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ABSTRACT

The DSC technique was tested for investigating order—disorder transitions in cristalline
solid solutions. AusCu,s and Au,,Cus, alloys were taken as examples. The use of DSC in
the isothermal mode only provides an insight into the rates of ordering near the critical
transition temperature T,, and does not allow an accurate determination of T, and of the
energy released during ordering. On the other hand, quantitative results can be obtained on
continuous heating of the pre-annealed samples. The changes in enthalpy betveen different
states of order were determined, and from these measurements kinetics of long-range
ordering (LRO) and short-range ordering (SRQ) were obtained. The change in the equi-
librium value of the LRO parameter was studied with respect to temperature.

INTRODUCTION

Clear evidence of tiny structural modifications in alloys is often given by
calorimetry. For instance, regarding amorphous metallic alloys, differential
scanning calorimetry (DSC) [1,2] and electrical resistivity [3] are the only
techniques which detect with a high sensitivity the structural changes attrib-
uted to variations of topological and compositional short-range order in the
annealed amorphous alloys. Using direct methods of structural investigation,
the structural changes involved were hardly detected. For example EXAFS
and X-ray small-angle scattering did not detect any structural evolution [4],
and a very carefully conducted neutron scattering experiment showed slight
changes which did not lead to any detectable variation in either the number
or the distance of first-neighbours pairs [5].

In crystalline solid solutions, order—disorder transitions result in large
changes in the atomic arrangements. These changes are well measured by
X-ray diffraction and by X-ray diffuse scattering. On the other hand,
notwithstanding its high sensitivity, the DSC technique was scarcely used to
study this type of transition [6]. The aim of this paper is to discuss the
capabilities and limitations of DSC in determining the characteristic features
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of the long-range-ordering (LRO) and short-range-ordering (SRO) processes,
i.e. the critical transition temperature 7, the heat involved during ordering
or disordering processes, and the kinetics of long-range and short-range
ordering. For this investigation, the gold—copper system near Au,;Cu, was
chosen. The existence of LRO in Au,sCu,; has been shown by Batterman
[7] using X-ray diffraction. The ordering behaviour of this alloy has been
studied by means of electron microscopy [8-10] and by measurement of
electrical resistivity [11-16], of the Zener effect [17] and of shear-modulus
[18]. The present DSC study is devoted to two alloys (Au,,Cu,, and
Au,;Cu,s) that we have previously studied by X-ray diffuse scattering
[19-21] and by electrical resistivity [22]. Results are compared with the
previous dynamic [6,11], isothermal [23] and solution [24] calorimetric stud-
ies.

Structural state

The Au-rich part of the phase diagram (around Au,;Cu,s) is shown in
Fig. 1 which is taken from ref. 9. The low temperature phase (L1,-type
structure) is denoted structure I. At higher temperatures another phase
appears (structure II), which is a one-dimensional periodical antiphase
(PAP) superlattice. The order—disorder transition temperatures (7.) have
been measured by Batterman [7], Hirabayashi [16] and Davies and Funes
[25]. The various temperatures obtained for different compositions are
shown in Table 1.

The phase transformations, which take place at low temperatures, are very
sluggish for compositions close to Au,5Cu,s. The nature of the ordered
phase below T. has been elucidated by electron microscopy using samples
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Fig. 1. Schematic phase diagram of the Au—Cu system in the Au-rich part: I, L1, structure
type: II, one-dimensional periodical antiphase superlattice (from ref. 9, with permission).
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TABLE 1

The order—disorder critical transition temperature (7.) of Au—Cu alloys as determined by
several techniques in the range of compositions between 68 and 75 at% Au

Au content T, Technique Reference
(at%) °O

68 231+3 X-ray 7

70 22142 X-ray 7

72 20942 X-ray 7

72.5 212+1 Calorimetry 23

75 199+ 3 X-ray 7

75 204 30

75 207 QDTA 6

quenched from a temperature close to the melting point (7,, — 20°) in order
to increase the concentration of vacancies and, consequently, the rate of
ordering and the size of the antiphase domains. Structure Il appears for all
compositions between 70 and 75 at% Au [9,20].

