zero-biased
sample position corresponding to a capacitance gap of
do. A dc bias voltage V& caused the reed to be displaced
by —& from its equilibrium position.

and assume the dc bias voltage V~ remains constant
during the reed vibration. The total energy S~ of
the vibrating reed is the sum of the mechanical and
electr ical contributions,

@r = 2yE'- p(E&V,')/(d, +E)

where y is the mechanical bending modulus, e is
the reed displacement from its equilibrium posi-
tion, and do is the capacitor gap for zero-bias volt-
age. The effective capacitor area is given by A. and
Ep —8. 85x io "C /nm is an electrostatic constant.
For a given bias voltage, the new equilibrium posi-
tion is determined from the condition Shr/SE = 0
and the measured effective bending modulus is then

i+&i& d, I+- ~ . (i2)
S &E~V,'~

sE ep dp 2 ( ydp

RECEIVER SAMPLE

~HEAT SHIELD

0

DRIVE,

FIG. l. Apparatus. Two stainless-steel blocks
clamped the metallic sample. A heater and thermo-
couple, situated in the blocks, controlled the sample
temperature. The clamped assembly was held by a cop-
per housing containing the drive and receiver electrodes.
A temperature-controlled heat shield surrounded the
copper housing.

In the case of a reed of rectangular cross section,
the bending modulus at the end of the reed is re-
lated to the Young's modulus along the reed by the
expression E = (4/b)(f/f)'y, where b is the width of
the reed. We thus find for the relative change in
Young's modulus

h(v) - z(0) 1/z(0) = -kv'(i+ ', kv'+. ~ ~ ), (is)-
where k=4EpAP/(dpt b&). This modulus correction
goes as t and thus may be significant for thinsam-
ples.

A consideration of the energy dissipation in the
receiver bias circuit o shows that the change in the
internal friction due to the dc bias has the same
form as that given in EIl. (13). For the sample
dimensions used in this study, the electrostatic
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FIG. 3. dc bias effect. The linear behavior of the
data indicate that the shift in Young's modulus is propor-
tional to V&2, where V& is the bias voltage. Corrections
to the measured modulus can be substantial for very thin
reeds. These data were taken with a 4-V-rms driving
voltage.

correction to the modulus and internal friction is
only important for the fundamental resonance, In
Fig. 3 we present measurements at He tempera-
tures for the Young's modulus obtained from the funda-
mental resonance of an Feo 74Po 16C0 oslo 03Sio og

alloy. The relative modulus shift is seen to
be proportional to 'V~ as predicted. The slope of
these data, given by the straight line, is consistent
with an estimation of the effective capacitor area
and gap. Most of the measurements presented here
were carried out with a dc bias voltage in the range
5-20 V which leads to an error in the absolute mag-
nitude of the fundamental Young's modulus and in-
ternal friction of less than 0. 03% and 1%, respec-
tively. These uncertainties are comparable to the
resolution of the measurements.

Young's modulus from l. 5-300 K for the amorphous
and crystalline phases of Pdo 81Sio 19 The data are
normalized to the room-temperature values given
in Table I. The measurements were taken under
equilibrium conditions with the sample holder held
a fraction of a degree above the temperature of the
surrounding heat shield. The temperatuxe depen-
dence of the amorphous modulus at liquid-helium
temperatures indicates the presence of a weak
anomaly. Relative changes in the Young's modulus
of a part in 10' could be detected with the present
apparatus. %'ith this high resolution, measure-
ments of velocity dispersion between the first and
second overtones were also carried out. Between
He' and room temperature, we observed a Young's-
modulus dispersion of (Vz —V&)/V, =8x10 4 and 8. 8

&& 10 4 for the amorphous and crystalline phases,
respectively.

The internal friction at resonant frequencies of

f, = 319.8 Hz and f2- 1354 Hz are shown in Fig. 5
for amorphous Pdo. »Sio.19. These measurements
are well belqw the glass transition temperature of
650 K. At temperatures below -40 K, the internal
friction at the two frequencies are approximately
equal and constant. It is interesting to note that
over most of the temperature range covered, the
internal friction of the second overtone is less than
that of the fundamental. These measurements may
be compared to the internal friction in the crystal-
lized phase of the same Pdo 8,8io,e sample which is
shown in Fig. 6 for the same two flexural overtones.
The data for the crystalline phase are similar to
the amorphous measurements at low temperatures
(below 30 K); however, at higher temperatures the
damping of the second overtone in the crystalline
phase becomes much larger than the fundamental.

