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Abstract: Due to the improved strength properties compared to the equiatomic Cu—50 at. % Au alloy, non-
stoichiometric Cu—56 at. % Au alloy can be used both in dentistry and as a corrosion-resistant conductor of weak electrical
signals in tool engineering. The work studies the kinetics of the disorder—order phase transformation in the Cu—56Au
alloy, during which the disordered fcc lattice (41-phase) is rearranged into an atomically ordered one with the L1, super-
structure. The initial disordered state of the alloy was obtained in two ways: applying plastic deformation by 90 % or
quenching at a temperature of above 600 °C (i. e., from the region of the 41-phase existence). To form the L1, superstruc-
ture, annealing was carried out at temperatures of 200, 225, and 250 °C. The annealing duration ranged from 1 h to
2 months. Resistometry was chosen as the main technique to study the kinetics of the disorder—order transformation.
The temperature dependences of the electrical resistivity of the alloy in various structural states are obtained. The authors
constructed the graphs of the electrical resistance dependence on the annealing time logarithm, based on which, the rate of
the new phase formation was estimated. To evaluate the structural state of the alloy at various transformation stages,
the authors used X-ray diffraction analysis (XRD). The crystal structure rearrangement during the transformation is shown
by the example of splitting the initial cubic 41-phase peak (200) into two tetragonal ordered L1, phase peaks — (200) and
(002). Based on the resistometry and X-ray diffraction analysis data, the authors carried out a quantitative assessment of
the rate of the disorder—order phase transformation in the alloy under the study. It is established that the values of
the transformed volume fraction (resistometry) and the long-range order degree (X-ray diffraction analysis) are close.
The study shows that in the temperature range of 200-250 °C, the rate of atomic ordering according to the L1, type in
the nonstoichiometric alloy Cu—56 at. % Au is maximum at 250 °C. It is identified that the disorder—order transformation
in the initially quenched specimens of the investigated alloy proceeds approximately an order of magnitude faster than in
preliminarily deformed specimens.
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was recorded in [3]. The lamellar structure consists of colo-
nies of lamellar c-domains, where within one colony,
the domains are in a twin orientation relative to the plane of

INTRODUCTION
The formation of an atomically ordered crystal lattice

was discovered by Russian scientists more than 100 years
ago, when studying the structure formed in a gold-copper
alloy as a result of slow cooling from high temperature [1].
Since then, the formation of the structure and properties in
the system of gold — copper alloys has been repeatedly
studied in detail using various research techniques [2—4]. In
the work [2], the authors studied the diffraction patterns,
and obtained the concentration dependence of the specific
electrical resistivity of the equiatomic CuAu alloy in vari-
ous structural states. The formation of a lamellar structure
in the CuAul alloy in the temperature range of 270-370 °C

their boundary {110}. As [5] shows, planes of this particular
type are the planes of optimal conjugation in the fcc—fct
transition. In [6], using the molecular dynamics method,
computer experiments were carried out for the estimated
block of an ordered CuAul alloy with the L1y superstruc-
ture. It was shown that during thermal activation, if there
are single vacancies in the alloy, they will tend to form va-
cancy complexes, for example, divacancies. The EBSD
analysis of the CuAu alloy microstructure, was successfully
used, to study the L1, phase orientations in the A1 matrix
and showed the following orientation relationships:

Frontier Materials & Technologies. 2023. Ne 3

83


https://orcid.org/0000-0003-0474-8991
https://orcid.org/0000-0002-0636-6623

Podgorbunskaya P.O., Zgibnev D.A., Gavrilova A.A. et al. “The kinetics of L1y superstructure formation in the Cu—56Au alloy (at. %)...”

