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Abstract: A copper alloy with small additions of palladium and silver (Cu—1.5Pd—3Ag (at. %))—which has potential applications as a corrosion-
resistant conductor of weak electrical signals—was studied using X-ray diffraction analysis, microhardness measurements, specific electrical
resistivity, and tensile mechanical properties tests. Samples were examined in several initial states: quenched (from 700 °C) and deformed
at room and cryogenic temperatures (with a 90 % reduction in cross-sectional area in both cases). To study the processes of structural
reorganization and property evolution, the initial samples were annealed in the temperature range from 150 to 450 °C (in 50 °C increments),
followed by cooling in water or air. The duration of the heat treatments ranged from 1 to 48 hours. It was established that annealing the
Cu—1.5Pd—3Ag alloy at temperatures below 450 °C leads to the precipitation of silver-based phase particles in the Cu matrix. Annealing of
the initially quenched alloy was found to slightly increase its specific electrical resistivity (p) from 3.55- 1078 t0 3.8-10~8 Ohm-m (after 48 h at
250 °C). It was revealed that alloying copper with 1.5 at. % palladium and 3 at. % silver enhances the strength properties (the yield strength of the
alloy reaches 500 M Pa) and raises the recrystallization temperature, while the electrical conductivity of the alloy remains around 50 % IACS.
The optimal combination of properties (strength, ductility, and electrical conductivity) is observed after annealing the pre-cryodeformed alloy
at 250 °C for less than 18 h. Extending the annealing time causes overaging, resulting in softening. The results of this study can be applied in
the development of a new high-strength material with reduced electrical resistivity.
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AuHOoTanmsa: MeToaMu PEHTIEHOCTPYKTYPHOTO aHaIn3a, U3MEPEHUsI MUKPOTBEPIOCTH, YAEJIbHOTO 3JEKTPOCONPOTUBICHUSI U MEXaHU-
YECKUX CBOMCTB IPU PACTSKEHUN M3y4Jally CIIJIaB MEIW ¢ MaJIbIMU fo0aBKaMu nayanus u cepedpa: Cu—1,5Pd—3Ag (at. %), KOTOpBIiA
MOXET HaiiTu MpMMEHEeH e B KauecTBe KOPPO3MOHHO-CTOIKOT0 MPOBOAHUKA CJIa0bIX 2JIEKTPUUECKUX cUTHaJoB. MccaenoBaHbl 06pasiibl,
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HaXOJSNINECS B HECKOJIbKUX UCXOMHBIX COCTOSTHUAX: 3akaneHHoM (oT 700 °C), nedhopMupOBaHHOM ITPU KOMHATHOUM ¥ KPUOTEHHOM TeM-
neparypax (B oboux ciayvasx — Ha 90 % u3MeHeHuU s MJI0LIaA1 MONepeyHOro ceyeHust). st u3yueHus poLEecCOB MEePecTPOKU CTPYK-
TYPbI U 3BOJTIIOLIMU CBOMCTB MPOBOAMIIN OTXKUTU UCXOIHBIX 00pa31ioB B MHTepBasie teMmmepatyp ot 150 go 450 °C (c marom B 50 °C) ¢ no-
CIIeAYIOLIUM OXJIaXKACHUEM B BOJIE MJIM Ha Bo3nyxe. [IponokutebHOCTh TepMoo6paboTok (TO) cocraBnsina ot 1 10 48 u. YcTaHOBIIEHO,
yto oTkuT craBa Cu—1,5Pd—3Ag B TeMniepaTypHoM uHTepBajie Huxe 450 °C npuBOAUT K BbiaeaeHUI0 B Cu-MaTpulie yacTUll ha3bl Ha
ocHoBe cepebpa. [TokazaHO, YTO OTKHUT MCXOAHO 3aKaJICHHOTO CIJIaBa HECKOJIbKO yBEJIMUMBACT 3HAYEHME €ro Y/ACTbHOTO 3JIEKTPOCO-
MPOTUBJIEHUS (P): OT 3,55-1078 10 3,8-10~8 Om-M (mocne 7 = 250 °C, 48 u). BeisiBIeHO, YTO JernpoBaHue Mean najtanem (1,5 at. %) u
cepebpom (3 at. %) 00yCIOBIMBACT MOBBIILIEHNE MTPOYHOCTHBIX CBOMCTB (IIpe/es TeKydyecTu criiaBa coctasisieT 500 MIla) u Temnepaty-
pbI pEKpUCTAIM3ALMA, TIPA 3TOM 3JIEKTPOINPOBOAHOCTL ciiyiaBa coctaniisieT ~50 % TACS. OnTumalibHbIii HA00P CBOMCTB (ITPOYHOCTH,
TUIACTUYHOCTHU U 3JIEKTPOTIPOBOIHOCTHU) HAOIIONaeTCsI TTOCIE OTKUTOB MPeABAPUTETHLHO KproaehopMUpoOBaHHOTO criaBa mpu £ = 250 °C
MPOIOJIKUTENBHOCTBIO MeHee 18 4. YBenuueHue BpeMeHr TO BbI3bIBaeT NepecTapuBaHue, CICACTBUEM KOTOPOTO SIBJISIETCS] pa3ynpoy-
HeHue. Pe3ynbTaThl MCClieOBaHUSI MOTYT OBITh MCIOJIb30BaHbl MPU pa3paboTKe HOBOTO BHICOKOMPOYHOr0 MaTepuaja ¢ TOHUXEHHBIM
SJIEKTPUIECKUM COMPOTUBIICHUEM.