III. RESULTS

A. Pdo 8, Sio»

The pdo. 81Sio.19 amorphous sample, 100 p,m thick,
was initially annealed at 5'70 K for 5 min to remove
strains associated with sample preparation. X-ray
analysis after the anneal showed no sign of crys-
tallinity. Amorphous measurements at the first
and second flexural overtones were carried outand
the sample was then crystallized by slowly heating
from 600 to 700 K during a 2-h period. Using this
procedure, the sample had time to crystalline be-
fore reaching the glass transition temperature T»
= 650 K. This minimized bending of the specimen
due to low viscosity in the amorphous state near
T~. The clamped sample remained in the copper
block during the entire crystallization process.
X-x ay diffraction analysis of the crystalline phase
indicated the presence of Pd (fcc) and Pd~81 (ortho-
rhombic).

In Fig. 4 we show the temperature dependence of
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& CRYSTALLINE

1.000
I i I
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5oc

FIG. 4. Temperature dependence of the Young's mod-
ulus in Pdo sfSio fs The solid and open circles represen. t
the amorphous and crystalline phases respectively. At
300 I, the amorphous modulus has the strongest temper-
ature dependence. There is a slight anomaly in the
amorphous modulus at liquid-helium temperatures.
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TABLE I. Young's modulus and its temperature dependence in the amorphous and crystalline phases of several

metallic alloys. The values in parenthesis represent the crystalline phase. The expression bE/E =—(E, -E,)/E„
where E, and E are the moduli in the amorphous and crystalline phases, respectively.

Alloy E(0 K) O0'i dyn/cm2) E{300K) (10ii dyn/cm2)
104{1/E)(8E/er) {K-')

at 300 K
~/E {%)

do. siSio. is
~eo.~4po. ieco.os»0. 03»0.»
»0.74p0. ieB0.07»0.03

Nio. vepo. 24

~eo.vsPo. ie»o. oeAlo. os

Nio.33Pdo.47po. 2o

Feo 32pdo 48po 20

8.7' (10.7}
9.1 (12.0)
9.4 (12.7)

10.6

8. 0 (10.1)
8. 5 (11.4)
8. 6 {12.0)

10.0 (13.8)
9.9
7, 6
7. 9

—2. 6' (-2. 5)
—2. 8 (-2. 0)
-3.4 (-2.7)

—2. 6

26
34
39
34

*Results for an annealed amorphous sample.

8. Multicomponent alloys

Acoustic measurements were also carried
out on the multicomponent metallic alloys
Fe0 74P0 18C0 08A10 088i0 08 (designated Fe-. I),
Fe0,78P0.18g 0 08AI0, 03 (Fe-ll)»d»0, 74P0. 18BO 07AI0, 08

(Ni-I). The iron alloys Fe-I and Fe-IIwereferro-
magnetic in the temperature range studied with Curie
temperatures of 598 and 602 K, respectively. The in-
ternal fr iction of initially quenched amorphous sam-
ples of the three alloys is shown in Fig. 7. These
data correspond to the fundamental resonance of
reeds, 45 pm thick. Several days were required
to obtain. each set of data due to the wide tempera-
ture range covered. All the multicomponent alloys
investigated exhibit a broad low-temperature in-
ternal-friction anomaly in the range 1, 5-80 K.

The low-temperature anomaly was investigated
in more detail for the alloy Fe-I. Low-tempera-
ture measurements were initially carried out on
the amorphous Fe-I sample and then repeated after
an annealing at 670 K for 8 min. X-ray analysis
of the annealed sample, which remained in the cop-
per housing, showed it to be amorphous. The sam-
ple was then crystallized by heating from 600 to
800 K over a 2-h period. X-ray diffraction analy-
sis of the crystallized sample confirmed the pres-
ence of Fe (bcc), Fe8P (hexagonal), and Fe8P (te-
tragonal). Visual observation of the sample also
indicated the existence of precipitated carbon. A
comparison of the amorphous, annealed, and crys-
talline Ineasux ements at low temperatures is shown
in Fig. 8. The amorphous and annealed measure-
ments show a broad maximum centered near 20 K.
In the case of the crystalline measurements, the
internal-friction maximum ls much sharper and is
shifted up in temperature to -24 K. The absolute
magnitude of the internal friction is seen to de-
crease as the sample is progressively heat treated
at higher temperatures.