Definitions

In order to specify the degree of order, the arrangement of the atoms on
the lattice sites is described by two parameters:

(i) the S parameter, in the long-range-ordered state (LRO) was intro-
duced by Bragg and Williams [26]; it measures the tendency for each species
of atom to be on a given sublattice. For Au,;Cu,s there are four simple
cubic sublattices and, for perfect order, one is occupied by Cu (“8 sites”)
and the other three by Au (“«a sites”). If ¢, and x, are respectively the
atomic fraction of Au atoms in the alloy and the fraction of Au atoms on «
sites, the S parameter is defined by the ratio
S= X\ —Ca

1—cy,

For a stoichiometric Au,;Cu,s alloy with perfect order, S=1. For the
non-stoichiometric alloy Au,;Cu,, the maximum value of S is

Ca
— =(.78
3(1 —cy)

S decreases slowly with increasing temperature, until it drops discontinu-
ously to zero at T.

(ii) the a parameter defines the state of short-range order. Above T, there
is no long-range order. However, there is a preference in the kind of close
neighbours around each atom. This departure from randomness is described



62

by the Warren-Cowley a parameter [32] which is defined for the atomic site
with coordinates 1, m, n with respect to a given A atom as

almn:]'_ -
Cp

where P, is the probability that the atomic site is ocupied by a B atom.

EXPERIMENTAL
Preparation of the samples

The Au,5Cu,s and Au,,Cu,, ingots were prepared from 99.999% Au and
99.999% Asarco copper by melting under vacuum (1 X 107 torr). The X-ray
diffuse scattering study requires single crystals. They were grown by a
horizontal Bridgman method. The DSC samples were cut off from these
single crystals. The DSC samples were ~ 2 mm thick and ~ 5 mm in width.
Short annealing treatments were performed in situ in the DSC cell (as
described later). Long annealing treatments (> 65 h) were carried out in a
sealed evacuated silica tube heated in a separate furnace.

DSC measurements

A Perkin—-Elmer DSC-2C device connected to a 3500 thermal analysis
data station was used for the calorimetric measurements. Sample weight was
980 mg for Au,sCu,s and 986 mg for Au,,Cu,,. Pure gold (1176 mg) was
used as a reference. Thus, assuming an ideal solid-solution behaviour for
Au,Cu,s and Au,,Cu,,, heat capacities of the sample and the reference
were equilibrated within 2%. The sample and the reference were put in the
DSC cell without its pan; the atmosphere was pure argon.

PRELIMINARY DSC TESTS

According to the simplified treatment proposed by Kessis [27] the equa-
tion of the base line may be written as

mpC,.  msC, mgCp, tKg
T — T =AT = — + — + T, lex
S R B( KR KS B KS Og p mSCpS
mRCpR tKg
— + T, | exp| — 1
(B KR Og p( mRCpR) ( )

where S and R refer respectively to the sample and to the reference. T is the
temperature, 8 is the heating rate, m is the specimen weight, C, is the
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specific heat, K is the superficial exchange coefficient between the specimen
and the temperature sensor of the DSC detecting head, 7; is the initial
temperature, and ¢ is the time.

Equation (1) shows that when an experiment starts and when no transi-
tion occurs the drift of the base line presents an initial thermal transient
desequilibrium period corresponding to the two exponential terms: the
higher the heating rate and the mismatch between the sample and the
reference, the greater the thermal desequilibrium of the DSC cell.

Therefore, we have performed several preliminary tests in order to estab-
lish the best experimental conditions. Moreover, several isothermal experi-
ments were carried out in order to check the ability of the DSC to follow the
long-range- and short-range-ordering processes.

Isothermal tests

For these isothermal tests, the samples were first disordered at 350 ° C and
then rapidly cooled (320° C min ') to the isothermal annealing temperature.

The result of an isothermal experiment performed with a specimen of
Au,5Cu, is presented in Fig. 2 as an example of long-range ordering. The
DSC curve corresponds to the heat evolution recorded at 170° C vs. time. It
is compared to the evolution of a pure gold specimen and of an empty cell.
The steady state of the base line is obtained after ~ 2 min for the empty cell
and after ~ 3 min for the gold specimens. In the case of Au,sCu,s an
exothermic effect due to ordering is detected. However, an accurate de-
termination of the heat effect cannot be made for two reasons: (i) the
beginning of the ordering effect interferes with the transient desequilibrium
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Fig. 2. Comparison of the DSC curves during an isothermal experiment (7, =170° C) after
cooling (at 320° C min ') from 350 ° C: a, no specimen in the DSC cell; b, gold specimens as
sample and reference; ¢, Au,5Cu,s.
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Fig. 3. A tentative determination of T, by isothermal DSC tests on Au,5Cu,s and Au,Cu;,
cooled at 320°C min~' from 350°C to 7,.

period and (ii) the ordering effect is too slow to be accurately followed until
the completion of the process.

