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THERMAL PARAMETERS OF METALLIC GLASSES
OF THE Pd—Si AND THE Fe—B TYPE

B. KRALOVA", Bratislava

In the paper presented the w:.o_.ﬁ_..ocm‘néms_::ﬂ:usmmo::mao: of the amorphous
alloys PdSi and FeB is studied by measuring thermophysical parameters. The direct
measurement of thermal diffusivity and specific heat by the pulse method is carried out.
Noticeabie is mainly the thermal diffusivity, which enables us to follow the whole course
of the phase transition in great detail. The analysis of experiméntal results is performed.
All experimental results were obtained in 1978—1979.

TEPMO®U3UIECKHE TAPAMETPBI METAJIMYECKHX
CTEKOI HA BA3E Pd—Si M Fe—B

B craTthe npuBeeHbl pe3ynbTaThl BecenoBanus aMOPQHbIX CTaBOB Pd—SiuFe—B
npy MX Mepexopax u3 amopdHoro cocrosHnst B KPHUCTAIIHYECKOE. i pe3yNbTaThl
rI0/y4eHbl Ha OCHOBE MPAMBIX TepMOUINIECKHX y3Mepenil TeMIepaTypONpoBOAHOCTH
W yaenbHOH TErI0eMKOCTH TpH MOMOIIHA MMITYJILCHOTO METOAa. Ocobrlii WHTEPEC
TipeficTaRnaeT HIMEpeHue TeMIIepaTypOIPOBOIHOCTH, TP [HOMOIIE KOTOPOTO MOXHO
HETANLHO M3YUHT XOR ¢az0BOro nepexona. TIpoBOAMTCA aHaNM3 BCEX 3KCIePUMEHTANDb-
HbIX JaHHBIX, HONYUCHHBIX B 1978-1979 rr.

1. INTRODUCTION

Several physical quantities can be used to identify phase changes of amorphous
materials but it scems that the thermophysical quantities are the most sensitive.
Until recently only little attention has been paid to them. Thus, for instance, only
a few values of thermal diffusivity which have been obtained from internal friction
measurements can be found in literature {1, 2]. Thermal capacity data of these
materials obtained from DTA and DSC measurements are more frequent [3, 4, 5]
This article reports direct measurements of thermal diffusivity and specific heat of
amorphous metallic glasses through transformation regions.
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1) Ipstitute of Physics, EPRG, Slov. Acad. Sci., Dibravskd cesta, 842 28 BRATISLAVA,
Czechoslovakia.
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1. SHORT ACCOUNT OF THERMAL RELATIONSHIP
OF PHASE CHANGES IN METALLIC GLASSES

Glasses moamB:« exhibit two instability regions: a glass transition region and
a crystallization region. The glass transintion region is characterized by a large
increase in specific heat. Simon {6] was the first who explained this increase in
specific heat. Under the glass transition temperature (T,) the undercooled liquid is
frozen in one of its instantaneous configurations. Only the changes of the motion
modes (vibrations and rotations) of atoms or greater complexes correspond to the
temperature changes. Above T, a very fast configurational reordening is present,
causing an increase in specific heat. For the metallic glasses Au—Ge—Si this
increase is about 23 Joule/gat K near the T, temperature. Approximately the same
changes of specific heat have been reported for other amorphous alloys {7, 8].

Convenient thermal fluctuations of atoms help to form crystallization centres.
The region above T, is just such a convenient region and the glass transition, in
fact, stimulates crystallization. The difference AT=T., —T,, where T, is the
temperature of crystallization, can be positive or negative. This difference deter-
mines whether the glass transition can be observed experimentally or not. For
many binary alloys which are not very stable the difference AT is negative and
crystallization is energetically more distinct, as the glass transition is the only

observable phase change. The activation energies of crystallization for stable

amorphous metallic glasses (i.e. AT is large and positive) are of the order
400 kJ/mole [8]- Thus, for example Ni—P—B—Al, Pd—Ni—Si, Fe—Ni—P—B
are among the stable metatlic alloys, as well as other mostly many-component ones.
The activation energies for crystallization of unstable metallic glasses or of glasses
of poor stability (Au—Si, Cu—Ag and others) are about 80 kJ/mole or less. The
driving process of anSENmmoa is diffusion, or phase boundary reaction.