(101)L1¢//{110}41 and [010]L10//[010]A41 [7]. The lamellar
structure is also observed during the formation of a long-
period ordered phase of the CuAull type [4]. A rather de-
tailed analysis of the features of atomic ordering in the sys-
tem of Cu—Au alloys is given in [8], which also presents an
improved phase diagram and gives a crystallographic de-
scription of the formed ordered structures. The increased
interest in these alloys is caused not only by the need to
clarify the crystallography of the transformation of a dis-
ordered crystal lattice into an atomically ordered one.
The fact is that gold-copper alloys are the basis of materi-
als for various practical applications: this is both jewellery
or dentistry and corrosion-resistant alloys for tool engi-
neering [5; 9]. A detailed description of all areas of appli-
cation of gold—copper alloys with references to relevant
sources is given in [10].

According to the phase diagram of the Cu—Au sys-
tem, upon cooling from high temperatures, several struc-
tural-phase transformations occur in alloys close to the
equiatomic composition. First, near 400 °C, in the disor-
dered fcc structure (41-phase), an orthorhombic ordered
CuAull phase is formed, which, upon further cooling,
rearranges into the ordered CuAul phase. There are co-
existence regions between these phases: (41+CuAull)
and (CuAul+CuAull) [8]. A schematic view of the crys-
tal lattice ordered according to the CuAul-phase type is
shown in Fig. 1. The orthorhombic CuAull phase crystal
lattice can be represented as 10 CuAul phase crystal lattic-
es, arranged together along the a-axis with an antiphase
shear-type boundary in the middle.

The (100) type planes of the CuAul phase crystal lattice
are periodically filled with either gold or copper atoms
(Fig. 1). Therefore, the initial fcc lattice becomes tetragonal
as a result of atomic ordering, and the tetragonal c-axis is
perpendicular to the lamination direction. At the same time,
the lattice parameter slightly increases along the a and b
axes, and decreases along the ¢ axis. Such a rearrangement
leads to the fact that the disorder—order phase transition in
gold-copper alloys is accompanied by a decrease in
the crystal lattice volume by approximately 1 % causing
strong internal stresses. Shape distortion or even spontane-
ous destruction of jewellery due to atomic ordering, has
been described in the literature [9; 11] many times.
The scientific basis for solving problems with distortion or

cracking of gold products, is given in [5] using the example
of a detailed study of the structure and properties of
the equiatomic Cu—50Au alloy in various structural states.

Previously, the equiatomic Cu—50Au (at. %) alloy was
studied in most detail. Fewer works study alloys with
a small deviation from stoichiometry. In the work [12],
high-temperature in situ X-ray diffraction and mechanical
spectroscopy, were applied to study phase transitions in the
Au-25 wt. % Cu alloy when heating and cooling at a rate of
1 K/min (note that this composition corresponds with high
accuracy to the equiatomic Cu—50Au alloy). Upon continu-
ous heating, the following sequence of phase transitions
was recorded: 41—>AuCul—->AuCull—->A41, and upon subsequent
cooling: A1—A1+AuCul+AuCull>AuCul+AuCull>AuCul.
In [13], the influence of plastic deformation on the ordered
and disordered jewellery “red gold” alloy of the Cu—Au—Ag
composition is described. It was identified that preliminary
deformation reduces the temperature of the ordering pro-
cess onset. However, this result can be explained by
the influence of silver precipitation on the transformation
acceleration [14]. In the work [15], the authors studied
a method for determining the phase composition on the Cu
(9.38%)—Au (90.62%) and Au (74.11%)—Cu (25.89%) al-
loys using laser-induced breakdown spectroscopy. Using
the molecular dynamics method, the work [16] presents
the results of computer simulation of the synthesis of binary
Cu—Au nanoclusters, upon condensation from a high-
temperature gaseous medium of CuszAu, CuAu, Cu90Aul0,
and Cu60Au40 chemical compositions. The theoretical pos-
sibility of the formation of binary Cu—Au clusters of a cer-
tain size with a certain predetermined chemical composition
from the gas phase was established.

