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ABSTRACT

The subject of metallic glasses is introduced. These materials have technological poten-
tial, but only if their stability is adequate. 1t is, therefore, important to study their trans-
formations on annealing, especially structural relaxation. The ferromagnetic Curie tem-
perature, T, is a particularly useful parameter for monitoring structural relaxation and
it can be measured by differential scanning calorimetry (DSC). The DSC method is con-
venient and accurate if temperature lags are corrected for. Ways of performing this cor-
rection in the DuPont DSC system are reviewed and a new method is proposed and
tested. The experimental details of determining the T, of metallic glasses are given.
Finally, the relaxation behaviour of FegoBjg glass, as studied by measuring its T, is
reviewed. This behaviour is similar to that of conventional oxide glasses.

1. INTRODUCTION

Rapid quenching of molten alloys has been a subject of much scientific
and technological interest for some time [1,2]. In addition to refined grain
size, extended solid solubility and new metastable phases in crystalline prod-
ucts, it can produce non-crystalline phases. Non-crystalline alloys can be pro-
duced by a variety of other techniques, including vapour deposition, ion
implantation, electrodeposition and chemical deposition, but we shall be
concerned only with those produced by rapid quenching from the melt.
When produced in this way the non-crystalline (or amorphous) alloys are
perhaps best called metallic glasses [ 3] by analogy with conventional glasses.’
Several techniques have been used to achieve the rapid quenching. The basis
of each is that a thin layer of liquid is formed in good thermal contact with a
good conductor. Most interest has been shown in those methods which can
produce a continuous product. In roller-quenching [4], a molten jet of alloy
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is projected between rapidly rotating rollers. In melt-spinning, the jet is pro-
jected on to the sloping inner surface or the flat outer surface of a rapidly
rotating drum [6—7]. The most common method is melt-spinning, which
can produce a continuous ribbon of constant cross-section (typically 50 um
thick and up to several millimeters in width) with uniform structure and
properties. The cooling rate is of the order of 10%°C s™! and the need to
achieve this rate limits the thickness of ribbon, although Pd—Cu—Si glass
[8] can be produced at a rate as low as 102°C s™1.

Even such a high cooling rate sets severe restrictions on the alloy com-
positions which can be obtained in non-crystalline form. Those which have
been successfully quenched [9,10] fall into two main classes.

(a) Alloys of the late transition metals or noble metals and metalloids.
The metals used include Au, Co, Fe, Mn, Mo, Ni, Pd and Ru. The metalloids
used include B, C, Ge, P and Si. Typically, these glasses can be produced
when the total metalloid content is 15—25 at.%.

(b) Alloys containing only metal atoms. These have now been produced
in great variety, e.g. Cu—Zr, Nb—Ni, Ni—Ti, Ca—Mg, Mg—Zn, (Ti, Zr)—Be,
U—Cr. Typically, the composition range over which these glasses can be
produced is wider than in class (a), e.g. Cu—Zr can be quenched to a non-
crystalline form in the raige 25—60 at.% Cu [11].
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Fig. 1. DSC curves at different sensitivities obtained on heating a 4 mg sample of the
amorphous alloy Metglas 2826 at 20°C min~!. The Curie transition is at point a. An exo-
thermic reaction associated with the relaxation of the glass gives rise to the broad peak at
b. The glass transition is at ¢, and the major peak at d shows the heat evolution as the
glass crystallises.
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The structure of metallic glasses has been studied by X-ray and neutron
scattering [12]. It appears that they are truly non-crystalline and not micro-
crystalline. The most successful model of the structure has been that based
on the dense random packing of hard spheres {13], although models based
on a more rigidly defined short range order may also be important [14].

Metallic glasses have interesting and some potentially useful properties,
including mechanical strength [15,16] and corrosion resistance [17]. The
alloys with the greatest potential, however, are those of the transition-metal
metalloid type with a large fraction of iron (typical compositions in at.%:
FegoB,o and Fe, oNisgP14B¢). These alloys are ferromagnetic [18] and their
soft magnetic properties make them attractive for a number of applications
[19]. They are the most widely studied type of metallic glass and the pres-
ent work is restricted to this type.

The stability of metallic glasses has been extensively studied [20]. They
are metastable, not only with respect to crystalline phases, to which they
transform when the atomic mobility becomes high enough on heating, but
also with respect to more ‘‘relaxed’ glassy states. Structural relaxation,
which can occur at times and temperatures far lower than those necessary
for crystallisation, will, in principle, affect all the properties of metallic
glasses. The Curie temperature of ferromagnetic glasses, being sensitive to
relaxation and convenient to measure, is the property of immediate inter-
est.

The transformations of metallic glasses may be studied using DSC. Fig-
ure 1 shows DSC curves for Fe,oNizoP;4Bs glass obtained by heating at
20°C min~!. This material is ferromagnetic and its Curie point at 235°C is
visible on the more sensitive curve. (The attribution of such a feature to the
Curie transition can be confirmed by magnetic measurements e.g. as in Fig.
18.) Between 250 and 400°C, there is a broad peak: this corresponds to an
exothermic, irreversible reaction associated with the structural relaxation
of the glass. At 390°C there is a sharp drop in specific heat attributed to the
glass transition. (This was confirmed by dynamic mechanical analysis [21],
which showed there was a peak in mechanical damping at the same temper-
ature.) Shortly after the glass transition, the material crystallises and this
exothermic reaction gives rise to the major DSC peak. Transmission electron
microscopy and DSC have proved useful in determining the reaction kinet-
ics [22,23]. That so much information can be obtained even from one DSC
run illustrates the importance of this technique. The present concern,
though, is just the use of DSC to determine Curie temperatures.

Metallic glasses will find technological application only if their stability
is adequate. Crystallisation seems unlikely to be a problem, but structural
relaxation may be significant under service conditions. In addition, the
study of structural relaxation is important because it may offer possibili-
ties for property optimisation. In subsequent sections, it will be shown that
the Curie temperature, T., is a useful parameter in monitoring structural
relaxation and that it can be measured using DSC. This can be a very accu-
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rate method, but only when a temperature lag correction is carried out; a
new means of doing so is presented. Finally, some results on FegyB,, glass
are given to illustrate the usefulness of the technique.

2. THE CURIE TRANSITION IN METALLIC GLASSES

Although much work has been done on the phase transition in pure
ordered magnetic materials, it is only recently that the behaviour of dis-
ordered systems has been the subject of serious study [24]. Experimentally,
this study has been advanced by the discovery that metallic glasses can be
ferromagnetic: the fact that they can be made with high or low concentra-
tions of magnetic atoms has enabled the effects of disorder and dilution on
the Curie transition to be studied and theories of magnetism to be tested
[18]. It was shown by Gubanov [25] that amorphous solids could be ferro-
magnetic; previously, it had been thought that the lack of long range atomic
order would prohibit ferromagnetism. The effects of randomness on mag-
netic properties are far-reaching: some non-ferromagnetic crystals become
ferromagnetic in their amorphous state [26], and in a particular metallic
glass it has been shown [27] that the Curie temperature is higher than the
glass transition temperature, i.e. that ferromagnetism can exist in the liquid
state.