Regarding the determination of T, the isothermal tests performed on
Au,sCu,s and Au,,Cu,, are illustrated in Fig. 3. For both samples, the
same kinetic behaviour is observed when the isothermal annealing tempera-
ture is increased from the LRO temperature range (e.g. 170 ° C for Au,5Cu s
and 200°C for Au,,Cu,,) to the SRO range (e.g. 230°C for Au,5Cu,s and
260°C for Au,4Cusy). Around 7., the short-range-ordering rate varies
rapidly. At 230° C for Au,sCu,s or 260 ° C for Au,,Cu,, the SRO attains its
equilibrium value after annealing for 5 min. Below these temperatures, the
short-range-ordering rate decreases. The DSC signal returns to the base line
more and more slowly but the long-range-ordering rate is too slow for 7, to
be accurately determined.

For these reasons, DSC experiments were not pursued in the isothermal
mode. The ordering kinetics were not followed by direct DSC measure-
ments. They were obtained by dynamic tests on disordering pre-annealed
samples through 7.

Dynamic tests

Influence of heating rate on the transient thermal effect

According to eqn. (1) the higher the heating rate, the greater the transient
thermal desequilibrium on starting an experiment. A comparison of the
transient desequilibrium effects obtained with different heating rates (1.25,
2.5 and 10°C. min~") is shown in Fig. 4. During these tests, gold specimens
with identical weights (1186 mg) and nearly-identical shapes were used as
sample and reference. In Fig. 4, T, is the initial temperature of the run, T,

1

the temperature at which the steady state of the base line is attained. This
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Fig. 4. Influence of heating rate on the transient thermal desequilibrium on starting a DSC
experiment: 7; is the initial temperature of the run, 7, is temperature at which the steady
state of the base line is attained.

figure clearly shows that the higher the heating rate, the stronger the initial
transient thermal effect. The time interval between 7; and 7, remains
practically the same ( ~ 90 s) for all heating rates. This leads to a tempera-
ture range (7, — 7;) for the transient effect which is proportional to the
heating rate. This “blind zone” is very detrimental for studying the disorder-
ing phenomena by DSC, especially for the enthalpy measurements.

A complete comparison of the transient period for heating rates increas-
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Fig. 5. Evolution of the transient thermal desequilibrium for heating rates increasing from
1.25 to 80°C min "' for an empty cell and for gold specimens as sample and reference.
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ing from 1.25 to 80°C min~"' is shown in Fig. 5. This figure also compares
the magnitude of T, — T, when the DSC cells are empty. From these results,
it can be concluded that the lowest heating rate (1.25°C min~') is the most
appropriate for minimizing both the transient temperature interval and the
amplitude of the parasitic transient heat effect.

Reliability of the enthalpy measurements on disordering

A sample of Au,;Cu,s disordered at 350°C was very rapidly cooled to
190°C and annealed for 1 h at this temperature to obtain a long-range
partially-ordered state. The sample was then heated either at 1.25°C min ™!
or at 10°C min~! starting directly from the annealing temperature. The
corresponding DSC curves are shown in Fig. 6. In both cases an endother-
mic phenomenon is observed above the annealing temperature. Integrating
the peak area for enthalpy measurements raises two difficulties: the begin-
ning of the endothermic effect is lost because it is superimposed on the
initial “blind zone” and the end of the phenomenon is difficult to determine
on the high-temperature side. Three determinations were made as indicated
in Fig. 6 for each heating rate; average values for AH of 180 + 10 J mol ™! at
1.25°C min~' and 190+ 10 J mol ! at 10°C min~! were obtained. The
accuracy of the A H measurements does not depend only on the heating rate
(~ £5%), but also on the choice of the final temperature limit for integrat-
ing the peak area (~ +5%). Thus, a total error of ~ +10% must be
expected, with an additional error due to the loss of the heat effect during
the “blind zone”.