Kmouesbie cioBa: cniiaBbl Cu—Pd—Ag, pesuctomMeTpuisi, MUKPOTBEPAOCTb, MUKPOCTPYKTYPa, PEHTI€HOCTPYKTYPHbII aHaIU3, KpUoe-
dopmarus.

Baarogapuoctu: PeHTreHOCTPYKTYPHBIil aHAIN3, a TaKXKe CKaHUPYoLas 3JIeKTPOHHAsI MUKPOCKOMUS MPOBEACHBI C UCMONb30BaHUEM
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Introduction

Copper-based alloys are known for their low elec-
trical resistivity, which has made them widely used in
electrical engineering applications [1]. One approach
to enhancing the mechanical properties of copper
alloys without significantly reducing their electrical
conductivity, while maintaining sufficient ductility, is
alloying. For example, adding elements such as beryl-
lium or niobium to copper can substantially improve
its strength properties [2—4]. However, the toxicity
and cost of beryllium, as well as the mutual immisci-
bility of copper and niobium in the solid state [5], limit
the use of such alloys in industrial applications. The
table below summarizes the physical and mechanical
properties of various copper alloys used as electrical
conductors [6].

Previous studies have shown [7] that alloying cop-
per with palladium (less than 10 at. %) results in solid-

solution strengthening, while simultaneously increas-
ing corrosion resistance. However, as the demand for
high-strength electrical conductors continues to rise,
strengthening by alloying with a single component may
prove insufficient [8]. Therefore, to achieve superior
functional properties, modern approaches utilize alloys
with two or more alloying elements, as well as severe
plastic deformation, including at cryogenic tempera-
tures. This approach allows the combination of diffe-
rent strengthening mechanisms [9]. For example, the
authors of [10] combined solid-solution and dispersion
strengthening mechanisms to reinforce an Ag—Pd—
Cu—Au alloy, while in [11], a method was proposed for
strengthening the Cu—Pd—Ag alloy through the simul-
taneous occurrence of several phase transformations.

It has been found [12] hat small additions of silver
(3 at. %) have a negligible effect on the electrical con-

Physical and mechanical properties of low-alloyed copper alloys for electrical conductors [6]

dusnyeckne U MEXaHUUECKUE CBOMCTBA HU3KOJIETUPOBAHHLIX MEIHLIX CIIJIaBOB

JUTSL TIPOBOIHUKOB 2JIEKTPUYECKOTO TOKA [6]

Gy, MPa
Alloy p, 1078 Ohm'm
Deformation Deformation + annealing
Cu+0.4Zr 2.0 — 270
Cu+0.3Mg 2.2 530 300
Cu+0.4Cr+0.2Sn + 0.8Ti 2.6 — 650
Cu+0.1Ag 1.7 340 200
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ductivity of Cu—Pd alloys while significantly enhanc-
ing their strength and recrystallization temperature.
For instance, the yield strength and ultimate tensile
strength of the ternary Cu—3Pd—3Ag (at. %) alloy are
higher, while its electrical conductivity is comparable
to that of the Cu—3Pd alloy. It is of particular interest
to investigate the properties of a ternary Cu—Pd—Ag
alloy with a lower palladium content and to determine
the effect of cryodeformation on its strength and elec-
trical conductivity.