For metallic glasses, the sharpness of the Curie transition is dependent
on the concentration of magnetic species (Fe, Ni, Co). Where that concen-
tration is low, the transition is smeared (i.e. the magnetisation decreases
slowly and smoothly to zero on heating), there is only a small specific heat
anomaly associated with it [18], and the Curie temperature cannot be
defined by conventional methods [28]. Annealing of such glasses causes the
Curie transition to be still more smeared cut [28]. While there is consider-
able scientific interest in these materials, which are close to the percolation
threshold for a uniform ferromagnetic state [18], technological interest has
centred on those metallic glasses having a high concentration of magnetic
species (e.g. FegoBjg, FeqoNisoP14Bg) which are the subject of the present
work.

The Curie transition in glassy alloys of the latter type has been studied by
a.c. calorimetry [29] and has been shown to be sharp; indeed, it is very sim-
ilar to that of a crystalline metal. This result is in agreement with theoretical
predictions and enables T, to be found by conventional magnetic measure-
ments. Arajs et al. [30] have shown that for Fe,(NisoP:sBs (Metglas 2826:
Allied Chemical Corp.), the kink-point method [31] and Arrott plots give
the same value for 7T.. Majumdar [32] has obtained consistent values of the
Curie temperature of Fe,sMo,B,, (Metglas 2605A: Allied Chemical Corp.)
by three methods: low-field susceptibility measurements, determination of
the temperature at which the rate of change of magnetisation with temper-
ature is a maximum, and the use of modified Arrott plots. Because the Curie
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transition of metallic glasses having a high proportion of magnetic species
is so sharp, T. may be determined by detecting the specific heat anomaly
at the Curie point using DSC [33].

It has been known for some time that the Curie temperature of these
glasses rises on annealing [33,34] and this can be of significance in T, deter-
minations. In order to determine T, if extrapolation of magnetic data is to
be avoided, the sample has to be heated to at least T.. If T, is sufficiently
high, the heating necessary to perform the determination may have an
annealing effect, causing the Curie temperature to rise. Different methods of
determination require the sample to be held for different periods at elevated
temperatures and so the results may be inconsistent if there is a significant
annealing effect at those temperatures. For Fe,oNisoP,4Bs [30], referred to
above, the measurements were consistent because the methods of determin-
ation involved the same thermal treatment of the sample. In the case of
Fe;sMo,B,, [32], the Curie point is below the temperature range for a signif-
icant annealing effect during the course of the determination. Thus, Majum-
dar obtained consistent results by different methods, as noted above. Fur-
thermore, his value for the T, of the as-received alloy as derived from mag-
netic measurements is 283°C, in excellent agreement with the value of
282.6°C obtained by DSC in the present work (Table 1, Sect. 3.5), demon-
strating the validity of the DSC method. In the case of FegyB,, glass, the
Curie temperature (358.5°C) is sufficiently high for there to be a measur-
able annealing effect during a Curie point determination. The problems
posed by this are discussed in Sect. 3.5, but for the moment it is important
to note a particular advantage of the DSC method, viz. that, of the avail-
able methods for determining 7., DSC is the most rapid and therefore the
one which minimises the undesirable annealing effect.

3. THE MEASUREMENT OF CURIE TEMPERATURES BY DSC

The DuPont DSC system has been used throughout the present work. In
Sect. 3.1, the system and its operation are described as a background to Sect.
3.2 and 3.3 in which are presented a model for the heat flow in the system
and a new method of correcting for the temperature lag on heating based on
the model. The use of DSC to determine Curie temperatures is then
described, first for a conventional crystalline material, nickel, and subse-
quently for metallic glasses.

3.1. The DuPont DSC system

The DSC system manufactured by E.I. DuPont de Nemours and Co., Inc.
is of the heat-flux type and the principle of its operation has been described
by Baxter [35]. The temperature difference between the sample and an inert
reference (usually an empty sample pan and lid) is measured and, because
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Fig. 2. A cross-sectional view of the DuPont DSC cell. a, Silver heating block; b, lid; c,
constantan disc; d, chromel discs; e, chromel wires; f, alumel wires; g, pan and lid contain-
ing sample; h, reference pan and lid.

the thermocouples measuring this differential temperature are removed for
the sample and reference, the differential heat flow is proportional to the
differential temperature. Another result of the separation of thermocouple
and sample is that the temperature of the sample lags behind that of the
thermocouple on continuous heating and Sect. 3.3 describes how this may
be compensated for. The DSC cell is illustrated in Fig. 2. It consists of a fur-
nace and silver heating block, the block having inside it a cylindrical chamber
containing a constantan disc. The disc has two raised platforms on which the
sample and reference holders are placed. A chromel disc and connecting wire
are attached under each platform and these two chromel-—constantan ther-
mocouples measure-the differential temperature. In addition, an alumel wire
is attached to each chromel disc and, on the sample side, the chromel—
alumel thermocouple thus formed is used to measure the sample tempera-
ture. A thermocouple embedded in the silver block is connected to a propor-
tional controller so that the temperature of the block can be programmed.

It is normal to use an inert purge gas in the cell to prevent oxidation of
the constantan disc. In the present work, argon was used at a flow rate of
40 ml min~' at ambient pressure. The quality of the DSC curve is very sensi-
tive to fluctuations in the flow rate. A two-stage regulator, followed by a
large diaphragm constant pressure stage and a Penning valve, enabled the
flow rate to be controlled to better than +1 ml min™ over long periods of
time.

The DuPont DSC system used here consisted of two components, the
model 910 calorimeter and the model 990 console. The 910 unit contains
the DSC cell itself, as described above, and a base module which performs
several important functions: it provides reference junction compensation
for the thermocouples, linearises the output of the fumace control thermo-
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couple for proper temperature programming, and allows control of the base-
line slope. In addition, the unit allows the choice of two amplification modes
for the differential temperature (AT') signal before going to the recorder. In
the ‘“‘normal’ mode, a constant amplification of 3000 is used. The recorder
deflection can then be converted to millivolts and so AT may be obtained
directly. This mode is useful when AT and the actual temperatures of var-
ious parts of the cell are to be determined, as in Sects. 3.2 and 3.3, but, in
ordinary use, it is inconvenient because the thermal resistances in the cell
which determine the sensitivity vary significantly with temperature. In the
“calibrated” mode, the amplification is automatically varied with tempera-
tue to give a nearly constant calorimetric sensitivity.