A Young's-modulus dispersion also accompanied
the internal-friction maximum observed in the
amorphous state of Fe-I, Fe-II and ¹i-I.This can
be seen in Fig. 9, which shows the Young's-modu-

lus temperature dependence of Fe-I after various
stages of heat treatment. The main effect of an-
nealing the amorphous sample is to decrease the
low-temperature Young's modulus I elative to its
value at 300 K.

IV. DISCUSSION

A. Young's modulus

From the measurements of Young's modulus as
a function of temperature, we have obtained
Z(r= 300 K), Z(r=o K) a,nd (I/Z)(eZ/er). These
values for the various alloys measured are given
in Table I. Also presented in this table are the
changes in the modulus upon crystallization eval-
uated at 300 K. The changes in modulus at 7= 0 K
is generally 2%-3% less than the room-temperature
value. In all the investigated alloys, crystalliza-
tion reduced the temperature dependence of Young's

I
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FIG. 5. Temperature dependence of the internal fric-
tion in amorphous Pdo aiSio ie. The solid and dashed
curves correspond to the calculated thermoelastic relaxa-
tion for the first and second overtones, respectively.
The internal friction at the two frequencies becomes equal
at the temperature (7=285 K) calculated from the thermo-
elastic process; however, the magnitude of the experi-
mental loss is larger. The frequencies given in the fig-
ure represent room-temperature values.
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FIG. 6. Temperature dependence of the internal fric-
tion in crystalline Pdp 8&Sip &9. The calculated thermo-
elastic relaxation for the first and second overtones is
represented by the solid and dashed curves, respectively.
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FIG. 8. Temperature dependence of the internal fric-
tion in Fep 74Pp f6Cp psAlp p3Sip p2 in the range 1.5-50 K.
(a) The solid circles represent measurements of the
initially quenched amorphous sample. (b) The open cir-
cles were taken after annealing the amorphous sample
at 670 K for 8 min. (c) After crystallization, the mea-
surements were repeated and are shown by the open tri-
angles. The magnitude of the internal friction decreases
with successive heat treatments.
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FIG. 7. Temperature dependence of the damping in
the amorphous phase of multicomponent iron and nickel
alloys in the range 1.5-300 K. All the alloys show a
broad low-temperature internal-friction maximum. The
fundamental flexural frequencies at 300 K are (a)
f& =129.2 Hz, (b) f& = 138.7 Hz, and (c) f& = 154.9 Hz.

FIG. 9. Temperature dependence of Young's modulus
of the fundamental flexural resonance in
Fep 74Pp g6Cp psAlp p3Sip p&. The solid and open circles rep-
resent measurements in the initially quenched and annealed
samples, respectively. The crystalline measurements are
given by the open triangles. The dashed lines are an esti-
mate of the dispersion associated with the low-temperature
internal-friction maximum. The resonant frequencies at
300 K are (~ ) 154. 9 Hz, (O) 156.5 Hz, and (b) 179.0 Hz.
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modulus at 300 K. In the case of Pdo 8,8io,~, the
M% modulus change upon cry'stallization agrees
with earlier measurements. ~ The temperature
dependence of the amorphous and crystalline
Young's modulus is also in accord with the room-
temperature dynamic measurements of Ref. 9.
However, the temperature dependence of the amor-
phous modulus is a factor of 2. 5 smaller than the
results of static measurements. ~ This large dis-
crepancy between the static and dynamic measure-
ments cannot be accounted for by the small differ-
ence between the adiabatic and isothermal moduli. a'

In the early stages of this investigation, room-
temperature Young's-modulus measurements were
performed on metallic alloys with compositions
Nlo 76PO g4 ¹033Pdo g7PO go and Fey 33Pdo 48PO po,
The results for these alloys are also presented in
Table I. For these measurements, the uncertainty
in the modulus is approximately 15%. All the mod-
ulus changes (E,—E,)/E, given in Table I lie within
the theoretical estimated limits of 21%-43%. An
alternate estimate of the modulus change between
the amorphous and crystalline phases may be ob-
tained from a consideration of the dependence of
the elastic moduli on strain energy. This approach
does not depend on specific microscopic models
such as those used by Weaire et al. " Zener has
derived an approximate expression relating the
strain dependence of the shear modulus to its tem-
perature dependence. Since Young's modulus is
linearly related to the shear modulus for a con-
stant Poisson's ratio, we obtain

trum of relaxation times.