There are practically no publications dealing with
the study of the structure and properties of gold-copper
alloys with a deviation from stoichiometry of more than
5 %. Meanwhile, such alloys are of interest for various
technical applications, for example, for the production of
conductors of weak electrical signals operating in highly
corrosive media. For example, the Cu—56Au alloy (at. %)
is mass-produced under the ZIM-80 brand. However,
the kinetics of the disorder—order transition in this alloy
has been barely studied. It was found in [17] that the max-
imum rate of atomic ordering in the Cu—56Au (at. %) al-
loy falls within the temperature range of 300-350 °C,

Fig. 1. Schematic view of the crystal lattice of the ordered CuAul phase
Puc. 1. Cxemamuueckoe uzo6padicenue KpUCMaiIU4ecKol peulemku amomuo-ynopsioovennou gazvt Cudul
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and the orthorhombic ordered CuAull phase is formed in
this case. The work [14] shows that the rate of the Cu—56Au
alloy ordering is much lower than that of the equiatomic
CuAu alloy. It was established that slow (at a rate of
12 deg/h) cooling from 600 °C to room temperature is
the fastest way to form an ordered state in the Cu—-56Au
alloy. However, as a result of such treatment, the high-
temperature CuAull phase appears in the alloy and not
the equilibrium CuAul phase, which is expected on the ba-
sis of the phase diagram. It is shown that the orthorhombic
ordered CuAull phase formed in the alloy has a high ther-
mal stability, and is retained even after long-term low-
temperature annealing. Thus, the kinetics of the formation
of the low-temperature ordered CuAul phase in the Cu—
56Au alloy has not yet been studied in detail.

The purpose of this work is to find out the rate of atomic
ordering of the L1, type in the Cu—56Au alloy in the tem-
perature range of 200-250 °C.

METHODS

For the study, an alloy was taken, which contains
56 at. % of gold and 44 at. % of copper (or 80 wt. % Au and
20 wt. % Cu). According to the Cu—Au system phase dia-
gram [8], the disorder—order phase transition in the alloy
under study occurs at temperatures below 375 °C. There-
fore, the initial, disordered state in the alloy samples was
formed by quenching from a temperature of 600 °C after
annealing for 1 h. Moreover, the authors studied the influ-
ence of preliminary plastic deformation on the kinetics of
atomic ordering. In this case, the initial disordered state was
formed by the deformation of the samples by 90 %.

The study of the transformation kinetics in this work
was carried out in the temperature range of 200-250 °C.
The duration of heat treatments during the study ranged
from 1 h to 2 months. All heat treatments were carried out
in evacuated glass or quartz ampoules.

As the main research technique in our work, resistome-
try was chosen. Electrical resistivity at room temperature
was measured, using the standard four-probe method on long
wire samples with a diameter of 0.25 mm at a constant current
=20 mA. The measurement accuracy was £0.04-10"® Ohm'm.
Moreover, the temperature dependences of the electrical
resistivity during heating and cooling of the samples at
a constant rate of 120 deg/h were constructed.

Based on the resistometry data, the authors estimated
the relative volume of the new phase using the formula

— Pdis — Pt

>

Pais ~PLrO

where 1 is the transformed volume fraction;

pais and prro are the specific electrical resistivity values of
samples in the state of disorder and long-range order
(LRO), respectively;

p: is the specific electrical resistivity of the sample at a cer-
tain stage of heat treatment.

X-ray diffraction analysis (hereinafter referred to as
XRD) was carried out on the alloy plates 0.3 mm thick us-
ing a PANalytical Empyrean Series 2 diffractometer in Cu-
Ka radiation. To determine the LRO degree, the ratio of the
integral intensities of the superstructural and fundamental

peaks was calculated using known formulas [18; 19]. Cal-
culations were carried out for several pairs of reflections,
after which the average value was determined. Such an ap-
proach is necessary to minimise the influence of texture
effects on the result. X-ray diffraction calculations were
carried out only after annealings of maximum duration.

