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The thermodynamics of disordering in CusAu have been investigated by measuring the heat capacity of
samples with different degrees of long- and short-range order between T=5 and 720 K using relaxation
and differential scanning calorimetry. The heat capacities of L1,-ordered and fcc-disordered samples
show similar behaviour at low temperatures (<300 K). They deviate positively from the linear combina-
tion of the end-member heat capacities between ~30 and 160 K. However, small differences between the
two samples exist, as the disordered sample has a larger heat capacity producing a vibrational entropy of
disordering of ~0.05 R. At temperatures higher than 300 K, the heat capacity of the ordered sample shows
a prominent lambda-type anomaly at 675 K due to the diffusive L1,-fcc phase transition. When starting
these measurements with disordered samples, ordering effects are observed between 400 and 620 K, and
the disordering reaction is observed at 660 K. Evaluation of the data gives an enthalpy and entropy of dis-
ordering at 683 K of 2.0 k] mol~' and 0.39 R, respectively. However, these values increase with increasing
temperature, thereby reducing the short-range order. Because the vibrational and configurational disor-
dering effects become active at different temperature regimes, i.e., the vibrational effects at low temper-
atures (T < 300K) and the sum of both effects at higher temperatures (T >300 K), they have been
successfully separated.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

The thermodynamics of CusAu have been the subject of numer-
ous investigations, e.g., [1-16]. Below ~580K, CusAu has an
ordered L1, structure with Au occupying the corners of the unit
cell and Cu the face centres [9]. Above 680 K, CuszAu has a face-
centered cubic (fcc) structure with a disordered atomic distribu-
tion (although there exists short-range ordering). A difference in
the vibrational entropy between the ordered and disordered sam-
ples (ASYE) can be observed, which is caused by different heat
capacities at temperatures <150K [1]. Although most studies
report that the fcc structure is characterised by a larger vibrational
entropy, the results obtained so far are inconsistent (Table 1). Two
experimental studies have proposed low values of AS3/R =0.02
[4] and 0.03 [1], whereas another experimental study proposed a
value of ASYis/R = 0.14 [3]. Theoretical studies have suggested that
ASYEIR=0[5], 0.08 [7] and 0.07 [8]. The AS%S value ranges, thus,
from O to 0.14 R, which was one reason for the reinvestigation of
ordered and disordered CusAu. In addition to producing data for
the vibrational entropy, another aim of this study is to deliver calo-
rimetric results for the configurational entropy. Based on the
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detailed calorimetric study of Sykes and Jones [11], the energetic
behaviour of the atomic rearrangements with increasing tempera-
ture can be interpreted as follows: During a heat capacity measure-
ment above 5 K, a fully ordered L1, CusAu sample does not change
its atomic distribution up to 500 K. Its configurational entropy is
zero and the vibrational entropy is that of the L1, structure.
Between 500 and 670 K, the heat capacity data of such a sample
show a lambda-type anomaly due to the L1,-fcc phase transition,
which changes its atomic distribution. At 670 K, the sample has the
vibrational and configurational entropies of the disordered fcc
structure. Thus, the lambda peak must contain the entropy differ-
ence contributed by both the vibrational and configurational
effects due to disordering.

Samples with disordered distributions can be synthesised by
quench experiments. They are metastable with respect to their
atomic distributions at room temperature and an ordering process
takes place, which is, however, very slowly (in ~2000 days, the dif-
ference in heat capacity is reduced to the half [16]). Measuring the
heat capacity below 300 K of such disordered samples and compar-
ing these results to data derived from an ordered sample produces
a difference in heat capacity that is mainly vibrational in origin [3].
Using these data and those obtained from the disordering reaction,
the configurational and vibrational entropy difference due to disor-
dering can be separated. During a heat capacity measurement
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above 300 K, a quenched sample undergoes first an ordering pro-
cess followed by a disordering reaction. Using different quench
temperatures, the energetic effects of different short-range order-
ing can be investigated calorimetrically [17].