1. Pdo SISio J9

In the case of Pdo „Sio», which does not show
a measurable low-temperature anomaly, we as-
sume the internal friction may be described by a
single relaxation process given by Eqs. (2) and (3).
In Fig. 5, the essentially constant amorphous in-
ternal friction at low temperature was assumed to
be a clamping loss and was removed from the high-
er-temperature measurements to obtain the intrin-
sic sample loss at each frequency. The relaxation
time for the process may be estimated from the
ratio of the internal friction at the two frequencies

Q2 ~V I) 1+ QP)7

Qy Qpy] 1+Qpp7'

This procedure yields a relaxation time which in-
crease with decreasing temperature and has the
value 2. 8 x 10 4 and 4. 8 & 10 4 sec at 300 and 100 K,
respectively. We associate this relaxation time
with the thermoelastic process. From Eq. (1) we
obtain a room-temperature diffusivity D = 0. 039
cm sec ', which is -20% smaller than the value re-
ported by Berry. ' "

In order to directly compare the thermoelastic
theory to the measurements, we make the simplify-
ing assumption that the amorphous alloy may be
represented by a Debye solid. Furthermore, we
assume the expansion coefficient is linearly re-
lated to the specific heat through the Gruneisen ex-
pr ession~~

—= (-.»E)-ds, ds'I
E ' dT] (14)

where N is the total number of molecules, k is
Boltzmann's constant, and e is the strain energy.
From measurements of the heat of crystallization~3
we take e = 1.5 kcal/mole and use a typical value
E (dE/dT) =2.8x10 K obtained from Table I.
This leads to a Young's-modulus change of 14%.
This low value does not take into account the ef-
fects of internal displacements, which have been
shown' to introduce a large additional change in
the modulus.

8. Internal friction

The internal-friction measurements are dis-
cussed in terms of two relaxation processes. Ther-
moelastic relaxation is shown to be the main con-
tribution to the internal friction at high tempera-
tures (100-300 K). At lower temperatures, ther-
moelastic relaxation approaches zero as T-0 K.
In the low-temperature regime (1.5-100 K), the
iron and nickel alloys exhibit an internal-friction
anomaly which is shown to be consistent with a
relaxation process containing a very broad spec-

where y is. the Gruneisen constant, a is the com-
pressibility, and v is the specific volume. A Debye
temperature of 300 K was used to calculate the spe-
cific heat and x was obtained from recent ultrasonic
measurements. ' The theory was normalized to the
first-overtone amorphous data at 200 K by setting
the Gruneisen constant y= 2. 6. Yhe solid and
dashed curves shown in Fig. 5 correspond to the
predictions of the thermoelastic theory for thefirst
and second overtones, respectively. In the range
100-300 K, v, v —0. 5 while max —3. This accounts
for the fact that Qz $ Q&' over most of this tem-
perature range. Experimentally, Q~' = Q,

' at-, 285 K,
which is the same crossover temperature calcu-
lated from the thermoelastic process. There is
sufficient agreement between theory and experi-
ment to conclude that the thermoelastic process is
the dominant loss mechanism in amorphous
Pdo S,Sio,e at these frequencies. The analysis was
carried a step further to estimate the thermal con-
ductivity X. Derived values for D and X are given
in Table II. The amorphous thermal conductivity
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TABLE II. Estimated diffusivity and thermal conduc-
tivity of Pdp 8~Sip fe.

Phase

Diffusivity
D (cm2sec )

100 K 300 K

Conductivity
&(Wcm K )

100 K 300 K

Amorphous
C rystalline

0. 023
0. 060

0.039
0. 075.

0. 043 0.11
0. 11 0.20

decreases monotonically with decreasing tempera-
ture as has been observed in other nonmetallic
amorphous materials. However, the metallic
amorphous conductivities are one to two orders of
magnitude larger than their nonmetallic counter-
parts, due to a large electronic contribution. The
measured room-temperature amorphous conduc-
tivity X = 0. 11 Wcm 'K ' is -20/g less than the val-
ue reported by Berry and Pritchet.