The influence of the heating rate is even more critical in the SRO range.
Measurements of enthalpy changes are not reliable when the heating rate is
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Fig. 6. Influence of heating rate and of the choice of 7, on the enthalpy measurement on
disordering Au,sCu,s previously ordered for 1 h at 190°C.
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Fig. 7. Influence of the drift of the base line and of the choice of T, on the enthalpy
measurement on disordering Au,;Cu,; previously ordered for 30 min at 206° C.

greater than 1.25°C min~"'. Another difficulty is the drift of the base line.
Five similar experiments were performed with the same sample at different
times (some months may separate the different experiments). The drift of
the base line was not reproducible. Nevertheless, the measurements of the
peak area within the temperature intervals indicated in Fig. 7 lead to an
average value for enthalpy of 45+ 5 J (g at) ™.

Thus, it can be concluded that the error in the enthalpy measurements
due to the variation of the heat transfer coefficients for different experi-
ments is negligible compared with the error due to the choice of the
temperature limits for integrating the peak area.

RESULTS AND DISCUSSION

We investigated the following characteristics of an order—disorder phase
transformation:

(1) the heat effect corresponding to the disordering process or to a phase
transformation in the ordered state;

(i1) the kinetics of the LRO process;

(iii) the change of the value of the equilibrium parameter S near T;

(iv) the kinetics of the SRO process.

Heat effect corresponding to the order—disorder reaction

As the LRO ordering process is very slow, Au,;Cu,s and Au,,Cu,, were
annealed for several days at temperatures corresponding respectively to the
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Fig. 8. DSC curves obtained on heating at 2.5°C min™' Au,5Cu,s previously annealed at
150 and 180 °C, and Au,,Cu,, previously annealed at 173 and 206 ° C (cf. Table 2).

establishment of the L1, long-range order and of the periodical antiphase
superlattice, i.e. at 150 and 180° C for Au,sCu,s and at 173 and 206 ° C for
AU 54Cu 4.

For Au,sCu, the corresponding DSC curves are shown in Fig. 8. After
annealing at 150° C, the enthalpy change from 150 to 300°C is 1060 J (g
at)”!, i.e. twice the value measured after annealing at 180°C [520 J (g
at)"!]. However, only one endothermic effect was always detected, without
any splitting corresponding to the successive transformations. Furthermore,
this endothermic effect always begins a few degrees above the annealing
temperature. This may be explained by a decrease of the long-range-order
parameter S with increasing temperature. Thus, the decrease of the enthalpy
change after annealing at 150 or 180°C is due both to the enthalpy of the
transformation I — II and to the decrease of S.

For the non-stoichiometric composition Au,,Cu,, the enthalpy changes
corresponding to the two heat treatments are respectively 834 and 683 J (g
at)~ .

These values are compared in Table 2 with the other calorimetric de-
terminations previously published in this range of composition. They agree
with those obtained by Tissot and Dallenbach [6] by quantitative differential
thermal analysis (QDTA) and by d’Heurle and Gordon [23] by isothermal
calorimetry. These authors, who ignored the existence of PAP, have not
studied the two transformations. Their annealing temperature and their
calorimetric results show that the initial state of their alloys was a PAP
structure. Using another technique (solution calorimetry) Deneuville [24]
found a higher value. It seems that this discrepancy cannot be explained by
a more-ordered state since the DSC kinetic investigations described below
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TABLE 2

Enthalpy changes corresponding to the order-disorder reactions for various Au-Cu alloys
annealed in the L1, and PAP range. Comparison of the DSC results with the other
calorimetric determinations previously published

Au Annealing Annealing Treat- Structure AH
cor;ent t?;nép. ttime ment *  [19] Experimental Calculated [28]
GO (days) Dan™] [(gay™']
75 150 7 L1, 1800 [24) -

150 7 c L1, 1060 ® 1030

180 7 c PAP 520 ® 670

190 4 b PAP 720 (6] -
725 189 40 b - 578 23] -

194 40 b - 573 (23] -

195.3 40 a - 444 (23] -
70 175 6 ¢ L1, 637° -~

173 10 c L1, 834 ° 934

206 15 c L1, +PAP 683" 665

? a, b and c refer respectively to a sample which has been annealed above 7, and then: a,
cooled directly to the ordering temperature; b, quenched to room temperature and
subsequently reheated; or ¢, cooled directly to the ordering temperature then quenched to
room temperature and reheated in the DSC cell. Sample d was annealed a few degrees
below the melting temperature, quenched to room temperature and then annealed at
150°C. ° This work.

and the measurements of d’Heurle and Gordon show that the equilibrium
state is attained with the annealing conditions we have used. It is possible
that our DSC measurements give values systematically too low.