Another point to be made about the determination of AT from the
recorder is that the signal should be measured relative to the pen position
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to equilibrate at ambient temperature. ThlS position, at a given sensitivity,

will be a fixed distance from the electrical zero position. Correction by this
distance enables AT to be determined from the pen position relative to the
electrical zero, a convenient procedure in practice.

The other component of the DuPont DSC system, the 990 console, con-
tains the temperature programmer and the recorder. In the present work, the
programmer was used to increase temperature linearly with time. The
recorder has two pens. Sample temperature was recorded on the abscissa and
both pens recorded the differential temperature signal (at different sensi-

tivities) on the ordinate.
3.2 A model for the heat flow

A description of the heat flow in the DuPont DSC cell can be attempted
by assuming that the heat flow rate between two points is proportidnal to
the temperature difference between those points, i.e. a thermal Ohm’s Law.
The following treatment is based on that of Baxter [35], but, because there
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Firstly, the following quantities are defined.

Ts(°C) sample temperature, i.e. the temperature of the sample
and its container

This temperature is assumed to be uniform throughout the sample and its

container. The validity of this assumption will be discussed in the next sec-

tion.

Tr(°C) reference temperature, i.e. the temperature of the refer-
ence pan and lid (and of the reference material, if any)



200

Tsp(°C) temperature of the sample platform

This is taken to be the temperature of the chromel—constantan and chro-
mel—alumel thermocouples at that point. In normal use, it is read off the
abscissa of the recorder as the sample temperature.

Tre(°C) temperature of the reference platform, taken to be the
temperature of the chromel—constantan thermocouple
at that point

T=(°C) fumace temperature as set by the programmer, i.e. the

temperature of the silver heating block to which the con-
stantan disc is attached
Rp(°C min J7') thermal resistance between the furnace wall and the sam-
ple or reference platforms
The heat flow to the two platforms is assumed to be independent. The heat
flow is mainly through the constantan disc, but some flow takes place
through the gas in the chamber. The resistance is reproducible, provided
the gas flow is kept constant. R varies with temperature.

R5(°Cmin J™') thermal resistance between the sample platform and the
sample

This resistance has several components: the contact resistance between the
constantan disc and the sample pan, the resistance of the sample pan, the
, contact resistance between the pan and the sample, and the resistance within
the sample. These will be discussed more fully in Sect. 3.3 where it will be
shown that, for small samples, it is convenient and appropriate to assume
that the first three components are reproducible and that the last is negligible.

Rz (°Cmin~! J°!) the equivalent of Rg for the reference

Cs(d °C™h heat capacity of the sample and its container
Cr(Jd °C™Y heat capacity of the reference and its container

Heating Block

Te-r 1 .
% Ry aT, Ry %
Q -
E - |45 :
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RP !
E_ é R IAT 1
£ R Tog—— -4
‘2 e o ——— TR Sp
ATL Rs
Ts —_———
Reference Sample

Fig. 3. Schematic temperature distribution in the DuPont DSC cell. The broken lines
show the thermal resistances between the points at which the temperatures are measured.
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H(°C min™?) heating rate, i.e. the rate of temperature increase of the
_ heating block

When the cell is heated at a uniform rate, a dynamic equilibrium is soon
established in which all parts have the same rate of temperature increase, but
are at different temperatures. These temperature differences drive the heat
flow in the cell and are illustrated schematically in Fig. 3. The following are
of interest.

ATy temperature lag of the reference platform behind the furnace

ATs temperature lag of the sample platform behind the furnace

AT differential temperature signal, which in normal use is plotted on the
ordinate on the recorder

ATy,  temperature lag of the sample behind the sample thermocouple

The following equations then hold.

ATy = HRpCy (1)
ATs = HRpCs (2)
AT = HR(Cs — Cg) (3)
ATy, =HRCs (4)
ATg = ATy + AT (5)
ATy = (Rg/Rp) ATy (6)

A most important point, though, is that the thermal resistances, Rg, Ry
and Rp, and the capacities, Cg and Cy, can vary with temperature. It has
been assumed that on heating at a uniform rate, a steady state is estahlished:
this will not be true if the thermal resistances or heat capacities change
sharply and, in that case, egns. (1)—(6) wiil be only approximately true. In
general, though, these quantities do not undergo abrupt changes and the
equations are expected to be valid.

Before using eqns. (1)—(6) to correct for the temperature lag, AT;, it is
desirable to test the model. A number of experiments was conducted to this
end and their results are described below. In these tests, it was valid to
assume that the thermal resistances and heat capacities were constant
(though it is not true in general), because the results were all taken with the
cell temperatures close to the Curie point of nickel.

If a given inert (i.e. non-reacting) sample is heated against the same refer-
ence at different heating rates, eqn. (3) predicts that the differential temper-
ature signal at any temperature should be proportional to the heating rate,
H, (Rp, Cs and Cy being constant). A sample of nickel was heated at various
rates and the value of AT at one temperature, the Curie temperature (see
Sect. 3.4) determined from the recorder. The results are shown in Fig. 4:
the value of AT is proportional to the heating rate. A further test was per-
formed at the same time. The values of the Curie temperature of the nickel,



202

(°C)

AT

—_— 1

0 20 40 60 80 100
Heating Rate (°C/min)

Fig. 4. The variation of the temperature difference between the sample and reference
platforms, AT, with heating rate for a 37.8 mg sample of nickel. The reference was an
empty pan and lid. AT was measured at the Curie temperature of the nickel.

as read on the abscissa of the recorder (i.e. Tgp values), were recorded and
they are displayed in Fig. 5 as a function of the heating rate. The measured
Curie temperature rises linearly with heating rate. Assuming that the actual
temperature of the Curie transition is unaffected by the heating rate, this lin-
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Fig. 5. The variation of the measured Curie temperature of a 37.8 mg sample of nickel

as a function of heating rate. The apparent Curie temperature rises because the temper-
ature lag of the sample behind the sample platform increases linearly with heating rate.
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Fig. 6. The variation of the Curie temperature, measured at a heating rate of 50°C min™ 1,
of samples of nickel as a function of their mass. The apparent Curie temperature rises
because the temperature lag of the sample behind the sample platform increases linearly
with sample mass.

ear increase reflects a linear increase in the sample temperature lag, ATy,
with heating rate as predicted by eqn. (4) (Rg and Cg being constant), Dif-
ferent samples of nickel were heated at the same rate (H = 50°C min~') and
the apparent Curie temperature read on the recorder as before. These values
are shown in Fig. 6 as a function of the sample mass. Again, the values rise
linearly as would be expected from eqn. (4); the heat capacity, Cg, will rise
linearly with sample mass and the other two quantities in the equation, H
and Rg, are constant. Together, these tests strongly support the proposed
model and its underlying assumption of a thermal Ohm’ law. The model
neglects the heat capacities in the cell, except those of the sample and ref-
erence, but this simplification does not seem to present any problem.