The heat capacity and the vibrational entropy of a solid solution
was often found to deviate from those of the linear combination of
the end-members A and B, i.e., they deviate from the Neumann-
Kopp rule (for a review, see for example [18,19]). In other words,
there exists an excess heat capacity and an excess vibrational
entropy of mixing, ASS =Sigid solution _ (g . X, +Sp. Xg). It is
thought that changes in bond length and, consequentially, changes
in bond stiffness during compositional variations are responsible
for this behaviour (for more details see, e.g., [8,18,20,21]). Using
entropy data from the end-members and the measured entropy
of CuzAu, the excess entropy of mixing is calculated in this study
and compared to that of the most recent thermodynamic data
compiled for the Cu-Au system [10]. This approach allows the reli-
ability of the calorimetric results to be tested.

2. Experimental methods
2.1. CusAu sample

Copper and gold powders (purity of >99.9%) were mixed in an
agate mortar, pressed to a pellet and melted at 1373 K in an evac-
uated quartz-glass ampoule, which was used in all following heat-
ing experiments. The melted sample was quenched and then
pressed to a flat disc and again held at 973 K for 2 days. To produce
samples with defined atomic distributions, the samples were
equilibrated at different temperatures (for equilibration times see
Appendices A and B, that are available as supplementary material
from the homepage of this Journal) and quenched into an iced
brine bath. The heat capacity measurements started immediately
after quenching. The most ordered sample was heated to 783 K
then cooled to 658 K where it was held for 1 day followed by fur-
ther cooling steps: T=628 K for 2 days, T=598 K for 4 days, and
T =568 K for 4 days. Finally, the furnace was turned off and slowly
cooled down to room temperature. The sample prepared in this
way is characterised by strong X-ray superlattice diffraction peaks
indicating an ordered Cu-Au distribution. The X-ray patterns of
disordered and ordered samples are shown in Fig. 1. The corre-
sponding lattice parameters are dop/nm =0.37561 +0.00001 and

Table 1
High temperature limit of vibrational entropy differences in Cug75Aug2s.

ASSIR in fcc ASES| ASTES/Rin L1,
structure R structure
Experimental studies
“Flinn et al. [4] - 0.02 -
"Yoon and Hultgren  0.08 0.03 0.05
[1]
‘Bogdanoff et al. [2] - - 0.06
INagel et al. [3] - 0.14 -
Theoretical studies
€0zolins et al. [6] 0.12 - -
Morgan et al. [5] - 0.0 -
Ozolins et al. [7] 0.18 0.08 0.10
Wau et al. [8] 0.17 007  0.10

ASYES = Sy SO — (Scy % 0.75 + Spy + 0.25).
AS = si5 - 2

@ Elastic constants of disordered and ordered samples were measured and the
Debye temperatures (@) calculated. The entropy difference was calculated
according to S4isorder _ §order &~ 3 o In (@ graf Ois)-

b Isothermal calorimetry.

¢ Based on data of inelastic neutron scattering.

4 Differential scanning calorimetry above 70 K in addition to calculations using a
Born-von Karman model.

¢ Extrapolated from Xc, = 0.5 to 0.75 using a symmetric mixing model.
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Fig. 1. X-ray patterns of fcc disordered and L1, ordered (shifted up by 2000 cps)
CusAu.

0.37456 + 0.00001, respectively. Both values are slightly larger
than those of Okamoto et al. [9], who found ap/nm =0.375324
and 0.37426 for disordered and ordered samples, respectively.
Using their relationship between composition and lattice parame-
ter for disordered CusAu, a copper mole fraction of Xc, = 0.745 is
calculated from the observed ay value. This composition was
verified by electron microscopic investigation, which found that
the sample is homogeneous and stoichiometric within the
uncertainties.

2.2. Relaxation calorimetry (PPMS)

Low-temperature heat capacities from 5 to 300 K were mea-
sured using a commercially available relaxation calorimeter (heat
capacity option of the PPMS by Quantum Design®). Pieces with
ca. 3.3 x 3.3 x 0.3 mm (~37 mg) were polished and mounted onto
the calorimeter platform using Apiezon N grease. The measure-
ments were repeated if the sample coupling, a measure of the qual-
ity of the thermal contact between sample and calorimeter
platform, was lower than 90% (for details of the relaxation tech-
nique, see, e.g., [22,23] and references therein). In such cases, the
surface of the CuzAu pieces was reprocessed until a good sample
coupling was achieved. The accuracy of the PPMS heat capacities
from 100 to 300 K and the entropy at 298.15 K measured on sin-
gle-crystal and sintered powder samples were found to be better
than 0.5% [23].