These thermodynamic results can be compared with the theoretical values
calculated from the SRO parameters which were experimentally determined.
In an Ising model limited to the configuration pair-wise interactions, energy
is expressed as
E=33uV o)
where (o,) is the pair correlation function for the ith nearest-neighbour
shell, p; the multiplicity of the pair i and V; the pair-interaction potential.

For a binary alloy the pair correlation functions are directly related to the
SRO parameters «; measured by diffuse scattering experiments
(0;) =4C\Cp(a; +1) — 1
The pair interaction potentials may be calculated from the measured «,,
either through a thermodynamic approximation (cluster variation method,
mean field approximation) or by a Monte-Carlo method. These pair-interac-
tion potentials are defined by the change in energy when building an atomic
pair AB of ith neighbours

V; — %(V;AA + V;BB _ ZV;AB)
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TABLE 3

Values of the SRO parameters a; measured at 300° C [19-21] and of the pair-interaction
potentials V; calculated by a Monte-Carlo method [28]

i Imn a; measured at 300°C V; (meV) calculated
Au5Cuys Au4Cusy Au,5Cuys Au4Cuy

1 110 -0.0711 —-0.074 527 5.07

2 200 0.103 0.108 -331 —2.76

3 211 —-0.027 -0.033 1.38 1.62

4 220 0.044 0.048 -0.33 —0.21

Taking into account four pair-interaction potentials, the configuration en-
thalpy is written

E = 6V110{0110) + 3V200{0200) + 12V211<°211> + 6V 220 0220)

Assuming that there is no variation of these pair-potential interactions with
temperature and neglecting the volume change, the change in energy be-
tween two known states of order can be calculated and compared with the
enthalpy change measured by DSC. The values given in Table 3 have been
obtained using a Monte-Carlo method [28]. Four pair-interaction potentials
were calculated using the «; parameters measured at 300°C [19-21] far
from the transition temperature (7/7; = 1.2), where the calculation is more
easy. Assuming no variation of these potentials with temperature, a Monte-
Carlo calculation gives the pair correlation functions for the other states of
order. The values of change in enthalpy obtained with this method are very
close to those deduced from the DSC measurements (Table 2).

Kinetics of long-range ordering

In a Bragg Williams approximation and for a rigid Ising model which
does not take into account lattice vibrations and static atomic displace-
ments, the configuration energy is proportional to S*. Thus the variation of
VAH with time gives information on the long range ordering.

The experimental procedure used for the DSC experiments was the
following: after disordering at 400 ° C, the samples were ordered at a given
temperature (7,) for a given time (¢,). Then they were heated from 7, to
400°C at 1.25°C min~ . Figure 9 shows typical DSC curves, obtained for
Au,sCu,s after annealing at 190°C for various times. The peak area
increases with annealing time and the peak maximum is regularly shifted
towards higher temperatures. Thus for Au,;Cu,; the more developed the
state of order (LRO parameter S and domain size), the higher the tempera-
ture of the maximum rate of destruction of order, that is the greater the
resistance to the destruction of order. This behaviour is different from that
of Au,,Cu,,: for this composition, all the DSC curves are gathered inside



71

AuzgCusg 400

—> ENDO
EJ
A

TEMPERATURE (°C)

Fig. 9. Typical DSC curves obtained for Au,;Cu,s after annealing at 190°C for various

times. Cooling rate from 400 to 190°C, 320°C min~'; heating rate from 190°C, 1.25°C

min~ L.

the same temperature interval (Fig. 10a). This difference is really typical of
these compositions and does not depend on the DSC experimental condi-
tions.

For Au,,Cu,, for short annealing times (e.g. 15 min) an exothermic effect
is detected between ~ 160-220° C. This exothermic effect is enhanced when
the disordered sample is cooled from 400 to 100°C without stopping at
175°C as is shown in Fig. 10b, an enlargement of Fig. 10a. This effect is the
manifestation of short-range ordering during the scan.