RESULTS

Fig. 2 shows the Temperature dependences of electrical re-
sistivity obtained during heating of initially deformed (Fig. 2 a)
or quenched (Fig.2b) samples of the Cu—56Au alloy after
annealings of various durations (from 1h to 2 months) at
a temperature of 250 °C. Note that some of the temperature
dependences we obtained are not shown in Fig. 2: at long ex-
posure times, the electrical resistivity of the samples changes
insignificantly, so the curves begin to overlap each other.

The electrical resistivity of the Cu—56Au alloy disor-
dered by quenching is p=14.29-10"8 Ohm'm. An alloy dis-
ordered by severe plastic deformation (90 %) has a lower
electrical resistivity — p=14.06-10"8 Ohm'm.

Comparison of temperature dependences given in Fig. 2
shows that the decrease in electrical resistivity caused by
atomic ordering occurs somewhat faster, in the quenched
sample. For example, when an initially deformed sample is
heated, the dependence remains almost linear up to 200 °C.
In turn, in the quenched sample, a slight drop in electrical
resistivity begins at about 150 °C. Continued heating leads
to a gradual decrease in electrical resistivity. The electrical
resistivity minimum values are achieved at a temperature of
~320 °C regardless of the initial state of the samples. Fur-
ther heating causes a rather sharp increase in electrical
resistivity, which is caused by a change in the alloy phase
composition: CuAul—-CuAull—41. At temperatures
above 380 °C, the alloy becomes single-phase and disor-
dered, which results in a linear dependence of the electri-
cal resistivity.

All the transformations described above are quite clear-
ly identified on the graphs of the temperature derivatives of
the corresponding electrical resistivity dependences
(Fig. 3). In Fig. 3 a, two peaks are revealed in the tempera-
ture range of 300—400 °C. The first of them, with a maxi-
mum at about 350 °C, corresponds to the CuAul—CuAull
transformation. The second peak, whose maximum falls at
~380 °C, corresponds to the CuAull—A1 transformation.
When comparing the dependencies in Fig. 3 a, it is well
seen that in the pre-quenched sample, these peaks are clear-
ly separated and have a higher intensity.

Fig. 2 clearly shows that after annealings of the same
duration, the specific electrical resistivity of pre-quenched
samples is always lower. After annealing of the quenched
alloy for 2 months at a temperature of 250 °C, its specific
electrical resistivity decreases to p=7.04-10"% Ohm'm. As
follows from Fig. 2, after annealing of the same duration,
the initially deformed sample has a significantly higher
value of electrical resistivity. Consequently, a LRO state has
not yet formed in this sample. What calls attention is the
fact that after annealings of the maximum duration, clearly
pronounced steps are observed in the temperature depend-
ences of the electrical resistivity (shown in the insets in
Fig. 2 a and 2 b). They are especially visible after annealing
of pre-quenched samples. The difference, in reaction rates
at different temperatures, is clearly seen in the graphs of
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Fig. 2. Temperature dependences of electrical resistivity obtained when heating the deformed (a)
and quenched (b) specimens of the Cu—56Au alloy, which were annealed at a temperature of 250 °C from 1 h to 2 months.
The insets show the regions where the step change in the electrical resistance is observed
Puc. 2. Temnepamypnule 3a8UcumMocmu 21eKmpoconpomugneHus, noyientsle npu nazpese oeopmuposannvix (a)
u 3axanennvix (b) obpaszyos cnnasa Cu—56Au, komopwie omaicueanrucy npu memnepamype 250 °C om 1 4 do 2 mec.
Ha scmaskax noxasanel yuacmku, Ha KOMOPLIX HAOIIO0AEMCs. CIMYREeHYaAmoe usmMeHeHue 1eKmpoCconpoOmueiIeHus

temperature derivatives (Fig. 3 b). The narrow and intense
peaks in the graphs of the temperature derivatives of the
electrical resistivity, once again confirm the higher degree
of atomic order achieved as a result of annealing of the pre-
quenched alloy.