There is no relationship between the glass stability and the enthalpy of
oJﬁS:ﬁwnon. The value H., of the majority of metallic glasses is about 4 kJ/mole

{3}

1. THERMAL CONDUCTIVITY AND THERMAL
DIFFUSIVITY OF METALLIC GLASSES

No discussion about thermal conductivity of disordered structures can be
complete, since the conventional theory of heat conductivity by lattice waves is
applicable only to perfect crystals. A theory of thermal conductivity of amorphous
materials can be made only in the case of the low temperature region where only
long waves aré predominant, for which the solid is an elastic continuum and for
which the detailed atom structure is of less importance. The first to give
a semiempirical description of the thermal conductivity of glasses at medium and
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elevated temperatures was Kittel [9]. The glass in his model is considered as an
extreme case of disordered crystals. He modified the equation of thermal conduc-
tivity of crystals A HW el where ¢, 18 specific heat at constant volume, v 1s the
mean velocity of phonons and [ is the mean free path of phonons. He M:cw:::ma
the classical mean free path [ by loasa limit of structure geometry. {, does not
depend on phonon density nor on the phonon wave length. Then we have for the
.. . 1 . .

thermal conductivity the equation A =3 cvly. Alc s approximately constant and
therefore the thermal conductivity changes in the same way as the specific heat.

In the theoretical analysis of thermal conductivity of glasses Klemens {10},
using the solution of the equation of motion of the elastic continuum, has
determined non-equilibrium numbers of phonons as 3 function of lattice waves.

Thus he has obtained 2 formal relation for the thermal conductivity of glasses

A uw S § dwg(@)vi(@)

where ¢;(w)isa contribution of phonons with polarization *‘j” and frequency “o”’,
dw is specific heat of the unity volume and [(w) is the mean free path of phonons.

Thermal conductivity of glasses is considerably lower than the thermal conduc-
tivity of crystalline solids, the dispersion of thermal conductivity values for different
glasses is much less than the dispersion for crystalline solids at the same tem-
perature, the thermal conductivity of glasses decreases as the temperature decreas-
es, while the thermal conductivity of crystalline solids increases as the temperature
decreases (20).

Low temperature thermal conductivity of metallic glasses was measured by
Matey and Anderson {11, 12]. They used the Wiedeman—Franz law to separate
the electron and the phonon component of thermal conductivity and they came to
the conclusion that the phonon component of metallic glasses has the same
absolute magnitude and exhibits the same temperature dependence as the phonon
component of A of non-metallic amorphous materials. Krempasky [13] analysing
experimental data of thermal conductivity of both chalcogenide and metallic
glasses, showed that the Lorentz number in many Cases is a function of tem-
perature. The calculation of the electron component of thermal conductivity is thus
loaded with a considerable error. In the case of metallic glasses this dependence
L = L(T) is made for the samples of the composition PdgoSiz-

Direct measurements of the temperature dependence of thermal diffusivity have
so far not been made. The only data about thermal diffusivity of metallic glasses
have been obtained from internal friction measurements. In the following we
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explain the temperature dependence of thermal diffusivity which we have
measured. According to Debye the thermal diffusivity is
k HW vl

where v is the sound waves velocity, [ the mean free path of phonons. [ in the case
of glasses is equal to the value of the characteristic structure unit and it does not
change during the glass transition. Substantial changes appear, however, in the
manner of the sound waves propagation in an amorphous material near the T,. In
a general case, three components of elastic waves velocity exist in solids — two
transversal ones (v.) and a longitudinal one (v))- The total velocity of elastic waves
propagations is then

- ﬁ%mv
VEVINZT 3 y)

Contrary, in liquids only the longitudinal component v can be realized (this case
can be extended to the case of undercooled liquids). The characteristic thermal
diffusivity decrease of ordinary nonmetallic glasses at the glass transition has been
ascribed unambiguously to the changes of sound waves velocity in the material. In
the case of metallic glasses the situation is more complicated since it is not possible
to neglect the contribution of electrons.