The aim of the present work was to study the struc-
ture and properties of the Cu—1.5Pd—3Ag (at. %) alloy
in various initial states, as well as after annealing in the
temperature range of 150—450 °C.

Materials and methods

The Cu—1.5Pd—3Ag (at. %) alloy was melted from
copper, palladium, and silver with purities of 99.98 %,
99.99 %, and 99.99 %, respectively. The melting was per-
formed under a vacuum of at least 102 Pa, with the alloy
cast into a graphite crucible.

A 5 mm diameter ingot was homogenized at 800 °C
for 3 h, then quenched by water cooling and cut into two
parts. From one part of the ingot, a wire with a diameter
of 1.5 mm was produced through drawing, and samples
for tensile testing were cut from this wire. Further draw-
ing to a diameter of 0.22 mm produced thin wire for re-
sistometry. The other part of the ingot was rolled into
plates with a thickness of 0.3 mm, which were used to
characterize the phase composition at various stages of
processing and to measure microhardness.

Cryodeformation of the samples was carried out
between two stainless steel plates. This assembly was
immersed in liquid nitrogen for about one minute, after
which the rolling step was performed. The process was
then repeated. The massiveness of this sandwich-like
structure ensured the stability of the cooled sample’s
temperature. Some of the wires and plates deformed
at room temperature were annealed at 700 °C (for 1 h)
and then quenched in water. Thus, the study investi-
gated samples in several initial states: quenched (from
700 °C), deformed at room and cryogenic temperatures
(in both cases, with a 90 % reduction in cross-sectional
area).

Both the wire and plate samples had the same degree
of preliminary deformation. As we previously demon-
strated for various ordered systems, setting aside some
differences in microstructure and texture between the
samples, the mechanism of deformation-induced struc-
tural reorganization, in general, does not depend on
whether the preliminary deformation is performed by
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rolling or drawing [13]. Therefore, the results obtained
provide a comprehensive picture of the effect of defor-
mation on the structure and properties of the Cu—
1.5Pd—3Ag alloy.

To study the processes of structural reorganiza-
tion and property evolution, the initial samples were
annealed in the temperature range from 150 to 450 °C
(in 50 °C increments), followed by cooling in water or
air. The duration of the heat treatments ranged from 1 to
48 h. All heat treatments were performed in vacuum-
sealed glass or quartz ampoules. In further descriptions
of the heat treatment process, including its characteris-
tics (temperature, holding time, etc.), the term “anneal-
ing” is used. When emphasizing changes in properties
due to the formation of a new phase, the term “aging”
is applied.

The specific electrical resistivity (p) was measured
using the standard four-point probe method (with a
constant current of / = 20 mA). Measurements of the
specific electrical resistivity at room temperature were
conducted on wire samples with a diameter of 0.22 mm
and a length of 250 mm, fixed in a special conductor
as previously described [13]. The absolute measurement
error of p was +0.04-107% Ohm-m.

Mechanical tests were carried out using a
ZD 10/90 tensile testing machine at a strain rate of
3 mm/min. The working length of the samples was
30 mm. At least five samples were tested for each
structural state. The absolute measurement error for
the yield strength was =10 MPa, and for elongation to
failure, it was £0.5 %.