2.3. Differential scanning calorimeter (DSC)

The heat capacity between 300 and 720 K was measured using a
power compensated Perkin Elmer Diamond DSC® on samples
weighing ca. 165 mg. The DSC measurements were performed
under a flow of Ar gas, with the calorimeter block kept at 250 K
using a Perkin Elmer Intracooler. Each measurement consisted of
a blank run with empty calorimeter chambers and a sample run,
where the CusAu sample was placed into the calorimeter. The heat
flow data (difference in heating power between the two chambers)
were collected using a temperature scan (heating rate of 5 K/min)
and isothermal periods of 3 min before and after the temperature
scan. The heat flow versus temperature data from the sample run
were shifted and rotated until the data of the isothermal periods
agreed with those of the blank run [for details see e.g., 22]. The
data from the blank run were then subtracted from those of the
sample run to give the net heat flow of the sample. For calculating
the heat capacity, the net heat flow data were finally divided by the
heating rate and the mass of the sample. The accuracy of the DSC
heat capacity data was determined to be better than 0.6% [22].
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2.4. Evaluation of the raw heat capacity data

In order to calculate the enthalpy and entropy of disordering,
the measured heat capacities were integrated numerically using
an interpolation function of Mathematica®. The relative uncer-
tainty of the entropy derived from the PPMS heat capacity data
amounts to 0.2% for single-crystal and sintered powder samples
as determined by a Monte Carlo technique in a previous study [24].

3. Results and discussion
3.1. Low-temperature heat capacities from 5 to 300 K (PPMS)

The measured heat capacities in the low temperature range of
the different long- and short-range ordered samples are listed in
Appendix A (available as electronic supplementary material from
the homepage of this journal). The excess heat capacities of mixing
(ACp™€) were calculated from the measured heat capacities of
CusAu and from the literature values for the heat capacities of pure
Cu and Au thoroughly evaluated by Furukawa et al. [25]. The
results of the most ordered and disordered samples are plotted
against temperature in Fig. 2. The AG,"* of the ordered sample is
slightly negative at very low temperature (~25K) and positive
between 40 and 150K with a maximum value of 0.025R at
~75 K. Above 160K, it is again slightly negative. The disordered
sample shows a ACp™¢ that is more positive than that of the
ordered sample. There is no negative AC,*¢ at very low tempera-
tures and the AGy™¢ stays positive from 10 to 200 K with a maxi-
mum of 0.05R at 75K. Above 200K, AC,* is also slightly
negative, as is the case with the ordered sample. Fig. 2 compares
our excess heat capacity data with those of Yoon and Hultgren
[1], which are slightly more positive below 150 K and slightly more
negative above 150 K.

The difference in heat capacity due to disordering (AC,%S =
Cpfc — CpH12) is shown in Fig. 3. Our data show positive AC,%S val-
ues with a maximum of 0.025 R at ~80 K. They are in good agree-
ment with those of [1] but are small compared to [3], whose ACy%
data show a maximum of 0.09R at 50 K. Below 30K, the AC*
values can also be compared with those from the detailed study
of Martin [16], showing excellent agreement with our data (inset
of Fig. 3).

3.2. Heat capacities between 300 and 720 K (DSC)

The DSC measured heat capacities of the investigated samples
are listed in Appendix B (available as electronic supplementary
material from the homepage of this journal). In Fig. 4, the heat
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Fig. 2. Excess heat capacity of mixing (AC,™°) of Cug7sAugys as a function of
temperature (T). The data from the fcc structure are represented by solid symbols
and a solid line whereas those of the L1, structure are represented by open symbols
and a broken line. The data points are from this study (error bars represent one
standard deviation), and the lines are from Yoon and Hultgren [1].
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Fig. 3. Heat capacity of disordering (AC,%®) of Cug75Aug25 below 300 K. The data
points are from this study (error bars represent 1 sd), the solid line is from Martin