Fig. 4 shows XRD patterns of samples in two initial
states, as well as after their annealing for 1 h and 2 months
at 250 °C.

According to the data obtained, the lattice parameter of
the 90 % deformed Cu—56Au alloy is a=0.3912 nm. The X-
ray peaks of the deformed alloy are quite wide, which is
caused by elastic stresses and a large number of nonequilib-
rium boundaries [20]. Annealing at a high temperature re-
lieves stress, and reduces the structure defect, as a result of
which the crystal lattice parameter of the quenched alloy
decreases to a=0.3901 nm. Compared to the deformed state,
the X-ray peaks of the quenched alloy are very narrow and
have a high intensity (one can compare XRD patterns 1 in
Fig. 4 aand 4 b).

The ordered arrangement of atoms in the crystal lattice
changes the conditions for X-ray reflection, as a result of
which the number of peaks in the diffraction patterns of
annealed samples increases significantly. Peaks (001),
(011), etc. appear, which are forbidden for the fcc structure.
Such additional peaks are called superstructural, and
the ordered lattice itself is called a superstructure. Moreo-
ver, additional fundamental peaks appear in the XRD pat-
terns of the L1y superstructure. For example, the original
fundamental peak (200) is split into two peaks — (200) and
(002). This is caused by the rearrangement of the initial
disordered fcc lattice into an ordered tetragonal structure
(Fig. 1). According to the obtained XRD data, annealing of
the quenched alloy for 2 months at a temperature of 250 °C
leads to the formation of an L1, superstructure, the crystal
lattice of which has the following parameters: a=0.3963 nm
and ¢=0.3671 nm.

Since the crystal lattice parameter along the a and b axes
slightly increases during atomic ordering, the reflections
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Fig. 3. Temperature derivatives of the electrical resistivity dependences (Fig. 2)
obtained when heating specimens of the Cu—56Au alloy in two initial states (a)
and after annealing of these specimens at a temperature of 250 °C during 2 months (b)
Puc. 3. Temnepamyphvle npouzsoouvie 3a6UCUMOCMEN INEKMPOCONPOMUEIeHus (puc. 2),
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from these planes shift to the left of the original peak.
In turn, the new peak (002) is a reflection from the planes,
the interplane distance between which (along the c-axis) is
less than the original one, in consequence of which this
peak is formed to the right of the original one. Obviously, in
the equilibrium state, the intensity of the (200)L1y peak
should be two times higher than that of the (002)L1, peak.
In Fig. 4, this condition is practically met only for the sam-
ple that was annealed after preliminary quenching. In full
accordance with the resistometric data, annealing of the
sample, initially deformed for 2 months at 250 °C does
not lead to a diffraction pattern corresponding to a well-
ordered state.

The curves in Fig. 5 show the change in the electrical
resistivity of the alloy under study during long-term heat
treatments in the selected temperature range. Due to differ-
ences in the mechanisms of formation of an ordered struc-
ture, these dependences are plotted separately for the initial-
ly deformed and pre-quenched states of the alloy.
At the annealing temperature of 250 °C, the left points
(i.e., at room temperature) on the corresponding tempera-
ture dependences of the electrical resistivity were taken to
construct these graphs (Fig. 2).

As follows from the graphs in Fig. 5, regardless of the
initial state, the rate of decrease in electrical resistivity dur-
ing annealing is maximum at a temperature of 250 °C.
Based on this, one can make an unambiguous conclusion
that the rate of the disorder—order phase transition at this
temperature is maximal as well. In turn, the rate of de-
crease in electrical resistivity at a temperature of 200 °C is
minimal.