A similar comparison between theory and experi-
ment was carried out for the crystalline data in

Fig. 6. The solid and dashed lines are again the
theoretical predictions using a Debye temperature
of 300 K and a normalized Gruneisen constant of
2. 7. The theoretical fit is much better in the crys-
talline phase than the amorphous phase. This may
be accounted for by introducing an additional amor-
phous loss mechanism, which is associated with
the glass transition and is not negligible at room
temperature. This may also explain the origin of
the excess dispersion obtained at room tempera-.
ture, which is ™30%%uogreater than the thermoelastic
prediction. Some evidence conf irming pretransi-
tional acoustic loss in Pdo «Si, „has been re-
ported. ' However, more-precise high-tempera-
ture measurements are needed to quantitatively
describe this process. From Table II we see that
the diffusivity and conductivity in the crystalline
phase of Pdp SySip, gg are approximately twice their
amorphous values.

2. Fe and Ni alloys

The iron and nickel alloys investigated, all ex-
hibited a low-temperature acoustic anomaly in both
the amorphous and crystalline states. Above 100K,
measurements of the second-overtone damping (not
shown in Fig. 7 for clarity) had a larger magnitude
and temperature dependence than the fundamental
for all samples investigated. We assume that the
internal friction measured above -100 K was pri-
marily due to thermoelastic relaxation as was the
case for Pdo. „Sio». A quantitative comparison
between theory and experiment could not be made
because of the large unCertainty in determining the
background clamping loss. However, it is clear
from Fig. 7 that the diffusivity and conductivity are
strong functions of the alloy composition, if we
assume the entire high-temperature internal fric-
tion is due to the thermoelastic effect. Near room

temperature an additional contribution may arise
from the diffusion of boron or carbon, as has been
reported for low-carbon steel.

In the temperature range 1.5-80 K the internal-
friction measurements at the second overtone re-
vealed the same temperature dependence as the
fundamental resonances shown in Fig. 7. The ab-
solute magnitude of the second-overtone damping
was also essentially the same as the fundamental
in this range. A relaxation process or hysteresis
loss mechanism may account for low-temperature
damping which is approximately independent of fre-
quency. Hysteresis losses are usually amplitude
dependent, while relaxation processes are not.
Thus to distinguish between these processes, mea-
surements of the amplitude dependence of the damp-
ing were carried out. In Fig. 10, we show the
strain dependence of the first and second overtones
of amorphous Fe-II. These data correspond to
strains in the range of 8~10 to 8x10 . Within
the scatter, the internal friction is independent of
strain.

The low-temperature measurements were ana-
lyzed assuming a thermally activated relaxation
mechanism was responsible for the observed in-
ternal friction. For this process, the relaxation
time ~ has the form

I

os
—7—O

6 —o

~ 5—ir
LU

—4
0.)

~ f) (142 Hz}

o f~(880 Hz}T= 22K
Fe0.75 P0.16 S~0.06 4t 0.03

I I I

0.2 0.5 1 2

STRAIN (So UNITS)

10

FIG. 10. Strain dependence of the internal friction
near its maximum in Fep 75Pp )6Sip p6Alp p3, The strains
are in units of 6p = 7. 8 x10 . Within the experimental
uncertainty, the low-temperature internal friction is in-
dependent of strain for 10 + 6 & 10

(17)

where H is the activation energy and k is Boltz-
mann's constant. The prefactor may be estimated
by assuming so= h/(kT„), where T„ is the tempera-
ture of the internal-friction maximum and t= k/2w,
with h being Planck's constant. The amorphous
specimens of Fe-I, Fe-II, and Ni-I have internal-
friction maxima at 20, 29, and 16 K, respectively.
The most accurate and detailed measurements were
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carried out on Fe-I samples and we will thus pre-
sent a complete analysis of the internal friction in
this alloy.

For a thermally activated process with a single
relaxation time, the normalized internal friction
may be expressed in the form

Q '/Q„' = sech[(- H/k)(T„' —T ~)] (18)

1 I I I
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FIG. 11. Normalized internal friction versus the in-
verse temperature for amorphous
Fep 74Pp f6Cp p5Alp p3Sip p2, The solid curve represents a.

single relaxation process with an activation energy H = 850
cal/mole. The dashed curve corresponds to a symmetric
log-normal distribution of relaxation times withP = 15 and
H = 850 cal/mole. The data exhibit a large asymmetry in the
low-temperature regime. Different choices of the back-
ground internal friction affect the magnitude of the asym-
metry; however, a large low-temperature tail prevails
for all reasonable values of the background.

where Qj,
' is the maximum value of the damping.

