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Abstract—This paper presents the results of a study of the formation of the structure and properties of the
40Au–25.4Pd–34.6Cu alloy (wt %) in the course of its atomic ordering. A number of literature sources have
been analyzed, and possible reasons for the deviation between experimental data of different authors are dis-
cussed here. Earlier field ionic microscopy (FIM) results have been confirmed: ordered В2-phase nuclei in a
matrix with an L10-superstructure were observed in this alloy after prolonged annealings. It has been shown
that the kinetic of atomic ordering is abruptly accelerated in a field of external tensile stresses. The results of
this work demonstrate the possibility to control the structure in the course of “disorder ↔ order” transitions
and can be used for the creation of new approaches to the treatment of orderable alloys.
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Fig. 1. Quasi-binary CuAu–CuPd section of the phase
diagram [2] with schemes of corresponding crystal lattices
and composition of the 40Au–25.4Pd–Cu alloy (wt %)
studied in this work (dashed line).
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1. INTRODUCTION
Gold-based alloys are applied in a number of ways

and, for this reason, have been studied in sufficient
detail [1]. Nevertheless, a number of earlier results do
not fit well into the overall picture, thus necessitating a
deeper insight into the nature of observed phenomena.

Gold–palladium–copper alloys form a basis for
most contemporary “white-gold” jewelry alloys and
are used in technology, e.g., as contact materials. The
most detailed study of Au–Pd–Cu alloys was per-
formed by E. Raub et al. [2], who constructed several
polythermal sections in the phase diagram of this ter-
nary system at different ratios of components. The
methods used by E. Raub et al. [2] were the following:
optical microscopy, X-ray diffraction analysis, and
electrical resistivity and microhardness measure-
ments. One of the results of these studies is the con-
structed CuPd–CuAu quasi-binary section of the
phase diagram (Fig. 1).

From Fig. 1 we can clearly see that the processes of
atomic ordering occur in all the alloys of the CuAu–
CuPd quasi-binary section upon cooling to a tempera-
ture below a certain critical temperature Тс. When pal-
ladium predominates in ternary Au–Pd–Cu alloys,
the initial disordered ffc lattice is transformed into a
В2-ordered BCC lattice (such a lattice is schematized
12
in the left part of Fig. 1). An increased content of gold
atoms in these alloys induces L10-ordering (such a
crystal lattice is schematized in the lower right part of
Fig. 1). A mixture of ordered phases (B2 + L10) is
formed in the central part of the quasi-binary section.
Researchers repeatedly referred to the study of the
structure and properties of Au–Pd–Cu alloys in sub-
22



FORMATION OF AN ORDERED STRUCTURE 1223
sequent works [3–6]. The obtained results confirm

conclusions [2] about the temperature ranges of phase

transitions in the alloys of different compositions from

this ternary system alongside with the types of ordered

phases formed in them.

However, some nuclei with a B2-ordered bcc struc-

ture were observed in work [7] in the 40Au–25.4Pd–

Cu alloy (wt %) alongside the ordered L10-phase. It is

noted that the revealed phase is rather stable and per-

sists after annealing at 250°C for 100 h. The conclu-

sions [7] were made on the basis of the single method,

i.e., the study of atomic crystal structure of thin wire

specimens on a field ion microscope (FIM) via the

controllable removal of surface atoms from the top of

a spike with an electrical field. The magnification in

such an instrument provides the sharp visualization of

antiphase boundaries and dislocations of different

types alongside the recognition of atom grades (due to

different contrast) [7, 8].

In Fig. 1, we can clearly see that the 40Au–

25.4Pd–Cu alloy (wt %) corresponds to the single-

phase L10-superstructure region. The two-phase

(B2 + L10) region lies to the left from the discussed

composition. No studies have detected a В2-phase in

the alloy. Let us note that the authors of [7] detected

the formation of a В2-phase in the 40Au–25.4Pd–Cu

alloy (wt %) only in the low-temperature region (250–

300°C). Other researchers did not study the structure

of Au–Pd–Cu alloys within this temperature range.

The minimum disordering temperature used in work

[2] to construct the CuAu–CuPd section was 350°C.

This raises the problem of studying the process of

atomic ordering in the 40Au–25.4Pd–Cu alloy (wt %)

in the temperature region of 250–300°C.