3.3 Correction for temperature lag

It has been shown above that the sample temperature lags by an amount
AT;, behind that of the thermocouple on the sample platform. Some meth-
ods proposed for the correction of this lag are summarised below and then
a new method, developed for the present work, is proposed and evaluated.

Existing methods
The temperature lag is proportional to heating rate, viz.
ATL = HRsCS . (4)

If a sample undergoes a transition at a temperature which is independent
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of heating rate, then its apparent transition temperature may be plotted as
a function of heating rate, and extrapolation to zero heating rate gives the
true value of the transition temperature. The results of such an experiment,
measuring the Curie temperature of a 37.8 mg sample of nickel, have already
been presented in Fig. 5. From the plot, the value of the temperature lag for
that sample at any heating rate may easily be found and it can be seen that
the variation is indeed linear. This is one way of correcting for the tempera-
ture lag: the same sample, if it is unaffected by the repeated heating, is
heated at various rates and the true value of the transition temperature
found by extrapolation. If the sample is affected by heating through the
transition, a new sample must be used each time; in this case, all the samples
must be of the same mass, since ATy, is proportional to the heat capacity of
the sample. Such a method is inconvenient, requiring several runs for each
determination. Nevertheless, it may be used to derive the temperature lag
for one sample of a given mass. This lag may then be assumed to apply to a
series of samples [36] if these are of similar materials and closely matched
in mass (i.e. of constant Cg). The disadvantage of the method is that there
is no independent measurement of the lag for each sample.

Furthermore, the initial determination of the lag is valid only if the tran-
sition temperature is independent of heating rate. Even when this is not the
case, the true value of the transition temperature can be found. Samples of
various masses are heated at the same rate and the apparent values of the
transition temperature plotted as a function of Cg. Again, the plot will be
linear and, this time, extrapolation is made to zero Cg. This method also
suffers from the disadvantage of having to perform several runs in order to
get one value of the transition temperature. In addition, Cg has to be deter-
mined for each sample. It should be noted that Cg includes the heat capac-
ity of the sample pan and therefore an extrapolation to zero sample mass,
as in Fig. 6, is not sufficient to determine the transition temperature.

The problems described above are overcome in the method of Barton
[87]. After heating through the region of interest, the instrument is
switched to the isothermal mode and the AT transient while the sample and
reference attain the same final temperature is plotted with time on the
abscissa. The area under this transient is measured, rather as the area under a
DSC peak, to give the total heat necessary to equilibrate the cell tempera-
ture. Knowing the heat capacities of the sample and reference, the tempera-
ture lag can be derived. This method is generally applicable and has the great
advantage that the lag is derived for each sample. It does, however, require
simultaneous recording of time, temperature (i.e. Tgp) and heat flow
(i.e. AT) data. Barton [37] achieves this by attaching the DuPont 990 con-
sole to a digital voltmeter, data transfer unit and paper tape punch, but it is
not possible with the standard DuPont system. Furthermore, the Barton
method requires a fair degree of calculation to work out the lag in each case.
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A new method

A new method for correcting the temperature lags in the DuPont DSC
system is presented here. It is not generally applicable, but was devised for,
and is particularly suited to, the case of metallic glass Curie temperature
measurements, where a large number of runs has to be performed on samples
of small mass. For such a case, it is more convenient than the Barton meth-
od, which requires the measurement of an area on the curve for each run and,
in addition, it is possible with the standard DuPont DSC system with two-
pen chart recorder. It will be shown below that Curie temperature measure-
ments are reproducible to £0.2°C (S.D.). In order to have similar reproduci-
bility in the corrected values the method of correction must be accurate. The
proposed method gives the required accuracy, without weighing the sam-
ples, which would be necessary to obtain similar accuracy by the Saffell
[36] method.

As shown earlier, the temperature lag of the sample, ATy, is given by

ATL = (RS/-RD) ATS (6)

At any particular temperature (and, to a good approximation, over a small
range of temperature), the resistance of the constantan disc, Rp, is constant
and, assuming that Rg is also constant and can be found by experiment, ATy,
can be derived from ATg. It has been shown that the temperature lag of the
sample platform behind the furnace, ATg, is given by

ATg = ATy + AT (5)

ATy is the temperature lag of the reference platform behind the furnace
and is independent of the sample. It depends on the reference and is propor-
tional to the heating rate. AT is just the differential temperature signal which
is measured in any case.

Thus the temperature lag may be calculated if Rg/Rp and ATy for a given
reference and at any heating rate are known. During the heating run on a
sample, AT is measured and using eqns. (5) and (6) in turn yields ATg-and
ATy,. These relationships may be made clearer by reference to Fig. 3.

In applying this method of correction, it is appropriate to operate the
instrument with the temperature on the recorder abscissa and both pens
showing the AT signal. One pen operates at high sensitivity to record the
DSC curve in detail and enable accurate measurement of the transformation
temperature. The other pen is set at a low enough sensitivity that its full
deflection from the zero signal position is on scale. From this second pen,
the magnitude of AT can be determined at any temperature, as described in
Sect. 3.1. It is appropriate to measure AT at the transformation tempera-
ture.

ATy is measured for a particular reference, usually just an empty pan and
lid. First of all, a heating run is performed with an empty pan on both sample
and reference platforms. Then the chosen reference is placed in the sample
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repeated to determine ATy at different heating rates.

Addition of AT and ATy, determined as above, gives AT,
the values of ATg at the Curie temperature of a 37.8 mg sample of n
heated at various rates. The plot is linear as expected from eqgn. (2). Other
results from the same heating runs have been plotted in Figs. 4 and 5, the lat-
ter showing the variation of measured Curie temperature with heating rate.
The ratio of the gradients in Figs. 5 and 7 gives the ratio Rg/Rp for this sam-
ple.

The sample used in these heating runs was a disc, 0.245 mm thick, cut
from a 5 mm diameter rod of nickel (from Johnson Matthey Chemicals Lim-
ited; details of composition are given in the Appendix). A series of discs of
different thicknesses was cut from the rod. The results from runs in which
these discs were heated at 50°C min~! have already been presented in Fig. 6.
For each sample, the variation of apparent Curie temperature and ATg with
heating rate were measured and Rg/Rp determined. A straight line was
fitted, using the least squares method, to each plot of Curie temperature
against heating rate and the true value estimated bv extrapolation to zero
heating rate. The estimated values of true Curie te.aperature and Rg/Rp for
these samples are plotied as a function of sample thickness in Fig. 8. The
implications are discussed below.