The results of all the kinetic measurements are shown in Fig. 11 for both
alloys. For Au,,Cu,, the heat effects increase up to a steady value attained
after about 250 h. The final value [637 J (g at)”!] may be considered as
corresponding to the establishment of the equilibrium LRO at 175°C. This
value is significantly different from that previously determined after anneal-
ing at 173°C [834 J (g at) " ']. As shown in Fig. 11, a small variation of the
annealing temperature induces a large variation of A H, so that the absolute
accuracy (a few degrees) in the determination of the annealing temperature
may explain this discrepancy.

Is it possible to go further for a better understanding of the kinetics of
long range ordering? For an infinite annealing time (7, = o0) the order
parameter S attains its maximum value. For r, =0, § = 0. We can follow
the evolution of the ratio

S = St,  Suax—St,  {AHue — AHI,

rT Soo - SO - Smax AH

max

The plot of log y vs. time is given in Fig. 12. For the same composition all
the curves are well gathered but the kinetics are not simple. Two ordering
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Fig. 10. Typical DSC curves obtained for Au,,Cu,, after annealing at 175° C for various
times. Cooling rate from 175 to 100°C, 320°C min’'; heating rate from 100°C, 10°C
min~ . Annealing time at 100° C was 5 min for all samples.

stages occur: first, a rapid one and secondly a very slow one. This result is
confirmed by resistivity experiments [22]. It may be expected that the first
stage is due both to short-range ordering and nucleation of long-range
ordering and the second one to the development of long-range ordering.

Variation of the LRO order parameter S with temperature (Au,;Cu,s)

A first-order transition is characterized by a discontinuity of the thermo-
dynamic properties at T,, and particularly by a discontinuity of S. This is
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Fig. 11. Comparison between the kinetics of long-range ordering in Au,,Cu;, and Au,5Cus.

very clearly demonstrated in the case of Cu;Au where S (measured by
X-ray diffraction) decreases slowly with increasing temperature from
~100°C below T, and drops discontinuously at 7, [29].

In order to study equilibrium order vs. temperature, we made DSC
measurements of the enthalpy change on disordering the Au,;Cu,; sample
pre-annealed for a long time at different temperatures below and above 7.
From these measurements the temperature dependence of the energy is
shown in Fig. 13. The evolution is quite similar to that observed for

A 185°C
1 Au75Cu25 e 190 °C
o 206°C SRO

AU7OCU30 + 175°C
LRO

-2 1 L

0 50 100
ANNEALING TIME (hours)

Fig. 12. Plot of log y=1log [(,/AHmax ~/AH1,)/\/AH,,] versus annealing time for
Au+4Cusy (T, =175°C) and for Au,5Cuys (T, =185, 190 and 206°C).
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Au,, sCu,, s by d’'Heurle and Gordon [23], reported on the same figure. The
curve does not present any discontinuity at 7, and is therefore quite
different from the theoretical one. So, a question is raised: was equilibrium
fully attained at the temperatures considered? An argument is provided by a
“cross-experiment” (Fig. 14); a sample annealed for 15 h at 185°C is
rapidly heated to a higher temperature (190° C): the energy decreases to the
expected equilibrium value at 190° C. Therefore the equilibrium order was
attained at 190°C, and we may assume that the curve in Fig. 13 describes

, , . . . . . . :
Au75CU25 Jat 9"7
9 a 360
z b 295
! a c 280
T d 170
b
(o
d
3
3

|
250
TEMPERATURE (°C)

|
200

Fig. 14. DSC curves obtained on heating at 1.25° C min~' Au,5Cu,s previously annealed at
a. 185°C for 15 h; b, 190° C for 64 h; ¢, 185°C for 15 h+190°C for 1 h; d, 190°C for 1 h.
Results of the enthalpy measurements corresponding to the respective DSC curves are given
inJ(gat)~".
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the equilibrium order vs. the temperature. So the question still remains: why
is no latent heat observed at T.? The decrease in S with increasing tempera-
ture is nearly linear over a large interval of temperature (20° C). This trend
may be expected when passing through a two-phase region of ordered and
disordered phases if the fraction of the disordered phase increases with
increasing temperature. The existence of such a two-phase domain still
remains to be proved.