X-ray diffraction analysis (XRD) was conducted
on alloy plates with a thickness of 0.3 mm. The X-ray
diffraction measurements were performed using a
PANalytical Empyrean Series 2 laboratory diffracto-
meter (Netherlands) equipped with a three-axis Eule-
rian cradle. Measurements were made in parallel beam
geometry using CoK|, radiation with a wavelength of
0.179 nm. The microstructure was studied using a Tes-
can MIRA LMS scanning electron microscope (SEM)
(Czech Republic) with an accelerating voltage of up to
30 kV, magnifications ranging from 20* to 160000*, and
a resolution of 1.2 nm. Structural images were obtained
in both backscattered and secondary electron modes.
The chemical composition of the samples (Cu—2.4Pd—
5.2Ag (wt. %) / Cu—1.5Pd—3Ag (at. %)) was monitored
using an EDAX energy-dispersive X-ray spectrometer
(USA) with a resolution of 160 eV.

Vickers microhardness was measured using a PMT-3
device (JSC LOMO, St. Petersburg, Russia) under a load
of 50 g with a holding time of 30 s. At least 10 measure-
ments were taken for each structural state.
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Results and discussion

Fig. 1 shows the changes in mechanical properties af-
ter holding quenched and room-temperature-deformed
samples of the Cu—1.5Pd—3Ag alloy for 1 h in the tem-
perature range of 150 to 450 °C.

The quenched sample has a very low yield strength
(69, = 70 MPa), which remains almost unchanged
after aging in the temperature range below 300 °C
(Fig. 1, a). After heat treatment of the quenched alloy
at 400 °C, the yield strength increases significantly to
~170 MPa, while aging at temperatures above 400 °C
causes a slight decrease. The increase in strength during
aging of quenched Cu—Ag alloys has been observed mul-
tiple times before and is attributed to the decomposition
of the supersaturated solid solution, accompanied by the
precipitation of fine silver particles along grain boun-
daries and within the grains [14; 15]. The elongation to
fracture of the initially quenched Cu—1.5Pd—3Ag alloy
is almost independent of the heat treatment temperature
and remains at ~40 %.

After 90 % deformation at room temperature, the
yield strength of the alloy increases to oy, = 520 MPa
(Fig. 1, b), which is about seven times higher than that
of the initially quenched sample. Annealing the initial-
ly deformed alloy at temperatures below 250 °C does
not significantly change its strength properties. Above
250 °C, there is a sharp decline in yield strength due to
recrystallization. Since the onset of recrystallization de-
pends on temperature and time conditions [16], compar-
ing this characteristic in different alloys should be done
under similar heat treatment conditions. In previous

Gy, MPa 3, %

200 p 50
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- 10

0
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experiments with deformed pure copper samples, it was
established that the decrease in strength due to recrys-
tallization begins after annealing for 1 hour at 150 °C
[8]. Thus, the recrystallization temperature of the inves-
tigated alloy is approximately 100 °C higher than that of
pure copper.

After annealing the previously deformed alloy at
425—450 °C, its elongation to failure increases from
the initial 2 % to 46—48 %. Notably, after annealing
within this temperature range, the mechanical proper-
ties of the samples are very similar and practically in-
dependent of their initial state. This result suggests that
annealing at 425—450 °C creates similar structural
states in both quenched and deformed samples. Based
on the obtained data, it can be concluded that heat
treatment of the initially deformed Cu—1.5Pd—3Ag
alloy for 1 h in the temperature range of 200—250 °C
provides sufficiently high strength (c,, = 520 MPa)
and ductility (6 = 8+14 %). It is worth noting that the
Cu—1.5Pd—3Ag alloy deformed by 90 % does not show
the anomalous increase in strength after annealing in
the 150—250 °C range that was observed in the me-
chanical tensile tests of the Cu—3Pd—3Ag alloy. In
that case, we detected a 40 MPa increase in o , after
annealing the initially deformed alloy, and in cryode-
formed alloy, the yield strength anomalously increased
by ~100 MPa, reaching 6, , = 720 MPa) [12].