A plot of Q '/Q„' vs (T„' —T ') for a single relaxa-
tion process yields a symmetric curve about T = T„
with a width that depends on the activation energy.
Using the fact that +7 = 1 at the peak temperature,
and Eq. (17), we obtain H = 850 cal/mole as an esti-
mate for the activation energy of the Fe-I alloy. A
similar analysis of the internal friction in Fe-II
and Ni-I yields the activation energies H= 1270 and
680 cal/mole, respectively. These activation val-
ues imply that the internal-friction maximum of
the fundamental and second overtone differ in tem-
perature by only 1.4-2. 4 K. These temperature
differences could not be resolved in the present
experiment due to scatter in the data; however,
they are consistent with the measurements.

In Fig. 11 we present the normalized internal
friction of amorphous Fe-I as a function of T„'—T '.
The expected behavior of a single relaxation pro-
cess with H= 850 cal/mole is also shown by the
solid line. The data exhibit a broad asymmetry
relative to T= T„with a large tail at low tempera-
tures. 2 It is clear that the measurements are not
represented by a single relaxation time, but re-

1.0
0.74%.16 CO.OS P.PS 0 OR/

~
y08
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DISTRIBUTION (P=13)
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FIG. 12. Normalized internal friction versus the in-
verse temperature for crystalline
Fep 74Pp f6Cp p5Alp p3Sip p2, The dashed curve corresponds
to a lognormal distribution with P =13 and H =1050 cal/
mole. Only a small remnant remains of the low-tem-
perature amorphous tail.

quire a broad asymmetric distribution of v's. To
estimate the magnitude of the distribution, we have
assumed a log-normal distribution of relaxation
times, as discussed in Sec. I, and used the anal-
ysis method proposed by Norwick and Berry.
The dashed curve in Fig. 11 represents a log-nor-
mal distribution with P = 15 and fits the high-tem-
perature data. Since the log-normal distribution
is symmetric, it cannot account for the low-tem-
perature asymmetry. ' This value of P leads to a
relaxation strength [E(&o = ~) —E(&o = 0) ]/E(&o = 0)
=1.6&&10', which may be compared to the mea-
sured dispersion in the amorphous Young's modu-
lus hE/E~3x10', shown by the dashed line in

Fig. 9." Low-temperature measurements of the
internal friction in crystallized Fe-I, shown in
Fig. 8, have also been compared to a log-normal
distribution. These results are given in Fig. 12,
where the dashed curve represents P= 13 and II
= 1050 cal/mole. The crystallized data fit a log-
normal distribution reasonably well for T && T~.
Qnly a small remnant of the low-temperature amor-
phous tail remains. We conclude that the low-tem-
perature tail of the distribution of relaxation times
is an intrinsic property of the amorphous state
This asymmetric behavior in the relaxation spec-
trum has also been observed in aluminosilicate
glasses'2 and sheet glass. ~3

The most consistent interpretation of low-tem-
perature acoustic behavior in pure glass-forming
materials is based on oscillations of atoms in an
open tetrahedr ally coordinated structure. Ander-
son and Bommel3~ concluded that the relaxation
process responsible for their ultrasonic loss in
fused silica was due to transverse motion of oxygen
atoms between two or more equivalent sites. This
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approach has been modified more recently, by
Vukcevich~~ mhose model gives better agreement
with the measured oxygen angle distribution. These
and other explanations for silica-like glasses are
generally based on an open structure with specific
bonding properties and are probably not suited to
metallic glasses, which have a close-packed struc-
ture with nondirectional bonding.

Recently, Scott and MacCroneM carried out lom-

frequency vibrating-reed measurements in silica
glasses, which revealed relaxation processes at
lom temperatures simQar to the present results.
To explain their data, they assumed that amorphous
materials contain local combinations of atoms which
vibrate as an almost-independent Einstein oscillator
with frequency mo. These lom-frequency vibration-
al modes, which are in excess of the usual Debye
spectrum, couple to the strain through aGrQneisen
constant. This coupling leads to anelastic relaxa-
tion, which was found to be consistent mith their
kHz measurements.