Kinetics of short-range ordering

Typical DSC curves are shown in Fig. 15 for Au,,Cu,, (at 230°C) and in
Fig. 16 for Au,sCu,s (at 206°C). In both cases, samples were previously
disordered at 400°C inside the DSC cell and then quickly cooled to the
annealing temperature 7,. Then the samples were heated starting from 7.
Figures 15 and 16 show the progressive increase in intensity of the DSC
peaks with annealing time. For Au,,Cu;, all the DSC curves are gathered
inside the same temperature interval, as for long-range ordering (Fig. 10a).
Stabilization was obtained after 5 h. For Au-,;Cu,, the peak temperature is
regularly shifted towards higher temperatures. This behaviour is also similar
to that observed for long-range ordering (Fig. 9) for this composition. The
equilibrium is nearly attained after annealing for 15 h. This result agrees
with those obtained from electrical resistivity measurements: at 205° C the
resistivity attains a plateau after annealing for 8.5 h [31].

A comparison between the respective kinetics is given in Fig. 17 for both
compositions and for different temperatures: 206, 212, 218 and 230°C for
Au,sCu,s and 230°C for Au,,Cu,,. Figure 17 clearly shows that the

Au gty

230°C

30

—> ENDO

2mw
| S

(onnealing time in hours)
1 1 1

L | | 1 L

230 250 300
TEMPERATURE (%)

Fig. 15. DSC curves obtained on heating at 10° C min~' Au,,Cu,, previously annealed at
230 ° C for various times.
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Fig. 16. DSC curves obtained on heating at 1.25° C min~! Au,;Cu s previously annealed at
206 ° C for various times.

short-range-ordering rate in Au,,Cu,, is faster than in Au,;Cu,;. The
values we have measured for the change in configuration energy in Au,,Cu s,
and Au,sCu,s [Fig. 17: 145 and 120 J (g at)~ !, respectively] are slightly
smaller than those obtained for the relaxation enthalpy of amorphous alloys.
In the amorphous alloys that we have studied [2,4,5], two major effects were
observed by means of DSC: (i) an exothermic (irreversible) phenomenon
during the first heating of the as-quenched specimen generally attributed to
changes in topological short-range order (~1-2 kJ mol™') and (ii) an
endothermic phenomenon on heating the pre-annealed specimen in the glass
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Fig. 17. Comparison between the kinetics of short-range ordering in Au,,Cu and Au5Cuys.
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transition range; the intensity of this latter effect was shown to be depen-
dent on the decrease of the configuration enthalpy (AH,) during the
annealing treatment. It is generally attributed to changes in chemical short-
range order. The maximum value of AH,_ that we have found is ~ 800 J
mol L.

CONCLUSIONS

From the above results on Au,Cu,s and Au,4Cu,, it appears that DSC
can provide valuable information about the order—disorder transition in
cristalline solid solutions.

Isothermal tests give an insight into the rates of ordering near 7.
However, due to the sluggishness of the LRO process, T, cannot be accu-
rately determined. Moreover the energy released during ordering cannot be
accurately measured.

From dynamic tests quantitative results can be obtained, when the
experimental conditions are carefully controlled (low heating rate, adjust-
ment of the base line, choice of the limits for the peak-area measurements).
The change in enthalpy between different states of order may be measured.
For example the transition from the LRO state at 150° C to the SRO state
at 300°C is accompanied by an enthalpy change of 1060 J (g at)~'. A good
agreement is found by a Monte-Carlo method [28] using a parameters
measured by X-ray diffuse scattering [1030 J (g at) ™ '].

The change in the equilibrium value of the LRO parameter S wvs.
temperature can be followed from the enthalpy changes on disordering
pre-annealed samples. The curve does not present any discontinuity at T,.
This behaviour is therefore quite different from the theoretical one. Values
of S decrease rapidly with increasing temperature, with the variation nearly
linear just below 7_. This trend suggests the existence of a two-phase region
of ordered and disordered phases.

LRO kinetics can be obtained. The LRO kinetics of Au,sCu,s and
Au,,Cu,, proceed through a two-stage process: first a rapid one, due both
to the establishment of SRO and to the nucleation of LRO, and secondly a
very slow one due to the development of LRO.

SRO kinetics can be obtained. The SRO rate is clearly faster for Au,,Cu;,
than for Au,Cu,;. The energy changes involved are smaller than those we
have measured for changes in chemical order on studying the enthalpy
relaxation of amorphous metallic alloys [2,4,5].
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