[16] with data up to 30 K (inset), the dashed line is from Yoon and Hultgren [1], and
the dotted line is from Nagel et al. [3].
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Fig. 4. Heat capacity of disordering (ACp**) of Cug;5Alg25 above 300 K calculated
via AGYS = CpEU0-75A00.25 _ (044 0,75 + CAY % 0.25). The end-member heat capac-
ities were taken from [31]. The solid line represents the data of the L1, ordered
sample, and the broken and dotted lines represent the data from samples quenched
at 703 and 783 K, respectively.

capacity difference relative to the linear combination of the end-
member heat capacities is plotted. The most ordered sample does
not deviate from zero up to 560 K, where the disordering reaction
starts. Therefore, it seems plausible that the deviation from zero
plotted in Fig. 4 can be solely attributed to the heat capacity of
disordering, i.e., the samples do not show any ACp*€ at these tem-
peratures. The most ordered sample is characterised by a strong
positive (endothermic) peak at 675 K, a temperature slightly higher
than the literature value of 664 K [11]. If the DSC measurements
were started with disordered samples, the data first show negative
deviations and then, at 660 K, a strong positive deviation from the
linear combinations of the end-member heat capacities. Such
behaviour can be attributed to an ordering of the Cu-Au distribu-
tion followed by the pronounced disordering at around 660 K.

Above 680 K, all samples have the same heat capacity, which
indicates that they have the same Cu-Au distribution. The samples
thus reached near equilibrium conditions during the measure-
ments (heating rate of 5 K/min). Note that the heat capacity is
slightly larger than the linear combination of the end-member heat
capacities, which is a consequence of further disordering, i.e., the
degree of short-range order present at the temperature just above
the phase transition is further reduced.

3.3. Enthalpy of disordering

To calculate the enthalpy change during the DSC experiments,
the heat capacity differences of Fig. 4 were integrated from 310 to
680 K. Integration of the calorimetric peak of the most ordered sam-
ple (equilibrated at 568 K), resulted in an enthalpy of disordering of
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Table 2

Enthalpy change (AH) during DSC runs for Cug;sAug,s between the temperatures
used to define the atomic configuration prior to the DSC experiment (TP"°") and the
end temperature (T°"¢). Positive values correspond to enthalpy of disordering,
whereas negative values correspond to enthalpy of ordering. Numbers in parentheses
are the uncertainties and refer to the last digit.

From TP"°" to T4 AH/(k] mol~")

From 568 to 680 K 2.0 (1)
From 703 to 680 K ~0.0(2)
From 733 to 680 K -0.17 (8)
From 783 to 680 K ~0.7(2)
From 833 to 680 K -0.35(9)
From 883 to 680 K 0.1(1)
From 983 to 680 K 03(2)
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Fig. 5. Enthalpy change (AH) of Cug75Augys plotted against temperature (T). The
data from this study are represented by solid symbols, and data from Kuczyski et al.
[12] are represented by open symbols. The dotted line is taken from Sykes and Jones
[11]. The solid line represents a fit through the reliable data (see text) above the
phase transition.

2.0+ 0.1 kf mol~' (Table 2). This value is in good agreement with
literature values [11] as shown in Fig. 5. The comparison indicates
that the sample had an almost fully ordered Cu-Au distribution
prior to the measurements. Another sample, which was equili-
brated prior to the DSC experiments at temperatures just above
the disordering transformation at 703 K, resulted in zero enthalpy
of disordering (Table 2), i.e., the area under the negative peaks are
equal to that under the positive peak of the heat capacity curves
of Fig. 4. The enthalpy change during DSC runs becomes increas-
ingly negative for samples that have been quenched from still
higher temperatures of 733 and 783 K (Table 2). This observation
is because the samples used in these DSC experiments were more
and more disordered at the beginning of the DSC run compared to
the atomic distribution at its end. Quench temperatures of more
than 800 K, however, resulted in less disordered samples compared
to that quenched at 783 K (Table 2). This behaviour is most likely
related to an inefficient quench process, which was also found in
other studies, [26 and references therein], where potential reasons
were discussed. It is also supported by integrating high tempera-
ture AC,%S versus T data from Kuczynski et al. [12], which produce
enthalpy values at e.g., 923 and 973 K that are more negative than
the results from our quench experiments at T> 800 K. They, how-
ever, agree well with the trend of our results from the quench
experiments below 800 K using a quadratic fit (Fig. 5). Using the
heat capacity differences of the most ordered sample (Fig. 4) and
this quadratic fit, the enthalpy of disordering, AHS, was calculated
and plotted in Fig. 6.