Fig. 6 shows XRD patterns obtained from samples that
were held for 2 months at temperatures of 200, 225, and
250 °C. Note that, regardless of the annealing temperature,
diffraction patterns with more intense peaks correspond to
pre-quenched samples. A quenched sample annealed at
a temperature of 250 °C has the clearest pattern of X-ray

reflections, fully corresponding to a LRO structure with the
L1y type. Thus, the conclusions made based on the resis-
tometry data are again well confirmed by the X-ray diffrac-
tion data.

Fig. 6 clearly shows that the XRD patterns from
the samples annealed at 200 °C, do not have some peaks
typical of the ordered state (for example, (002)). This
means that the phase transition at this temperature is still far
from completion. Such a slow phase transition rate allows
tracing the initial stages of the rearrangement of the disor-
dered fcc structure into the L1y ordered one. Fig. 7 shows
the initial (200)41 peak splitting into two peaks — (200)L1,
and (002)L1, (in the range of 20 angles from 44 to 50°),
which gives the clearest picture of the ordered structure
formation. Previously, similar experiments were carried out
on the equiatomic CuAu alloy [21]. However, the high tran-
sition rate did not allow observing all the structural rear-
rangement stages.

As follows from the data shown in Fig. 7, a shoulder
appears on the left side of the initial peak (200) at the first
stage of ordering. Therefore, a and b planes of the ordered
phase, which have a larger interplanar spacing compared to
the disordered matrix, are first formed. The (002)L1, peak,
which is formed from tetragonal c-planes with a smaller
parameter, becomes clearly visible only after 1 month of
annealing at a temperature of 200 °C. In Fig. 7, the different
rates of the ordered structure formation in the deformed and
quenched samples again are clearly revealed. Here, one can
also compare the different widths of X-ray reflections from
heavily deformed or quenched samples.

The set of results obtained in this work allows quantify-
ing the rate of the disorder—order phase transition in the
alloy under study in the temperature range of 200-250 °C
(Fig. 8).

Moreover, the LRO degree (S), averaged over the sample,
can be estimated based on the XRD-data in Fig. 6. Note that
both considered parameters (1 and S) have the same physical
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Fig. 4. The results of XRD analysis of specimens of the deformed (a) and quenched (b) alloy in the initial states (1),
after annealing during 1 h (2) and 2 months (3) at 250 °C
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Fig. 5. Change in the specific electrical resistance of the initially deformed (a) and quenched (b) specimens of the alloy
under study in the process of annealing at temperatures of 200, 225, and 250 °C
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significance, and differ only in the method on the basis of
which they were obtained. The values of the LRO degree
determined, based on the XRD-data, are shown by points in
Fig. 8. Moreover, due to the insufficient number of super-
structural peaks, we failed to estimate the fraction of
the transformed volume after annealing of the deformed
sample at temperatures of 200 and 225 °C.

DISCUSSION

Previously, we assumed [14] that annealing at 250 °C is
optimal for the L1y superstructure formation in the Cu-—
56Au alloy. It was found as well that holding at this tem-
perature for 1 week is far from sufficient for the formation
of a well-ordered state in this alloy. The study completely
confirmed the previously obtained conclusions, and showed
that to complete the disorder—order phase transition, it is

necessary to anneal the nonstoichiometric Cu—56Au alloy
for at least 2 months at 250 °C. Lowering the processing
temperature significantly, slows down the transition rate. In
addition, it was reliably identified that the atomic ordering
rate depends heavily on how the initial, disordered state
was formed in the alloy: by quenching from high tempera-
ture or by plastic deformation.

All the obtained results indicate that the rate of ordering
of pre-quenched samples is higher in the studied temperature
range. This seems unusual, since plastic deformation signifi-
cantly increases the rate of diffusion reactions [22]. For ex-
ample, the rate of ordering of preliminarily deformed alloys
is higher, as a rule [18; 23]. Thus, the phenomenon of a de-
crease in the ordering rate after preliminary deformation ob-
served in the Cu—56Au alloy requires an explanation.

As was shown in [24], by high-resolution electron mi-
croscopy, clusters 2—3 nm in size with a high LRO degree,
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