The thermal resistance, Rg, between the sample pl
has a number of components, viz.
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(a) the contact resistance between the constantan disc and the sample pan,

(b) the resistance of the sample pan,

(c) the contact resistance between the pan and the sample, and

(d) the thermal resistance within the sample.

When the same nickel sample is heated several times, the reproducibility
of the Curie temperature is very good (Sect. 3.4) despite replacing the sam-
ple pan on the platform between the runs. In this case, components (b)—(d)
are constant, so the reproducibility must mean that component (a) is con-
stant. It is, though, expected to vary over a long time as the constantan disc
ages and oxidises [36]. This will also affect the resistance of the disc itself.
Component (b) is constant. For a series of samples such as described above,
component (c) is expected to be constant, while component (d) will vary
with sample thickness. The average temperature lag in a thick sample is pro-
portional to the square of the thickness, so that the effective Rg will rise
more than linearly with thickness, as shown in Fig. 8. As the thickness tends
to very small values, component (d) is expected to become negligible and the
sample can be assumed to be at uniform temperature.

The variation of estimated ‘‘true” Curie temperature (Fig. 8) is of con-
cern. The Curie transition of a thick sample may register on the DSC curve
before the average temperature of the sample has reached the Curie temper-
ature, T.; i.e. the DSC curve is distorted. In this case, when the measured
Curie temperature is plotted against heating rate, the values of T, at the
higher heating rates will be lower than predicted from the linear relation
[ean. (4)]. Fitting a straight line, by least squares method, will give an
unduly high intercept, i.e. extrapolated value of T at zero heating rate. For- |
tunately, this effect becomes negligible at low thicknesses (<0.4 mm).
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Fig. 8. Estimated values of Curie temperature and Rg/Rp at the Curie temperature for
nickel discs, 5 mm in diameter, as a function of disc thickness,
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Thus the model outlined in Sect. 3.2 will work for sufficiently thin sam-
ples and, where Rg/Rp can be taken to be constant, the method for correct-
ing temperature lag can easily be applied. Eg/Rp can be constant only in a
small temperature range and then only if Rg is reproducible. The compo-
nent of Ry most likely to lead to variation is the thermal resistance in the
sample. If, however, the samples lie flat on the bottom of the sample pan,
are of the same uniform thickness and have the same thermal conductivity,
this component will be constant. Or, if the samples are very thin and are
good thermal conductors, this component, though varying, may be so small
as to be negligible. The conditions for Rg to be constant may appear strin-
gent, but in practice they may often be met for a series of samples whose
thermal characteristics are to be compared. For example, the metallic glass
samples of interest in the present work are of uniform thickness and ther-
mal conductivity. Furthermore, the thickness (~40 um) is low and the ther-
mal conductivity is good, with the result that temperature gradients in the
sample are probably negligible.

In conclusion, the proposed method for correcting temperature lags has
some advantages. The samples do not need to be weighed; although the lag
is proportional to the sample mass, the method determines the lag individ-
ually for each sample. The model developed in Sect. 3.2 showed that the
temperature difference between sample and reference platforms is related to
the temperature lag through eqns. (5) and (6). Once Rg/Rp and ATy have
been determined, the AT signal, which is the signal normally recorded on
DSC curves, can be used to calculate the temperature lag of the sample
behind the sample thermocouple. This method is quick and convenient, but
caution must be exercised since it depends on Rg/Rp being constant. If the
sample masses vary widely, Rg may not be constan?, and, in any case, all the
thermal resistances vary with temperature, so 5h#’ the method is valid over
only a limited range of temperature. Neveitheless, the method presented
here can be applied with success to the rmeasurement of the Curie tempera-
tures of metallic glasses (Sect. 3.5). These measurements require accurate
temperature determination, but only over a small range (<20°C) and Rs/Dp,
is determined ac a temperature in about the middle of the range. The lag in
Curie temperature determinations is typically 2—8°C; it is, therefore, impor-
tant to take it into account in measurements which are reproducible to
+0.2°C.

3.4 The Curie transition of nickel

As the temperature is raised, the magnetisation.of a ferromagnetic mate-
rial decreases more and more rapidly, reaching its maximum rate of fall at
the Curie temperature, T, where it drops almost to zero. This sharp drop at
the Curie point may be used to determine the Curie temperature, or more
sophisticated treatments of the magnetic data may be employed [38]. The
changes in energy accompanying the changes in spontaneous magnetisation
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give rise to a specific heat anomaly around the Curie point and, for this rea-
son, calorimetry can be used to study the Curie transition. Superimposed
on the normal variation of specific heat with increasing temperature is a
cusp, the specific heat increasing to a maximum at T, and dropping sharply
above it. This is shown for crystalline nickel in Fig. 9 where the data from
conventional calorimetry [89] and DSC (present work) are compared. It
can be seen that there is some systematic error in the calorimetric calibra-
tion of the instrument (performed by measuring the specific heat of sap-
phire).

To determine the Curie temperature by DSC, it is not necessary to per-
form a calorimetric calibration and derive the specific heat; it is easily deter-
mined directly from the DSC curve. Figure 10 shows DSC curves for nickel
obtained on heating at 10°C min™* and 100°C min~’. In one case, the sharp
peak at a is taken to indicate T ; in the other case, T is determined by extra-
polation. Compared with most transitions, the width of the Curie transition,
is relatively unaffected by the heating rate. At high heating rates, or for large
samples, there is a slight broadening as in Fig. 10, but this is believed to be
due to the temperature gradient in the sample rather than a fundamental
broadening of the transition. Norem et al. [40] have reported thermogravi-
metric results showing that, for their samples, which were in a low magnetic
field, there was some supercooling of the Curie transition, but no super-
heating. For this reason, the Curie temperatures in this work, where the sam-
ples are in an effectively zero magnetic field, have been measured on heat-
ing.

Using DSC (H = 50°C min™?), eight Curie temperature determinations were
carried out on one sample of nickel (5 mm diameter disc, 0.245 mm thick).
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Fig. 9. The specific heat of pure crystalline nickel near its Curie point. The data from
conventional calorimetry [39] and DSC (present work) are compared.
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Fig. 10. DSC curves obtained on heating an 8.90 mg sample of nickel sponge (composi-
tion in Appendix): A, at 10°C min™1; B, at 100°C min™!. On slow heating, the Curie
point is well defined, as at a. On fast heating, the transition is blurred, but the Curie
point can still be determined accurately by extrapolation.

Different sample pans and lids were used for each determination; thus the
reproducibility, not only of the transition, but also of the thermal resistances
in the cell was tested. The standard deviation of the eight values was 0.14°C.
This excellent reproducibility, together with the ease of identification of the
transition temperature, makes the Curie point of nickel useful for calibra-
tion. It is particularly useful in calibrating thermogravimetric apparatus
where, in a magnetic field, the apparent weight change of the sample, associ-
ated with the transition, can be detected [40].