We also noted that during the aging process, Cu—
Ag alloys are typically cooled in air [17; 18]. To ensure
a correct comparison with the literature data, subse-
quent experiments in our study were conducted using
this cooling method. Fig. 2 shows the resistometry re-

Gy, MPa 5, %
50
b
500
- 40
400 9 - 30
300 - - 20
=10
200 4
T ' T T T 0
0 100 200 300 400 t,°C

Fig. 1. Dependences of the yield strength (6 ,) and elongation to failure (3) on annealing temperature of Cu—1.5Pd—3Ag alloy

samples in the initially quenched (a) or pre-deformed (b) states
Holding time at each temperature — 1 h, cooling in water

Puc. 1. 3aBUCMMOCTH Mpefena TEKyIeCTH (G ) U YIJIMHEHUs 10 paspyLieHus (3) OT TeMrepaTypbl 06paboTKM 00pa3LoB
cruaBa Cu—1,5Pd—3Ag, HaxoasIIIMXCSl B UCXOIHO 3aKaJleHHOM (@) UJIU IpeIBapuTeabHO aehopMupoBaHHOM (b)

COCTOAHUAX

Bpemst BeIAEpKKY TTPU Kax ol Temmeparype — | 4, oxyiaxiaeHue B Boae
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sults for quenched and deformed wire samples of the
Cu—1.5Pd—3Ag alloy after annealing in the tempera-
ture range of 150 to 450 °C. The holding time at each
temperature ranged from 1 to 48 h.

Aging for 1 hour does not lead to significant changes
in the specific electrical resistivity of the quenched al-
loy (Fig. 2, a); throughout the entire investigated tem-
perature range, p remains at ~3,55-10~% Ohm*m with
a slight decrease at 450 °C. Extending the heat treat-
ment duration (up to 48 h) results in an increase in
the resistivity of the initially quenched samples, with
a maximum observed in the 200—250 °C temperature
range. The increase in resistivity during aging aligns
well with the processes of decomposition in the al-
loy, as discussed above. As is known [19—21], fine se-
cond-phase particles act as scattering centers for charge
carriers, leading to an increase in specific electrical
resistivity. A precise solution to this problem is consi-
dered in quantum mechanics, specifically in the theory
of single-channel particle scattering (see, for example,
[22]). To simplify, the smaller the effective size of the
interaction potential, the less it distorts the trajectory
of passing charge carriers. Fewer charge carriers are af-
fected, and distortion of their paths due to scattering
processes is macroscopically observed as electrical re-
sistivity (or its inverse, electrical conductivity). Indivi-
dual atoms of alloying elements distort the trajectories
of charge carriers far less than large dispersed particles,
and therefore, they have a smaller impact on electrical
conductivity. The increase in the size of precipitates at

p, 10" Ohm'm

34 I

100 200 300

elevated processing temperatures leads to the disap-
pearance of this effect’s contribution to the material’s
overall resistivity. Indeed, after aging at 450 °C, the
specific resistivity of the alloy samples does not exceed
p~3.5-1078 Ohm-'m.

In practice, electrical conductivity, measured ac-
cording to the TACS (International Annealed Copper
Standard), is increasingly used instead of the specific
electrical resistivity of a conductor. According to this
standard, the conductivity of any material is expressed
as a percentage of the conductivity of pure copper. Ac-
cording to our data, the electrical conductivity of the
Cu—1.5Pd—3Ag alloy is 49 % IACS. It is worth noting
that the cathode copper used in this study has a lower
conductivity than the standard, at 97 % 1ACS.

The high defect density in the structure of the ini-
tially deformed alloy slightly increases its resistivity
compared to the quenched state: p ~ 3.7 10~ Ohm'm.
During annealing at temperatures up to 250 °C, re-
gardless of the duration, there is a gradual decrease in
the resistivity of the pre-deformed alloy (Fig. 2, b). An-
nealing above 250 °C causes a sharp drop in p, which
is attributed to recovery/recrystallization processes.
Extending the annealing duration increases the rate of
resistivity reduction. After holding at 450 °C for 48 h,
the resistivity of the alloy reaches p ~ 3.25- 10-30Ohm'm
(53 % 1ACS). Thus, annealing the deformed alloy re-
sults in a reduction in its resistivity by approximately
12 %. As is known [16], a reduction in defect density
during recrystallization leads to a 3—4 % decrease in

p, 10" Ohm'm

100 200 300

Fig. 2. Dependences of the electrical resistivity of Cu—1.5Pd—3Ag alloy samples quenched form 700 °C («) and deformed

by 90 % (b) on temperature (f) and heat treatment duration (1)
Thil1-1,2-6,3-12,4—24,5-48