During crystallization of amorphous metallic glasses more factors effect the
increase of thermal diffusivity “k’: the mean free path of electrons and phonons
gets larger as 2 consequence of structure ordering and at the same time all three
components Of sound waves velocity propagation appear in the crystal.

As can be seen from both table (1) and the experimental results [2, 15, 16},
thermal conductivity and diffusivity of many-component metallic glasses are
considerably lower than thermal conductivity and diffusivity of pure Pd and Fe.
During. crystallization the values of thermal conductivity A increase fivefold for the
alloy Pd—Si, while for the alloy Fe—B only 1.7-fold. It is therefore possible to
assume that the metallic glasses of the type Fe—B are worse thermal conductors
than the metallic glasses Pd—Si.

IV. EXPERIMENTAL

A pulse method {17] has been used for measurements of specific heat and
thermal diffusivity versus temperature. The samples of measured metallic glasses
made at the Institute of Physic of the Slovak Academy of Sciences had the
dimensions 0.3 cm % 0.8 cm % 0.002 cm. The placement of samples between
ceramic blocks is shown in Fig. 1.
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All the systems of the sample-ceramic blocks-heated wire-differential ther-
mocouple was placed in an evacuated quarts tube. The rate of temperature increase
was about 1 °C/min in all experiments. Vacuum was maintained by a rotational oil
gauge.

Fig. 1. The principal arrangement for the pulse

measurement: K= ceramic blocks, V =sample,

DT =diferential thermocouple, ZT =source of
heat pulses.

For samples of weak thermal conductivity and plane source of thermal pulse
Kubidér [18] has derived the relative errors vor one measurement for

k:4—8 %
c:55—6.6 %
1:6.8—10 %.

In the case of these samples of metallic glasses the requirements for the
determination of absolute values of wr, e, “A” are very strict. A number of
factors has to be introduced since the correction for the contact thermal resistance
of the sample and its surrounding, the intrinsic thermal capacity of the pulse source,
sample geometry, heat drain from the sample and thermal sample stability are
necessary. The relative error in the case of samples from metallic glasses is
naturally higher than those given above for non-conducting materials. The present
state of the experiment does not permit us to determine which factor influences the
precision of the measurement more and which less.

For these reasons only the relative values of parameters aré shown in the figures.
The “k’ and “c” are related to the temperature of 200 °C. No phase transforma-
tion up to this temperature is present in these samples of metallic glasses.

V. ANALYSIS OF EXPERIMENTAL RESULTS

The relative values of thermal diffusivity and specific heat of the measured
samples versus temperature are shown in mwmm. 2,3, 4, 5. The influence of the
amount of Ni on the change of “k” and “c” was investigated in the region of the
glass transition and crystallization.

As can be seen from the figures the samples of metallic glasses not containing Ni

do not exhibit the region of glass transition characterized by a typical specific heat
increase and thermal diffusivity decrease. The region of glass transition could not
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be observed because the temperature int rval D.Hug.,sl T, was <.Q.< :wﬂwﬂm
According to Chen [7] for the PdesSiy7 alloy .9@ interval %ﬂ is only

(T.. =639 K, T, =632 K). For the binary alloys this temperature interval does not
nxwmaa 10 K. In the case of PdgsSii the o.iw observable phase change 18

crystallization. The recording of the glass transition region depends, however, OB
precision and sensitivity of the experiment.
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Alloying a binary alloy with a small amount of a third element causes that the
temperature T, shifts towards higher values, the interval AT gets broader and it is
possible to record the glass transition either by specific heat or thermal diffusivity.
According to Chen the interval AT for the (PdssNis)gsSii; sample is 30 K, we have
found this interval to be 20 K.