A so-called lamellar structure composed of twin-

like c-domains of 90°-misorientation is formed in

most alloys (CuAu, FePd, etc.) in the course of atomic

L10-ordering [6]. It has been established that the

application of an external load provides the possibility

to control such a domain structure, orienting the

growth of c-domain by means of compressive or ten-

sile stresses [9]. However, earlier microstructural stud-

ies have shown that the atomic ordering process in the

ternary 40Au–25.4Pd–Cu alloy (wt %) occurs in a

manner quite different from the equiatomic CuAu

alloy. It has been reliably established [10, 11] that a

granular structure, in which every grain is a c-domain,

is formed in the ternary alloy. The effect of external

stresses on such a structure is unknown.

The objective of this work is to study the formation

of an ordered structure in the 40Au–25.4Pd–Cu alloy

(wt %) at temperatures below 350°C, including the

formation of such a structure in a field of external ten-

sile stresses.
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2. MATERIAL 
AND EXPERIMENTAL METHOD

The study was performed on the alloy 40Au–

25.4Pd–34.6Cu (wt %) or 20.6Au–24.2Pd–55.2Cu

(at %). The following methods were used in our work:

X-ray diffraction analysis and the study of the tem-

perature dependences of the alloy electrical resistivity

after different treatments.

An ingot of 5 mm in diameter for 3 h was homoge-

nized at a temperature of 850°C. A wire of 0.22 mm in

diameter for the measurement of electrical properties

and X-ray diffraction analysis was manufactured by

drawing with intermediate annealings at 800°C for 1 h

and quenching by water. Plates of 0.3 mm in thickness

for X-ray diffraction analysis were manufactured using

rolling and intermediate annealings. All thermal treat-

ments were performed in evacuated quartz ampoules.

The electrical resistivity of specimens on heating at

a rate of 120 K/h was measured by the standard four-

probe method in an evacuated quartz ampoule [12].

Several resistometric experiments were performed on

a special holder, which allowed us to stretch a speci-

men in the course of heating.

X-ray diffraction analysis was performed on a

Rigaku DMAX 2200 diffractometer using the method

of continuous recording at a speed of 4°/min.

Cu Kα radiation was monochromitized with a graph-

ite single crystal.

3. EXPERIMENTAL RESULTS 
AND DISCUSSION

3.1. Structural Rearrangement 
in the Process of Ordering

The results of X-ray diffraction analysis for the

lamellar 40Au–25.4Pd–Cu specimens (wt %) in dif-

ferent structural states are shown in Fig. 2. The

quenching of the alloy from 800°C fixes its disordered

state. The quenched alloy has a FCC lattice with a unit

cell parameter а = 0.3801 nm (lower X-ray diffraction

pattern in Fig. 2). The peaks from the disordered

phase alone persist in X-ray diffraction pattern 2 after

the quenched alloy was annealed at 250°C for 1 h.

The X-ray diffraction study of atomic ordering in

the equiatomic CuAu alloy was performed in work [9].

When comparing these results with the X-ray diffrac-

tion patterns in Fig. 2, it is clear that the initial stages

of L10-ordering occur in the studied alloy after anneal-

ing for 1 h.

When analyzing X-ray diffraction pattern 2, we can

see that annealing has induced the appearance of a

kind of “shoulder” on the left side of peak (200)А1.

This “shoulder” is a sign for the appearance of peak

(200)fct. The intensity of peak (002)fct is two times

lower (in comparison with (200)fct), and this peak is
19  No. 12  2018
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Fig. 3. Change in the electrical resistivity of the 40Au–
25.4Pd–Cu alloy (wt %) quenched from 800°C upon heat-
ing at a rate of 120 K/h.
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Fig. 2. X-ray diffraction patterns of 40Au–25.4Pd–Cu
alloy (wt %) (1) in a quenched state (800°C, 1 h), (2) after
annealing of quenched alloy (1) at 250°C for 1 h, (3) after
quenching of alloy (1) and its annealing at 250°C for 75 h,
and (4) in an ordered state (slow cooling from 800°C).
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formed later [9]. Both these peaks can clearly be seen

after annealing for 75 h (X-ray diffraction pattern 3 in

Fig. 2). The presence of a disordered ffc-phase in the

specimen is confirmed by the reflection (200)А1

in X-ray diffraction pattern 3. Hence, annealing for

75 h at a temperature of 250°C leads to the formation

of the two-phase (L10 + A1) state in the studied alloy.