The relaxation strength for this process is

where e~ and y~ are the thermal expansion and

GrQneisen constant associated with the Einstein
oscillators of frequency ~„and F(z) = (e' —2z
- s )/z with z=@oo/kT. The function E(z}-0at
high temperature (T» T„}and diverges as T- 0.
Since 0.~ is assumed to approach zero at low tem-
peratures, the relaxation strength is expected to
to be small at high temperatures (T & T„) and in-
crease with decreasing temperature to some limit-
ing value. For z = 1 (T= T„), the relaxation strength
is given by 4 =0. 175a~y~r„. Setting z~ = 10 ' K"',

y~ —2. 7, and 7„=20 K, me obtain the rough esti-
mate d(T = T„)~ 10 4. This gives an order-of-mag-
nitude agreement with the measured velocity dis-

. persion at the internal-friction maximum. The
enhancement of the relaxation strength at tempera-
tures belom T„may also explain the asymmetric
damping and dispersion observed experimentally
in the low-temperature regime (T& T„). A more
accurate determination of the parameters in this
theory is necessary before a quantitative test of
its predictions can be carried out.

Finally, me must mention a recent theoretical
model, ~» introduced to explain the behavior of
glasses at low temperatures (Tgl K). In this
approach, a glass is assumed to contain a distribu-
tion of tunneling states, each consisting of a group
of atoms having two equilibrium positions in an
asymmetric double mell potential. The assump-
tion of a uniform energy distribution of these states

leads to a linear temperature dependence of the
specific heat. The theory also predicts a resonant
absorption of phonon energy which leads to a satu-
ration effect at high frequencies. Both of these ef-
fects have been observed experimentally. Bssos4 At
higher temperatures, relaxation processes become
more important than resonant absorption. Recent-

ly, attenuation measurements4~ in As&83 from 1.5

to 800 K mere explained by the tunneling approach
using a phenomenological energy distribution func-
tion. Further development of this theory, which is
an alternative to the Einstein oscillator approach,
may ultimately describe the lorn-temperature acous-
tic behavior reported in this paper.

V. CONCLUQON

Ne have shomn that thermoelastic relaxation is
the major loss mechanism in reeds of metallic
glass in the temperature range 100-300 K. In

Pdo. s&8io», the comparison of the internal-friction
measurements to the thermoelastic relaxation
theory yields information regarding the magnitude

and temperature dependence of the thermal con-

ductivity and diffusivity. A broad lom-tempera-
ture internal-friction mgamum and Young's- mod-

ulus dispersion is observed in iron and nickel al-
loys. Even in Pdo. S~Sio.», there appears to be a
small Young's-modulus dispersion effect at liquid-
helium temperatures (see Fig. 4). Since these
measurements mere carried out in an annealed
amorphous sample, it is quite possible that an ini-
tially quenched Pd-Si alloy mould reveal a more
pronounced low-temperature anomaly. Recent
MHz ultrasonic measurements in Pd-Si alloys
also show a broad low-temperature attenuation
maximum. The magnitude of the low-temperature
internal friction in the multicomponent alloys is in-

dependent of strain amplitudes in the range 10"'-
10" . In Feo.74Po.xsCo.osAlo. osSiL oa, the distribu-
tion of thermally activated relaxation times is very
broad and asymmetric. This asymmetry is re-
moved upon crystallization and it appears to be a
property of the amorphous phase. The coupling of
localized atomic arrangements to the bulk through
a Gruneisen parameter, proposed by Scott and Mac-
Crone, leads to a temperature-dependent relaxa-
tion strength, which may account for the asymmetry
observed in the internal friction and Young's modu-

lus. More quantitative conclusions regarding these
low-temperature anomalies must amait further in-
vestigation, particularly at higher frequencies.

The Young's modulus of several metallic alloys
was measured from 1.5 to 300 K. At 300 K the
temperature dependence of the modulus in both the
amorphous and crystalline phases was linear with

values in the range (1/E)(BE/8T) =(2-8. 4)&& 10 4

K '. The amorphous temperature dependence mas
always greater than the crystalline. All the alloys
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exhibited a softening of Young's modulus in the
amorphous phase. C rystallization of the amorphous
samples resulted in a large increase in the modu-
lus ranging from 26% to 39% at 300 K. At T= 0 K
the change upon crystallization was smaller by
2%-3%.
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