The calibration, though, depends on knowing the Curie temperature of
nickel and there is some uncertainty about this. The generally accepted value
is 858°C, obtained by low-field magnetic measurements. Williams and Cham-
berland [41] point out that in DSC the determination is made in zero field.
Citing the theoretical work of Arrott [38], they suggest that the correct
value for the zero-field Curie temperature is 354°C. Norem et al. [40],
however, show that for the fields used in their thermogravimetric apparatus
the Curie temperature is independent of the field, but also suggest a value of
354°C. Nevertheless, in the present work, 358°C has been taken as the value
of T.; determination by DSC is a zero-field calorimetric measurement and in
conventional calorimetry with no magnetic field applied, the sharp maxi-
mum in the specific heat of nickel occurs at 358°C [39,42].

Further uncertainties can arise because the Curie temperature of nickel
can vary with the nature of the sample. Sykes and Wilkinson [42] have
shown that the effect of heat treatment on the sample (i.e. of the grain size)
is negligible, but that the Curie point is very sensitive to the purity. For
example, 1% of cobalt raises T, by 12°C, 1% of silicon lowers it by 70°C,
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and an incres : in iron content of 0.01% was enough to cause a 1°C drop.
In the prese . work, three types of nickel were used, nickel sponge, nickel
rod and c2 sonyl nickel peliets. The sources and composition of these are
given in d .ail in the Appendix, but the order above is of decreasing purity.
For each type of nickel, a small sample was taken and heated in the DSC

- number of rates. As described in Sect. 3.3, extrapolation to zero
-callng rate gives the true value of the Curie temperature For the three
types of nickel, the values of 7T, (uncalibrated) thus determined were

nickel sponge 360.2 + 0.15°C
nickel rod 359.7 £ 0.15°C
nickel pellet 358.7 £ 0.15°C

The differences in these values could be accounted for by the differences
in purity. It was assumed that the value for the purest material, nickel
sponge, was the most accurate, and the instrument was calibrated to make
the Curie point of the nickel sponge read as 358°C.

This calibration was consistent with those obtained using the melting
points of tin (231.9°C) and zinc (419.5°C). However, it should be noted
that, with only two adjustments, it is not usually p0551b1e to obtain correct
temperature readings over the whole temperature range of the instrument,
especially with an aged thermocouple. Calibration must be carried out in the
region of interest and nickel (T, = 358°C) is a particularly useful standard
when studying T, changes in Feg,B;, glass (as-quenched T, = 358.5°C). Cali-
bration was carried out by adjusting the recorder until the specific heat cusp
occurred at the correct temperature, the ‘‘correct temperature” not being
T, itself, but allowing for the temperature lag.

In conclusion, the study of nickel shows that DSC may be used to mea-
sure Curie temperatures. The absolute accuracy of the determination may
not be high (£2.0°C), because of uncertainties in calibration, but the preci-
sion is very high (+0.14°C). This reproducibility makes the Curie transition
of nickel itself useful for calibration when studying T. changes in some
metallic glasses.

3.5 Curie temperature determination for metallic glasses

The experimental details of T, determination for the particular case of
FegeByo glass are given below. These details are similar for a number of
glasses and the T, values of some of these are presented and discussed.

Figure 11 shows some DSC curves of the Curie transition in Metglas 2605
(FegoByo): they are similar to that for nickel. For as-received material, some
variability in the shape of the DSC cusp is observed, e.g. the difference
between curves A and B in Fig. 11. This variability in shape did not, how-
ever, cause a large scatter in the values of T, which were determined using
the tangent construction shown in Fig. 10. Annealed specimens (e.g. curve C
in Fig. 11) always showed a sharp Curie transition and gave slightly more
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Fig. 11. DSC curves obtained on heating samples (~4 mg) of Metglas 2605 (FeggBag) at
50°C min~! through the Curie transition. A, B, As-received; C, pre-annealed at 280°C for
24 h.

reproducible values of T.. (The sharpening of Curie transition on annealing
is probably due to stress relief, see below.) Note that the annealing causes T,
to rise. Metglas 2605 comes in the form of ribbon about 40 um thick and
1.0 mm wide: it has a rough side and a smooth side. The samples for DSC
were prepared as follows: three ~5 mm lengths were placed rough side up
in the bottom of the sample pan; they were checked to make sure they did
' not overlap and a lid was put on top. The object of this procedure was to
obtain good and reproducible thermal contact between the metallic glass
and the sample pan. The effect of heating rate on the sharpness of the Curie
transition on the DSC curve was the same as for nickel (Fig. 10). Because of
the low sample mass, ~4 mg, a fairly high heating rate of 50°C min™ was
chosen; this gave a good signal-to-noise ratio without smearing the transi-
tion. The reproducibility of T, values was not as good as for nickel: the stan-
dard deviation for as-received Metglas 2605 was 0.25°C, while for heat-
treated samples it was 0.2°C. The increased scatter may be due to irregular-
ities in the specimen geometry, while the reason for the difference in scatter
between as-received and annealed samples is discussed later in this section.
Because of the annealing effect during a Curie point determination, the
true Curie temperature is not the same at different heating rates. It is not
possible to take a sample in any condition and heat it at various rates to
determine the temperature lag and Rg/Ryp as in Sect. 3.3. It is necessary to
anneal several samples to a condition where T, has stabilised and is un-
affected by the annealing during the determination. An anneal of 10 min at
400°C was chosen for this purpose. These samples are then heated at dif-
ferent rates and the value of Rg/Rp determined as before. The plot of T
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Fig. 12. The variation of Curie temperature, as determined from DSC curves without cor-
recting for temperature lag, with AT, for samples (~4 mg) of Metglas 2605 heated at
10, 20, 50, 65, 80 and 100°C min~!, The gradient of the plot is Rg/Ryp, which is needed
to correct for the temperature lag. The samples have been pre-annealed at 400°C for 10
min to stabilise the Curie temperature.

vs. ATg is given in Fig. 12. The value of Rg/Rp for Metglas 2605 samples
prepared as above is 0.28. Using this value, the T, determinations can be cor-
rected for temperature lag and this correction has been carried out for all
subsequent determinations in this work. The lag for a 4 mg sample heated at
50°C min™! is approximately 2.2°C, so it is important to take it into consid-
eration.

Unlike nickel, it is normally desirable to make only one Curie point deter-
mination on a Metglas 2605 sample. The determination involves heating the
sample to arcund 400°C, and not only does this have an effect on T, itself,
but it may partially crystallise the sample.