X-ray diffraction pattern 4 in Fig. 2 corresponds to

the ordered alloy state, which we attained by cooling

from 800°C at a rate of 240 K/h. Such thermal treat-

ment (slow cooling from a temperature above Тс) pro-

vides the formation of an equilibrium structure with a

high degree of atomic order [6]. In the case of

L10-ordering, each kind of atom alternatively occupies

one of planes (100) in the initial fcc lattice [6, 9]. It has

been reliably established [2, 7, 10] that gold and palla-

dium atoms in the ordered ternary Au–Pd–Cu alloys

occupy the same sublattice. The existence of a pre-

ferred direction in the arrangement of atoms leads to

the appearance of tetragonality in the crystal lattice in

the case of L1о-ordering [6, 9].

The attained 40Au–25.4Pd–Cu alloy (wt %) in the

ordered state has the following unit cell parameters:

a = 0.3948 nm and c = 0.3494 nm (X-ray diffraction

pattern 4 in Fig. 2). Hence, the lattice tetragonality

degree is c/a = 0.89. This value slightly differs from

c/a = 0.87 given in work [2]. We can hypothesize that

the cooling rate from the disordered region was very

high in our case to attain a high degree of long-range

atomic order in the studied alloy.

The temperature dependence measured for the

electrical resistivity of the quenched 40Au–25.4Pd–

Cu alloy (wt %) upon heating is shown in Fig. 3.

The structural state of this specimen corresponds

to X-ray diffraction pattern 1 in Fig. 2. The specific

electrical resistivity of the quenched alloy at room
PHYSICS OF METAL
temperature is ρ = 23.1 × 10–8 Ω m and decreases by

nearly two times in the course of atomic ordering. The

change in electrical resistivity upon heating allows us

to confidently judge the kinetics of phase transitions in

different alloys [13].

In Fig. 3 we can see that the electrical resistivity of

the specimen begins to slowly decrease upon heating

above 200°C. Such a low temperature for the begin-

ning of a phase transition is due to the presence of

ordered nanodomains in the quenched alloy. It has

been established by means of FIM studies that the

size of such domains in the quenched CuAu alloy is

20–30 Å [14]. When the quenching temperature

approaches Тс, the volumetric density of these

domains decreases, thus producing a strong effect on

the kinetics of ordering [6]. For this reason, the kinet-

ics of atomic ordering in the 40Au–25.4Pd–Cu alloy

(wt %) after quenching from 600°C is completely dif-

ferent (see below).

The result of the resistometric experiment (see

Fig. 3) confirms the above conclusions made on the

basis of X-ray diffraction analysis (see Fig. 2): the

quenched alloy sustains atomic ordering at a tempera-

ture of 250°C, but at a very low speed. This corre-

sponds to the results seen in [7]. However, we did not

observe the В2-phase in the studied alloy even after

prolonged annealings at 250°C.

The X-ray diffraction data obtained at different

stages of atomic ordering in the 40Au–25.4Pd–Cu

alloy (wt %) can be compared with the results of study-

ing the formation of an ordered structure in the equi-

atomic CuAu alloy [9]. We can make the firm conclu-

sion from this comparison that the rearrangement of a

fcc disordered structure into a fct L10-ordered struc-

ture occurs in these alloys by similar mechanisms.
S AND METALLOGRAPHY  Vol. 119  No. 12  2018
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Fig. 4. X-ray diffraction patterns taken from thin wire
specimens of the 40Au–25.4Pd–Cu alloy (wt %) after
quenching and annealing at 250°C for 75 h (1) in a free
state and (2) under tension at P ≈ 50 MPa in the process of
thermal treatment.
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Fig. 5. Change in the electrical resistivity of the 40Au–
25.4Pd–Cu alloy (wt %) quenched from 600°C upon heat-
ing at a rate of 120 K/h at a tensile load P ≈ 50 MPa.
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3.2. Effect of Tensile Stresses on the Formation 
of an Ordered Structure

The effect of external tensile and compressive

stresses on the formation of an L10-superstructure in

the equiatomic CuAu alloy has already been studied by

X-ray diffraction in an earlier work [9]. It has been

shown that all c-axes in the tetragonal lattice of the

ordered alloy are arranged along the force-application

direction under compressive stresses. In turn, tension

leads to the rearrangement of c-axes perpendicularly

to the acting force.

The X-ray diffraction patterns taken from the spec-

imens, which were simultaneously ordered for 75 h at

a temperature of 250°C, are shown in Fig. 4. Specimen

1 was in a free state, while specimen 2 was subjected to

tension at P ≈ 50 MPa. We can clearly see that all the

peaks in X-ray diffraction pattern 2 are narrower and

have a much higher intensity. We can conclude that

the speed of atomic ordering in the studied alloy

abruptly grows under tensile stresses. We did not

observe any reflections from the В2-phase in these

X-ray diffraction patterns.