Puc. 2. 3aBUCUMOCTH YIETBHOTO 3JIEKTPOCOMPOTUBIeHU S 3aKaieHHBIX oT 700 °C (a) u nedopmupoBaHHbIX Ha 90 % (b)
obpasuoB criyiaBa Cu—1,5Pd—3Ag ot TeMriepaTyphl (f) U TPOIOIKUTETBHOCTU TEPMOOOpadbOTKU (T)

Tul—1,2-6,3-12,4-24,5-48
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resistivity. Since in our case, annealing the deformed
alloy reduces its resistivity by approximately 12 %, it is
likely that structural changes related to the redistribu-
tion of silver in the material also contribute to the spe-
cific resistivity values. The obtained p values, alongside
sufficient strength and ductility, may be of interest for
using the alloy as an electrical signal conductor. It is
well known that preliminary cryodeformation is an
effective method for strengthening copper and copper
alloys [18; 23; 24].

The change in microhardness after annealing in the
temperature range of 150 to 450 °C for deformed Cu—
1.5Pd—3Ag alloy samples is shown in Fig. 3. The micro-
hardness of the samples after room and cryogenic defor-
mation is 2000 and 2200 MPa, respectively (Fig. 3, a, b).
The higher microhardness of the pre-cryodeformed al-
loy is observed across the entire annealing temperature
range. It is worth noting that the microhardness of the
cryodeformed sample increases particularly noticeably
after annealing at 250 °C: a distinct “step” appears in the
microhardness vs. temperature plot (Fig. 3, b).

Regardless of the temperature-time treatment con-
ditions, all diffractograms of the Cu—1.5Pd—3Ag al-
loy (Fig. 4) show intense peaks from the matrix, which
represents a face-centered cubic (FCC) solid solution
of palladium in copper, along with much weaker reflec-
tions from an FCC phase enriched with silver. Notably,
the (111) peak of this phase is already present in the alloy
quenched from 700 °C (diffractogram 7 in Fig. 4, a). Af-
ter cryodeformation, the peaks become less intense and

HV,, MPa
a
2200+ v
2000
1800
1600
.y
14004 -e-2
A3
12004 g 4
-5
10004 o » )
T T T T T T T T
100 200 300 400 1,°C

broader (diffractogram 3 in Fig. 4, a), due to increased
internal stresses and grain refinement [25].

As shown in the XRD data of the studied alloy
(Fig. 4, a), the addition of palladium and silver in-
creases the lattice parameter of both the quenched
and deformed alloy across various temperatures to a =
= (0.3644 nm (compared to the lattice parameter of pure
copper at a = 0.3619 nm). Heat treatments of the alloy
samples (in all initial states) at 250 °C and 400 °C re-
sult in a reduction of the lattice parameter of the matrix
(to 0.3639 nm and 0.3625 nm, respectively), causing the
peaks to shift to the right (Fig. 4, b, ¢).

When heated to 700 °C, the formation of a silver-en-
riched phase begins, which is retained after subsequent
quenching (diffractogram 1 in Fig. 4, a). Considering
that the solubility of silver in copper is very low, it can
be assumed that this phase consists of regions of pure
or nearly pure silver. The most favorable regions for the
precipitation of this phase are grain boundaries, dislo-
cations, and other defects, as these areas have a lower
concentration of solvent atoms. However, X-ray diffrac-
tion analysis, being an integral method, does not allow
for precise determination of where the precipitates form.
Deformation leads to the fragmentation and breakdown
of the precipitated clusters, resulting in a more uniform
distribution of silver in the matrix. During heat treatment
at 250 °C, noticeable diffusion does not occur: the vo-
lume of the silver-enriched phase remains approximately
the same as before the heat treatment (Fig. 4, b). The lat-
tice parameter of the silver-based phase in the initially
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Fig. 3. Dependence of microhardness of Cu—1.5Pd—3Ag alloy samples on annealing temperature

a — 90 % deformation at room temperature, b — 90 % deformation at cryogenic temperature