For a novel material like Metglas 2605, it was necessary to confirm that
the effect shown in the DSC curves (Fig. 11) really is the Curie transition.
The immediate evidence suggesting this is the shape of the DSC curve, which
is similar to that at the Curie point of nickel. Furthermore, the transition is
reversible: if a DST curve is plotted on cooling, an inverted cusp is obtained.
It is possible, by suitable heat treatment, to partially crystallise a metallic
glass and the fraction crystallised can be determined by DSC. Since the
Curie temperatures of the crystalline phases are substantially above that of
the glassy alloy [43], the magnitude of the specific heat anomaly at the
Curie point of a partially crystallised alloy should be proportional to the
fraction untransformed. This has been found to be the case for Metglas 2605
and a similar result has been obtained by Schowalter et al. [29].

The best confirmation that this is the Curie transition is provided, of
course, by magnetic measurements. Five 100 mm lengths of Metglas 2605
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Fig. 13. Magnetisation \measureu in arbitrary units) of as-received Metglas 2605 heated at

approximately 200°C min~!. The Curie point is marked.

ribbon were heated in a small tube fumace at about 200°C min™! and the
magnetisation measured using an integrating fluxmeter. Figure 13 shows the
result confirming that the effect being studied is the Curie transition.

The values of T, corrected for temperature lag, obtained at different heat-
ing rates are given in Fig. 14. This shows clearly that there is a significant
annealing effect during the determinations: at lower heating rates, the effect
is greater and T is higher. Majumdar [32] made his magnetic measurements
on Metglas 2605 at a heating rate of 100°C h™* (i.e. 1.67°C min'). His low-
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Fig. 14. The variation of Curie temperature as determined by DSC at different heating

rates. The values have been corrected for temperature lag, so the observed variation shows
the annealing effect on heating.
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field susceptibility measurements gave a value for T, of 359°C, whereas the
maximum rate of change of magnetisation with temperature occurred at
364°C. These values cannot be compared directly with the DSC results in
the present work, because these did not extend to such low heating rates,
but the latter value of 364°C is in fair agreement with the expected value,
~365°C, from DSC (Fig. 14). It would be expected that the maximum spe-
cific heat would correspond to the maximum rate of change of magnetisa-
tion, and the agreement between the calorimetric and magnetic results helps
to confirm the DSC temperature calibration. Majumdar [32] points out
that his values do not agree well with that obtained by Hasegawa et al. [43]
who give a value of 374°C. This value was obtained from magnetic measure-
ments and required nine measurements of magnetisation in different fields
at each of three temperatures near the Curie point. Thus in this case, the
sample has spent more time at an elevated temperature. Majumdar claims
the rise because of this is due to partial crystallisation, but it has been shown
[44] that crystallisation has no effect on the T, of the remaining glassy
phase; the effect is due to a relaxation of the glassy phase.

It will be apparent that large discrepancies can arise in Curie point deter-
minations because of this relaxation effect. For an alloy such as Meiglas
2605, where T, is quite high, the value which is determined is always distort-
ed to some degree because of annealing during the determination. This dis-

TABLE 1
Details of the metallic glasses studied in this work

All materials were melt-spun.

Composition Trade Ribbon dimensions As-
name ¥ quenched
Thick- Width T,
ness (mm * (°c =
(um * 0.05 mm) 0.2°C)
2 um)
FesoBzo Metglas 38 1.0 358.5
2605 *
FegoNigoB2o ** 22 0.6 352.5
Fe78M02B20 Metglas 43 1.1 282.6
2605A
FegaP;,Bs *** 23 1.0 320.8
Fe4oNi4oP14B6 Metglas 58 1.75 234.8
2826 *

* From Allied Chemical Corp., Morristown, New Jersey, U.S.A.
** Kindly supplied by Dr. H.S. Chen of Bell Laboratories.
*** Prepared in our laboratory.
T Metallic glasses are now available commercially also from Vacuumschmelze GMBH,
Hanau, W. Germany, under the trade name “Vitrovac”, but none was used in the present
work,
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tortion is most severe for completely unrelaxed (i.e. as-received) samples. Of
all the methods for determining 7., the DSC method is the quickest and
therefore involves the least distortion. For this reason, T, measurements
made by DSC can be used to study the relaxation in Metglas 2605 (Sect. 4).
DSC is also a very convenient method and certainly more convenient than
making all the magnetic measurements necessary for Arrott plots {43]. It
has been shown above that, when the relaxation is taken into account, the
agreement between the values of T, determined by DSC and those deter-
mined by more sophisticated magnetic measurements is good.

The ease of determination of T, by DSC depends on the magnitude of
the specific heat anomaly at the Curie point. With Metglas 2605, there is no
problem, but for metallic glasses with lower remanence, the cusp on the
DSC curve is much smaller and the determinations of 7. may be less accu-
rate.

The Curie temperatures of some metallic glasses, determined by heating
at 50°C min~! and corrected for temperature lag, are given in Table 1. Evi-
dently, the 7. is very composition-dependent (though it is always much
below the values for the crystalline phases in these systems, e.g. «-Fe: T, =
770°C; FesB: T, = 520°C [43]). In addition to the effect of composition,
T. can be affected by stress and by the configurational state (i.e. the degree
of relaxation) of the glass. An externally applied hydrostatic compression
causes a lowering of T, [45]. Internal stresses (e.g. as induced by cold rolling)
are, though, both tensile and compressive and therefore lead to an appar-
ent smearing of the Curie transition, but not a shift [46]. The configura-
tional dependence of T, is indicated by the T, changes on annealing, but it
also means that materials produced at different cooling rates should have
different values of T,. This may account for the observation that
as-quenched metallic glasses have more variable properties than when
annealed. A variation in cooling rate during melt-spinning would give rise to
a variation in properties, but on annealing, the range of initial structures
would all tend to relax toward the same structure, so that the variability in
properties would decrease. This was observed above for the T, of FegsBso
glass and by Hadnagy et al. [47] in their stress relaxation measurements on
FeyoNizoP14Be.

When a metallic glass is annealed, there may be relief of internal stresses,
structural relaxation and crystallisation. (Separation into two amorphous
phases is another possibility, but it has not been found in the glasses stud-
ied in this paper.) In general, the property changes on annealing reflect all
these processes and may therefore not be convenient for studying just struc-
tural relaxation. For example, if coercive force, H, is measured, it is found
to decrease because of stress relief and structural relaxation and it is diffi-
cult to separate the two effects [48]. Furthermore, H, increases markedly
once crystallisation starts. The measurement of Curie temperature, how-
ever, has particular advantages for investigating structural relaxation. First-
ly, as outlined above, T is largely unaffected by stress relief [46]. Secondly,



217

it is affected by crystallisation only insofar as crystallisation causes the com-
position of the remaining amorphous phase to alter. (It is the 7 of the
amorphous phase only which is measured.) In glasses undergoing eutectic
crystallisation [49], the composition of the amorphous matrix remains un-
altered during crystallisation. This is true of (at least) FegoB.o, Fe,oNiseBo
and Fe,qNio P4 Bg of the glasses listed in Table 1. Thus, in these cases, the T
changes correspond to structural relaxation and nothing else. The next sec-
tion describes briefly how 7, measurements have been used to study the
structural relaxation of FegoB,q glass.