3.4. Entropy of disordering

Let us first consider the vibrational entropy of disordering (ASS),

i.e.,, the entropy derived from the integration of AC;%S/T dT between
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Fig. 6. Enthalpy of disordering (AH%*) of Cug-5Auq25 plotted against temperature
(T).

0 and 300K (Fig. 3). The corresponding ASSE values are plotted
against quench temperatures in Fig. 7. If the quench temperature
is higher than that of the phase transition (675 K), ASYS reaches a
value of ~0.05 R and does not change significantly with a further
increase in the quench temperature. Alternatively, ASY; was
obtained by calculating the entropies at 298.15 K from the Cp data
listed in Appendix A, resulting in S'’/R=4.416+0.009 and
4.463 + 0.009 for the ordered and disordered (quench temperature
of 783 K) samples, respectively. The difference gives a AS% value
of 0.046 = 0.012 R, which agrees with the value obtained by Yoon
and Hultgren [1], but it is significantly smaller than that of Nagel
etal. [3] (Table 1).

Changes in the vibrational entropy due to disordering were
interpreted to be the result of the associated volume changes
[27]. The volume (V) of the L1, structure is 0.8% smaller than that
of the fcc structure (see Section 2.1). Assuming a typical value of 2
for the Griineisen parameter, y = —V/w dw/[0V, the volume increase
of the L1, — fcc phase transition decreases the frequency (w) by
1.6%. Estimating the impact of this change onto the vibrational
entropy by using an Einstein heat capacity function leads to an
increase in vibrational entropy of 1.6%. This increase corresponds
with a ASYi§ value of 0.07 R, which lies near to the measured value.

In a second step, AC,Y/T of the most ordered sample was inte-
grated stepwise over the temperature interval from 300 to 680 K
resulting in increasing entropy of disordering (ASYS) values
(Table 3). These values contain both the vibrational and configura-
tional parts of the entropy as introduced in Section 1. To discuss
these circumstances from another point of view, let us conduct
an analysis of the entropic behaviour of two different CuzAu sam-
ples. One sample starts with a fully ordered distribution, which
will be denoted “ord”. Its entropy at 0 K (59,4) is zero. Another sam-
ple whose atomic distribution was equilibrated just above the phase
transition at 700K and then quenched to room temperature

As,, ™ IR
[
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T T
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N
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Fig. 7. Vibrational entropy of disordering (AS%3) of Cug75Aug s plotted against the
quench temperature (T).
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Table 3

Entropy of disordering (ASY) as a function of temper-
ature (T) for Cug7s5Augs. Numbers in parentheses are
estimated uncertainties and refer to the last digit.

T (K) ASYSIR
600 0.02 (2)
650 0.12 (2)
660 0.16 (2)
670 0.25 (2)
680 0.39 (3)
700 0.41 (4)
750 0.46 (4)
800 0.51 (4)
850 0.54 (5)
900 0.57 (5)

(denoted “dis”) should have an entropy value at 0 K that is equal to
the configurational entropy (Scr) of the disordered Cu-Au distribu-
tion at 700 K. The entropy difference between both samples at 0 K
is given as follows:
Sgis - Sgrd = SZ?gO (1)
In the temperature range between 0 and 300 K, the vibrational
entropy of disordering becomes effective. The atomic distribution
and, consequentially, the configurational entropy are not changed
in this temperature range. The difference between the two samples
is, therefore, given as follows:

0—300 0—300 is
Sdis _Sord :Avib (2)

Finally, we consider the integral of AC,%S/T dT between 300 and
700 K. For sample “dis”, it is zero because the Cu-Au distribution at
the start and at the end of this experiment is the same. This
assumption is verified by our measurements, i.e., the AHYS value
of such an experiment was zero (second run of Table 2). Because
AHYS|T= AS%S the entropy of disordering in this temperature
range for sample “dis” is also zero. For sample “ord”, however, this
integral contains the large disordering effect. It is assumed in the
literature (e.g., [28]) that it is equal to the configurational entropy.
The atomic distribution of sample “ord” is fully ordered at the
beginning of the experiment (S = 0), and disordered at the end
of the experiment with a non-zero SZ. The entropy difference
between sample “dis” and “ord” in this temperature range can
then be written as:

300—700 300—700 300—700 ? 700
Sdis - S01'd =0- S01'd = 7Scfg 3)

The entropy difference between the two samples at 700K is
given by the sum of Eqs. (1)-(3). It must be zero at this tempera-
ture, because their atomic distributions are the same (see Section
3.2). Thus:

700 700 700 dis 300700
Sdis ~Yord = Scfg + ASvib - Sord =0 (4)

from which it follows that

300—700 700 di
Sord = scfg + Asv:ts) (5)

This means that the integral of AC,Y/T dT between 300 and
700 K of sample “ord” must contain both parts of the entropy, SZfy
plus AS%. The calorimetric peak at 675 K thus contains the config-
urational and the vibrational entropy of disordering.

To obtain the ASYS values at temperatures >700 K, the fitted
curve through the AH versus T values (Fig. 5) was differentiated
with respect to temperature. It results in AC,%/R=1.408-
0.00101 T, which is valid between 700 and 1000 K, but do not reflect
potential small steps in the disordering process as found by other
studies [12,29]. From the so derived AC", the entropy of disorder-

ing was calculated and is listed in Table 3. Together with the AS{
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Fig. 8. Entropy of disordering (AS¥*) of CugsAug 5 plotted against temperature (T).
Circles represent the total entropy change (configurational and vibrational). Squares
represent only the vibrational contributions.

Table 4

Vibrational entropy of disordering (AS%5) and configurational entropy (Seg) as a
function of temperature (T) for Cug75Aug 5. Numbers in parentheses are uncertainties
and refer to the last digit.

T (K) ASTHIR Scrg/R
568 0.000 (9) 0.0°
645 0.011 (9) 0.10 (2)
683 0.051 (9) 0.34 (3)
783 0.046 (9) 0.45 (4)
983 0.045 (9) 0.56 (5)
Ideal solid solution 0 0.562

@ The configurational entropy of the most ordered sample was assumed to be
zero. However, when comparing its enthalpy of disordering value with the data of
Sykes and Jones [11], a configurational entropy value of ~0.02 R might be
estimated.

values, the ASY values are plotted against temperature in Fig. 8.
According to these results, ASSE contributes 13% to the whole
entropy of disordering at a temperature just above the phase tran-
sition. The difference between ASY and ASY is the configurational
entropy. The corresponding values are listed for some temperatures
in Table 4 assuming the most ordered sample has zero configura-
tional entropy. However, from the comparison of its enthalpy of
disordering value with the data of Sykes and Jones [11] (Fig. 5), a
slightly positive configurational entropy might be estimated
(~0.02 R); however, this value is within the uncertainty limits.

3.5. Excess entropy of mixing

According to the most recent thermodynamic data [ 10] compiled
for the Cu-Au system, CugsAug>s is characterised by an almost
ideal entropy of mixing at 800 K with only a minor amount of excess
entropy (AS®*/R = —0.01). Because this value is derived from phase
equilibrium data (emf-data [30]), it contains the vibrational and
configurational parts of the excess entropy. To derive the excess
entropy of mixing from the data from this study, AC,**/T of the
most ordered sample was integrated over the temperature interval
between 0 and 300 K, which yielded ideal vibrational entropy of
mixing behaviour for the L1, structure, i.e., ASyi,"*“L12/R=0.000
0.009. Between 300 and 800K, the effect of disordering becomes
active, amounting to AS%S/R=0.51 +0.04 (Table 3), which is the
entropy of mixing value at 800 K. Subtracting the ideal entropy of
mixing value, i.e., 0.562R, from this value results in AS®™|
R =-0.05 % 0.04, which agrees with the value of [10]. If the most
ordered sample investigated in this study indeed has a non-zero
configurational entropy value (i.e., ~0.02 R) as discussed in Section
3.4, it should be added to ASY* at 800 K. This approach would
improve the agreement of our results with the thermodynamic data
set of [10].
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4. Conclusions

The thermodynamics of disordering in CusAu have been inves-
tigated by calorimetric methods. It could be shown that these
methods are able to separate the vibrational and configurational
effects. The vibrational entropy of disordering amounts to 13% of
the whole entropic disordering effect at a temperature just above
the phase transition.