Table 1
Samples k (cm®s™') c(Jg'K™) A (Jem™'sT'KT)

Pdg.SiisAm 0.051 0.269 0.1428
Pds:Shis Kryst. 0.26 — 0.714
m‘OQmw—mn—o Am 0.17 0.4956 0.0588
mumqmw_mo_cgwn. 0.030 — 0.105
Pdg:Siis Am 0.039 — 0.1806

Pds; Siis Kryst. 0.075 — 0.84

A further concentration increase of Ni up to 20 % Ni has no effedt on the
morphology of phase transformations. The temperature interval of glass transition
is rather narrow and the glass transition is followed by crystallization. For the given
sample the temperatures T, and T., obtained from the course “k” and “c”
correlate very well. Increasing the Ni concentration both temperatures shift
towards higher values as a consequence of increased glass stability.

The crystallization mechanism of metallic glasses with a Ni content above 20 %
in the amorphous matrix of PdSi is rather more complicated. Thus, there appeare
two regions of glass transition and two crystallization regions. The temperatures T,
and T,, given from the course “k” and “¢” do not show any more agreement at
concentrations above 20 % Ni. Expecially from the dependences of “c” it is
possible to see that the crystallization onset is already in the region of glass
transition and although not finished entirely crystallization is followed by another
glass transition region and another crystallization. These overlapping processes are
the reason of the temperature interval increasing and the ambiguity of the
temperatures T, and T.. The detailed analysis of these several step phase
transformations will be possible only if isothermal conditions of thermophysical
quantities measurements are established.

All considerations about changes of thermal quantities caused by structural
changes of an amorphous matrix are verified by direct microscopic observations.
The mechanism of crystallization of the amorphous matrix of PdgsSi;7 (undereutec-
tic composition) is as follows: up to a critical amount of Ni, the first to crystallize
between 20—30 % is the phase rich in Pd. At an above critical amount of Ni this
reacts with Pd and the phase PdNi crystallizes. In the end PdNi reacts with the rest
of the amorphous matrix and the phase to crystallize least is the NiSi one.
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A similar crystallization mechanism was described by Spaepen [19] who
introduced the so-called topological disordering at short distance and the chemical
disordering at short distance. Up to a critical amount of the alloying element this is
being built into the original amorphous matrix as an element which replaces the
solvent, i.e. the metal (Pd, Fe). No change of chemical disorder arises which is
prooved by crystallization of the same type as that the original alloy without Ni.
This state is characterized by the so-called topological disorder at short distance. if
the content of the alloying element exceeds the critical limit, not only topological
disorder arises but, as a consequence of bond saturation, also an amorphous matrix
separation into the phase rich in Ni is present. This is called the chemical
disordering at short distance.

Despite of all adverse influences during measurements of thin metallic glass films
we have tried to compute the absolute values of thermal diffusivity. Using relations

valid for the corresponding arrangement of samples in the holder [16] we have
obtained the following values of thermal diffusivity at room temperatures:

PdsSis . k=0.03 cm’™"
AWQ@mmevmumm: k= 0.027 ﬂanm..n.

The values of thermal diffusivity for the remaining measured samples of the type
Pd—Ni—Si were 0.023—0.039 cm’s™'. For the samples of the composition
Fe—Ni—B these values were 0.015—0.0522 cm’s ™.

Concluding we can say that the pulse method so successful in crystalline bulk
materials measurements can be used for thermal quantities measurements of thin
samples of metallic glasses as well.

The temperature dependences of thermal diffusivity measured by the pulse
method have been the only direct measurements of this unit so far. Together with
curves of specific heat they present the existing phase changes in the material with
great accuracy. When this method has been perfected and the adverse effects
connected with the arrangement of the experiment are overcome, it will be possible
to evaluate the absolute values of thermal conductivity, specific heat and thermal
diffusivity, so far often missing in literature.

1 wish to thank Dr. P. Duhaj for providing the samples and to Dr. L. Kubicér
for his valuable comments CONCErning the analysis of the measured results.
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