4. STRUCTURAL RELAXATION OF FeggB,o GLASS

In all the work reviewed in this section, the Curie temperature measure-
ments were made as described above, including corrections for temperature
lag. The FegB,, glass used was Metglas 2605 ribbon from Allied Chemical
Corporation. Short term (<3 h) heat treatments were performed in the
DuPont calorimeter operating in isothermal mode. The constancy of the
temperature during an anneal and the reproducibility were +0.5°C. For long
term treatments, a tube furnace with an on/off temperature controller was
used, the temperature being constant to *2.0°C. The correspondence
between the temperature calibrations of the two heat treatment methods
was checked. In DSC, some oxidation of the specimens occurred despite
the purge gas in the cell: this was particularly so on annealing above 350°C,
when the samples became straw-coloured. Oxidation in the tube furnace was
prevented by sealing the specimens in Pyrex tubes under one third of an
atmosphere of argon.
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Fig. 15. The effect of annealing at 250°C on the Curie temperature of Metglas 2605: a
rapid initial increase is followed by a slower rise.
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Figure 15 shows the effect on the Curie temperature of annealing at
250°C. The general features of this curve, viz. that T, rises at first rapidly
and then more slowly, are the same over a wide range of annealing temper-
atures, but the process is much more rapid at higher temperature. T, was still
rising after 1000 h at 250°C, but it has been shown [44] that at higher tem-
peratures T, levels off in a reasonable time (e.g. 5 min at 400°C). The final
value attained by T varies with annealing temperature, being lower at higher
temperature [50,51]. The data from isothermal anneals have been used tc
construct Fig. 16, which is an isothermal transformation diagram for Feg,B,g
glass. The diagram also contains crystallisation data and it can be seen that
there is substantial structural relaxation before crystallisation. Such a dia-
gram may be useful in extrapolating relaxation and crystallisation data to
lower temperatures to see if either process is likely to be significant under
service conditions. It predictive value, however, is limited to simple isother-
mal anneals, whereas series of anneals at different temperatures are common
in studying relaxation.

When the T, levels off on annealing, it can be presumed that the glass is in
internal equilibrium. This is supported by the fact that the same final value
of T, is attained whether the approach is from higher or lower values [46].
(The high starting value was attained by a pre-anneal at a lower tempera-
ture.) The approach from higher values is slower, as would be expected, since
a glass with higher T, values is in a more ‘“relaxed’ state, i.e. it has less free
voluine and lower atomic mobility [46]. It is possible to move reversibly
beiween equilibrium states obtained on annealing at different temperatures
[44]. At equilibrium, the T, values uniquely specify the states of the glass,
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Fig. 16, Isothermal transformation diagram for Metglas 2605. The vertical broken lines
separate data from DSC annealing and furnace annealing; the furnace was used for the
longer times.
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but this is not so away from equilibrium. In a ‘‘crossover’ experiment, it
has been shown that the same value of T, can be obtained when the glass is
not in equilibrium at the annealing temperature and again when it is, the
value having departed appreciably in between [50].

The main conclusion from the above work is that the relaxation behav-
iour of FegoB,o glass is very similar to that of oxide glasses [52] and poly-
mers [53]. Thus metallic glasses appear to be true vitreous materials and the
models developed to describe the relaxation of more conventional glasses
[54,55] may be applicable to them. It should be noted, however, that while
the precision of the T, values is sufficient to justify a number of conclusions,
the ratio of errors to changes in T, in metallic glasses is greater than the cor-
responding ratio with, for example, the refractive index of oxide glasses, so
that the metallic glass data will provide a less critical test of the models.

Annealing causes the T, and the density of metallic glasses to increase
[56], yet compression causes T, to decrease [45]. Thus the structural change
on annealing is not a simple densification (i.e. a uniform shortening of bond
lengths); indeed, diffraction studies have shown that the bond lengths stay
approximately constant [57]. The structural change causing the density
increase and other property changes must be a change in topology involving
an increase in the average co-ordination number of the atoms. Some insight
on the atomic processes of relaxation may be gained by studying metallic
glasses of different composition [46].

5. CONCLUSIONS

Metallic glasses with a high proportion of magnetic species are ferromag-
netic and exhibit a sharp Curie transition. The Curie temperature, T, is a
particularly good parameter for studying the structural relaxation of these
materials, because, unlike other properties, it is unaffected by stress relief
and, in some cases, is unaffected by partial crystallisation. The T, can be
measured rapidly using DSC and the reproducibility is good (£0.2°C) if the
temperature lag of the sample is allowed for. A new method of determining
the temperature lag in the DuPont DSC system has been developed and
tested. In it, the lag is measured individually for each sample, without the
need for weighing. The method requires no adaption of the basic instru-
ment and is convenient in practice. The use of DSC to determine T is supe-
rior to other methods, not only because of its precision and convenience,
but also because its speed minimises any annealing effects during the deter-
mination. The structural relaxation behaviour of metallic glasses, as studied
by measuring their T., appears to be similar to that of more conventional
glasses.
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APPENDIX: NICKEL SAMPLES

Sources and compositions of the nickel samples used for temperature
calibration in DSC.

Nickel sponge

Source: Koch—Light Laboratories Limited
Specification: 0.001% total impurities

Nickel rod

Source: Johnson Matthey Chemicals Limited

Specification: Elements sought: Ag, Al, As, Au, B, Ba, Be, Bi, Ca, Cd, Ce,
Co, Cr, Cs, Cu, Dy, Er, Eu, Fe, Ga, Gd, Ge, Hf, Hg, Ho, In,
Ir, K, La, Li, Lu, Mg, Mn, Mo, Na, Nb, Nd, Ni, Os, P, Pb, Pd,
Pr, Pt, Rb, Re, Rh, Ru, Sb, Sc, Se, Si, Sm, Sn, Sr, Ta, Tb, Te,
Th, Ti, T1, Tm, U, V,W, Y, Yb, Zn, Zr

Elements

detected: Iron 0.0015%, copper 0.0001%, aluminium, cadmium,
chromium, magnesium, and silicon all less than 0.0001%

Carbonyl nickel pellets

Source: International Nickel Company Limited

Specification: 0.05% total impurities. Iron 0.01—0.04%, carbon 0.01—
0.04%, and copper 0.005%
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