Acknowledgments

This work was supported by a grant from the Austrian Science
Fund (FWF), project number P23056-N21, which is gratefully
acknowledged. We thank G. Tippelt and E. Krenn for X-ray and
electron microscopy work, respectively. We also acknowledge
gratefully a careful review of an anonymous reviewer.

Appendices A and B. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jallcom.2014.12.
215.

References

[1] H.I. Yoon, R. Hultgren, The effect of ordering on lattice heat capacities of
ordered and disordered AuCus, J. Chem. Thermodyn. 4 (1972) 375-380.

[2] P.D. Bogdanoff, B. Fultz, S. Rosenkranz, Vibrational entropy of L1, CusAu
measured by inelastic neutron scattering, Phys. Rev. B 60 (1999) 3976-3981.

[3] LJ. Nagel, L. Anthony, B. Fultz, Differences in vibrational entropy of disordered
and ordered CusAu, Phil. Mag. Lett. 72 (1995) 421-427.

[4] P.A. Flinn, G.M. McManus, ].A. Rayne, Elastic constants of ordered and
disordered CusAu from 4.2 to 300 K, J. Phys. Chem. Solids 15 (1960) 189-195.

[5] D. Morgan, J.D. Althoff, D. de Fontaine, Local environment effects in the
vibrational properties of disordered alloys: an embedded-atom method study
of Ni3Al and CusAu, J. Phase Equil. 19 (1998) 559-567.

[6] V. Ozolins, C. Wolverton, A. Zunger, Cu-Au, Ag-Au, Cu-Ag, and Ni-Au
intermetallics: first-principles study of temperature-composition phase
diagrams and structures, Phys. Rev. B 57 (1998) 6427.

[7] V. Ozolins, C. Wolverton, A. Zunger, First-principles theory of vibrational
effects on the phase stability of Cu-Au compounds and alloys, Phys. Rev. B 58
(1998) R5897.

[8] E.J. Wu, G. Ceder, A. van de Walle, Using bond-length-dependent transferable
force constants to predict vibrational entropies in Au-Cu, Au-Pd, and Cu-Pd
alloys, Phys. Rev. B 67 (2003) 134103.

[9] H. Okamoto, D.J. Chakrabarti, D.E. Laughlin, T.B. Massalski, The Au-Cu (gold-
copper) system, Bull. Alloy Phase Diag. 8 (1987) 454-473.

[10] S. Landolt, Binary systems, Au-Cu. Thermodynamic properties of inorganic
materials of Landolt-Bornstein — Group IV physical, Chemistry 19B (2002)
268-272.

[11] C. Sykes, F.W. Jones, The atomic rearrangement process in the copper-gold
alloy CusAu, Proc. Royal Soc. Lond. A 157 (1936) 213-233.

[12] G.C. Kuczynski, M. Doyama, M.E. Fine, Transformations in disordered gold
copper alloys, J. Appl. Phys. 27 (1956) 651-655.

[13] F. Cleri, G. Mazzone, V. Rosata, Order-disorder transition in CuzAu: a combined
molecular-dynamics and cluster-variation-method approach, Phys. Rev. B 47
(1993) 14541-14544.

[14] H. Chen, ]J.B. Cohen, R. Ghosh, Spinodal ordering in CusAu, J. Phys. Chem. Solids
38 (1977) 855-857.

[15] R. Hultgren, P.D. Desai, D.T. Hawkins, M. Gleiser, K.K. Kelley, Selected values of
the thermodynamic properties of binary alloys, Am. Soc. Metals (1973).

[16] D.L. Martin, Specific heat of copper-gold alloys below 30 K, Phys. Rev. B 14
(1976) 369-385.

[17] A. Benisek, E. Dachs, M. Salihovic, A. Paunovic, M.E. Maier, The vibrational and
configurational entropy of a-brass, J. Chem. Thermodyn. 71 (2014) 126-132.

[18] A.van de Walle, G. Ceder, The effect of lattice vibrations on substitutional alloy
thermodynamics, Rev. Mod. Phys. 74 (2002) 11-45.

[19] B. Fultz, Vibrational thermodynamics of materials, Prog. Mater. Sci. 55 (2010)
247-352.