As mentioned above, ordering under a tensile load

induces the reorientation of tetragonal с-domains in

the copper–gold alloy [9]. This can be easily detected

by X-ray diffraction: peaks (200)fct and (002)fct become

comparable by their intensities. However, we cannot

see this in Fig. 4: ordering under tension has led to an

increase in the intensities of all peaks. The ratio

between the intensities of peaks (200)fct and (002)fct is

nearly the same in all the X-ray diffraction patterns

presented in this work (see Figs. 2 and 4) and equal to

2 : 1.
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
Different researchers with different purposes stud-

ied the effect of external stresses on the formation of

an L10-ordered structure on various alloys [9, 15].

However, none of them reported an appreciable accel-

eration of the “disorder → order” phase transition in a

field of external forces. We can conclude that the for-

mation of an ordered structure in the studied alloy dif-

fers from the ordering process, which is repeatedly

described in the literature for the equiatomic CuAu

alloy [1, 9]. The study of the formation of a micro-

structure in the 40Au–25.4Pd–Cu alloy (wt %) in the

process of ordering in a field of external forces is a

problem that requires further attention.

We should note that X-ray diffraction analysis in

Fig. 4 was performed on thin wires with ∅0.22 mm.

The appearance of strong interferences at small angles

is caused by a small transversal dimension of speci-

mens. Experiments on thin specimens are convenient

because they allow us to vary the tensile load within a

broad range (up to the yield stress). Moreover, such

wires are used in this work to measure the electrical

properties. However, we did not observe any differ-

ences between the electrical resistivity when studying

specimens 1 and 2 in Fig. 4.

To study the dependence of the electrical resistivity

of a specimen under tension on its temperature, the

structure of a measuring cell was appreciably

improved. The temperature dependence of the electri-

cal resistivity of the 40Au–25.4Pd–Cu alloy (wt %)

quenched from 600°C is shown in Fig. 5. In the course

of this experiment, the specimen was under the tensile

stress P ≈ 50 MPa.

It can clearly be seen from the plot that the electri-

cal resistivity of this specimen nonmonotonically

changes at ~515°C. Such an effect cannot be produced

by creep processes: the elongation of the specimen

with a simultaneous decrease in its diameter can lead

only to an increase in the electrical resistivity. Slipping
19  No. 12  2018
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Fig. 6. X-ray diffraction pattern taken from the studied
alloy specimen after quenching and annealing at a tem-
perature of 250°C for 250 h under tension at P ≈ 100 MPa
and its fragment with peak (110) from the ordered
В2-phase.
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in pinches would also lead to an increase in the electri-

cal resistivity of the specimen (due to its elongation).

The temperature at which a decrease in the electrical

resistivity was detected in Fig. 5, almost coincides with

the temperature boundary of the transition from the

ordered alloy state to the two-phase (L10 + A1) state in

the phase diagram (see Fig. 1). However, no similar

phenomenon is observed in the high-temperature

region of the specimen electrical resistivity–tempera-

ture dependence without loading (see Fig. 3). Based on

the obtained result (see Fig. 5), we can hypothesize that

the application of a tensile force initiates structure-rear-

rangement processes in the material.

To confirm this hypothesis, we decided to increase

the tensile stress applied to the specimen. The X-ray

diffraction pattern taken from the quenched specimen

held at 250°C for 250 h is shown in Fig. 6. The speci-

men was under the tensile load P ≈ 100 MPa through-

out the entire period of annealing. No reflections from

the disordered ffc phase were seen in the X-ray diffrac-

tion pattern. However, a weak peak identified by us as

peak (110) from the В2-phase can be distinguished

against the background of the more intense peaks from

the ordered L10-superstructure.

4. RESULTS AND DISCUSSION

The main result of our study is the X-ray diffraction

detection of the possibility of the formation of a two-

phase (L10 + B2)-ordered structure in the studied

alloy (see Fig. 6). This confirms the results of the work

[7], in which nuclei of the ordered В2-phase were

observed in the FIM structural study of the 40Au–
PHYSICS OF METAL
25.4Pd–Cu alloy (wt %). However, the obtained result

does not agree with the data of other researchers who

studied this alloy using different methods [2–6].

We should note that we have not detected the

В2-phase in the specimens annealed in a free state at

250–300°C. With regard to the interpretation for the

X-ray diffraction results in Fig. 2, the structure rear-

rangement in the studied alloy upon the “disorder →
order” phase transition completely corresponds to the

formation of an ordered L10-structure in the equi-

atomic CuAu alloy, which was described earlier.

The two-phase (L10 + B2)-ordered structure in the

studied alloy was obtained only after prolonged

annealing at 250°C, during which we subjected the

specimen to the negative pressure P ≈ 100 MPa. In

turn, we performed the experiments in the work [7] as

follows: we first annealed alloy specimens (in a free

state) and they were further studied by field ion

microscopy at a liquid nitrogen temperature. The

specimens before the FIM study were in the states

investigated by us above (X-ray diffraction patterns 2
and 3 in Fig. 2). After annealing at 250°C for 1h, the

alloy has a two-phase (A1 + L10) structure, i.e., is at

the initial state of atomic ordering. After exposure at

this temperature for 75 h, the alloy is also in a two-

phase (A1 + L10) state, but the ordered phase predom-

inates. No В2-phase was seen in the initial specimens.

Nevertheless, this phase was seen in both specimens in

the FIM study of their structure [7].

Despite the fact that our research methods and

treatment techniques differ from those used in the

work [7], their common feature is that a specimen in a

field ion microscope is also in a field of strong tensile

stresses. The FIM image is formed via the field evap-

oration of atoms from the surface of a specimen due to

the application of a strong electrical field to this spec-

imen. As a result of such an effect, the specimen is

subjected to appreciable tensile stresses (so-called

ponderomotive forces) [16]. This specific feature of

such an instrument is known and was used, e.g., for

the tensile tests of needle specimens manufactured of

high-temperature superconducting ceramics [17].

The effect of a strong electrical field on a specimen

located in a field ion microscope at a cryogenic tem-

perature has been repeatedly discussed in earlier

works. For example, it is noted in the work [18] that

mechanical stresses approaching the theoretical

strength of the material appear on the apex of a spike

specimen in the FIM studies. As noted by E.W. Muller

et al. [19], the application of a strong negative pressure

to a specimen in a field ion microscope in-situ induces

the volumetric expansion of the crystal by 5–10%,

thus leading to the nucleation of dislocation loops and

dislocation sliding, and the possibility of rearrange-

ment in its structure cannot be excluded. It was shown

in work [16] that the non-equilibrium state of a speci-
S AND METALLOGRAPHY  Vol. 119  No. 12  2018
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men during its FIM study may lead to the deviations of

the temperature ranges of transitions in comparison

with the corresponding ranges in the generally

accepted phase diagram.

The formation of a network of α2-phase twins (with

an ordered D019 structure) during the FIM study of the

TiAl based alloy with an L10-ordered structure is

described in [20]. It is pointed out that such in-situ

transitions result from instability in the geometry of a

specimen in a field ion microscope. It was established

in work [15] that the FePd alloy sustains the consecu-

tive phase transitions fcc → fct → bct with decreasing

temperature. The fct → bct transition [21] undesirable

for the ferromagnetic FePd alloy begins at tempera-

tures below –20°C and pressures above 8 MPa.

We can hypothesize from these results that the

40Au–25.4Pd–Cu alloy (wt %) residing in a field of

strong stresses transits to a metastable state, in which

the formation of a B2-ordered bcc phase becomes

more energetically advantageous. The closeness of this

alloy to the two-phase (L10 + B2) region boundary

(Fig. 1) agrees with this hypothesis.

We can conclude that the existence of the B2-phase

in the studied alloy is a non-equilibrium state, and its

formation is induced by the field of external negative

pressure.

5. CONCLUSIONS

We have obtained several interesting experimental

results in the course of this study. We have confirmed

the conclusion [7] about the possibility of the forma-

tion of a B2-phase in the studied alloy. We have shown

that the nuclei of this phase are formed in the low-

temperature region (at 250°C), and this also confirms

the results of the work [7]. We should note that we only

detected the formation of the B2-phase in experiments

where a specimen was under negative pressures (P ≈

100 MPa) during its thermal treatment. Based on the

analysis of obtained experimental data and their com-

parison with the literature data, we have concluded

that the two-phase (L10 + B2) state of the studied alloy

in the low-temperature region is non-equilibrium, and

the formation of the B2-phase is induced by the field

of external forces.

Moreover, we have shown that the application of

strong tensile stresses does not produce any effect on

the formation of a c-domain structure in the 40Au–

25.4Pd–Cu alloy (wt %) in contrast to most of the

alloys with an L10-superstruture. At the same time, we

have seen an appreciable acceleration of atomic order-

ing in the field of external forces. This may be used in

practice for the production of functional materials

with specified properties.
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
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