[20] A. Benisek, E. Dachs, On the nature of the excess heat capacity of mixing, Phys.
Chem. Miner. 38 (2011) 185-191.

[21] A. Benisek, E. Dachs, A relationship to estimate the excess entropy of mixing:
application in silicate solid solutions and binary alloys, J. Alloys Comp. 527
(2012) 127-131.

[22] E. Dachs, A. Benisek, A sample-saving method for heat capacity measurements
on powders using relaxation calorimetry, Cryogenics 51 (2011) 460-464.

[23] E. Dachs, C. Bertoldi, Precision and accuracy of the heat-pulse calorimetric
technique: low-temperature heat capacities of milligram-sized synthetic
mineral samples, Eur. J. Mineral. 17 (2005) 251-261.

[24] A. Benisek, E. Dachs, The uncertainty in determining the third law entropy by
the heat-pulse calorimetric technique, Cryogenics 48 (2008) 527-529.

[25] G.T. Furukawa, W.G. Saba, M.L. Reilly, Critical analysis of the heat-capacity
data of the literature and evaluation of thermodynamic properties of Copper,
Silver, and Gold from 0 to 300 K, Nat. Stand. Ref. Data Ser. 18 (1968) 1-49.

[26] S.Benci, G. Gasparrini, E. Germagnoli, G. Schianchi, Quench-enhanced ordering
in the CusAu alloy, J. Phys. Chem. Solids 26 (1965) 2059-2065.

[27] R.Ravelo, . Aguilar, M. Baskes, ].E. Angelo, B. Fultz, B.L. Holian, Free energy and
vibrational entropy difference between ordered and disordered NisAl, Phys.
Rev. B 57 (1998) 862-869.

[28] R.L. Orr, ]. Luciat-Labry, R. Hultgren, Energy of the order-disorder
transformation in AuCu, Acta Metall. 8 (1960) 431-434.

[29] P. Bardhan, J.B. Cohen, A structural study of the alloy CusAu above its critical
temperature, Acta Cryst. A 32 (1976) 597-614.

[30] R.A. Oriani, Emf (620 °C-760 °C, xCu = 0.42-0.78), Acta Met. (1954)

[31] R.A. Robie, B.S. Hemingway, J.R. Fisher, Thermodynamic Properties of Minerals
and Related Substances at 298.15 K and 1 bar (10° Pascals) Pressure and at
Higher Temperatures, Geological Survey Bulletin, Washington, 1978.


http://dx.doi.org/10.1016/j.jallcom.2014.12.215
http://dx.doi.org/10.1016/j.jallcom.2014.12.215
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0005
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0005
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0005
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0010
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0010
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0010
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0010
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0015
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0015
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0015
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0020
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0020
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0020
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0025
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0025
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0025
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0025
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0025
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0030
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0030
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0030
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0035
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0035
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0035
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0040
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0040
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0040
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0045
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0045
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0050
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0050
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0050
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0055
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0055
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0055
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0060
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0060
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0065
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0065
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0065
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0065
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0070
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0070
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0070
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0075
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0075
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0080
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0080
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0085
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0085
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0090
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0090
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0095
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0095
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0100
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0100
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0105
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0105
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0105
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0110
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0110
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0115
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0115
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0115
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0120
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0120
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0125
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0125
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0125
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0130
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0130
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0130
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0135
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0135
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0135
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0135
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0140
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0140
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0145
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0145
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0145
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0150
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0150
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0150
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0150
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0150
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0155
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0155
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0155
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0155
http://refhub.elsevier.com/S0925-8388(15)00010-9/h0155

	The vibrational and configurational entropy of disordering in Cu3Au
	1 Introduction
	2 Experimental methods
	2.1 Cu3Au sample
	2.2 Relaxation calorimetry (PPMS)
	2.3 Differential scanning calorimeter (DSC)
	2.4 Evaluation of the raw heat capacity data

	3 Results and discussion
	3.1 Low-temperature heat capacities from 5 to 300K (PPMS)
	3.2 Heat capacities between 300 and 720K (DSC)
	3.3 Enthalpy of disordering
	3.4 Entropy of disordering
	3.5 Excess entropy of mixing

	4 Conclusions
	Acknowledgments
	Appendices A and B Supplementary material
	References