T, hi1—-1,2-6,3—-12,4—18,5—-24,6—48

Puc. 3. 3aBucumMocTu MUKpOTBepaocTh o0pa3suos crjiaBa Cu—1,5Pd—3Ag ot TeMIiepaTypbl OTKUra

a — nedopmartiust Ha 90 % npu KOMHATHOI TeMIiepaType, b — nedopmanus Ha 90 % Tpu KPUOTEHHOU TeMIiepaType

Twl—1,2—-6,3—-12,4—-18,5—-24,6—48
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quenched alloy is 0.4027 nm, and after heat treatment at

250 °C, it remains nearly unchanged at 0.4023 nm.
After annealing at 400 °C, silver again forms clusters

inthe material initially deformed at various temperatures
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Fig. 4. X-ray diffraction patterns of Cu—1.5Pd—3Ag alloy
samples

a — initial state: I — quenching from 700 °C, 2 — 90 % deformation

at room temperature, 3 — 90 % deformation at cryogenic temperature;
b — initial state + 250 °C, 48 h, air cooling;

¢ — initial state + 400 °C, 48 h, air cooling

Puc. 4. JludpakTorpaMmbl 06pas3iioB
crutaBa Cu—1,5Pd—3Ag

a — ucxonHoe coctosiHue: I — 3akanka ot 700 °C, 2 — neopmanust
Ha 90 % npu KOMHaTHOU TeMrepaType, 3 — nedopmarust Ha 90 %
IIPY KPUOTEHHOI TeMITEpaType;

b — ucxonHoe coctosiHue + 250 °C, 48 4, oxyaxeHue Ha BO3/1yXe;
¢ — ucxomHoe cocrosinue + 400 °C, 48 4, oxyiaxkaeHue Ha BO3Iyxe
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(diffractograms 2and 3in Fig. 4, c¢). Here, the splitting of
weak peaks of the silver-enriched phase is observed. This
may indicate that during annealing, silver segregation
occurs, forming regions with different levels of palladi-
um enrichment. Some regions may consist of clusters of
nearly pure silver. Indeed, the lattice parameter of the
silver-based phase (for the peaks on the left) after an-
nealing at 400 °C (0.4080 nm) becomes close to that of
pure silver (0.4077 nm).

The lattice parameter of the second silver-based
phase (for the peaks on the right) after annealing at
400 °C is 0.4007 nm. These regions may correspond
to silver clusters that additionally contain dissolved
palladium. For example, in study [26], field ion mi-
croscopy, which allows direct observation of atoms on
the surface of solids, showed that during the early sta-
ges of decomposition in the Cu—50Pd—20Ag (at. %)
alloy, the precipitate phase represents a solid solution
of palladium in silver. However, this phase may also
consist of small silver clusters within the original ma-
trix that have not yet coalesced into larger formations.
A definitive conclusion regarding the nature of this
phase cannot be drawn based solely on X-ray diffrac-
tion analysis.

The diffractograms of the samples deformed at va-
rious temperatures, as well as after annealing at 250 °C,
show a pronounced texture: the intensity of the (220)
peak is an order of magnitude higher than the others
(diffractograms 2 and 3 in Fig. 4, a, b). As is known,
during cold rolling of face-centered cubic (FCC) al-
loys, the main rolling texture develops with the {110}
plane parallel to the rolling plane and the <112> direc-
tion parallel to the rolling direction [27]. Additional-
ly, even after prolonged annealing of the initially de-
formed samples at 250 °C, the width of the X-ray peaks
does not decrease. This indicates that the recrystalli-
zation process is still far from complete at this stage
of heat treatment. A similar conclusion was previous-
ly drawn from resistometry data and microhardness
measurements.

Since the optimal set of functional characteristics
(strength, ductility, and electrical conductivity) is ob-
served after annealing at 250 °C, SEM analysis was per-
formed on a sample annealed at this temperature.

Fig. 5 shows an SEM image of the microstructure
of the Cu—I1.5Pd—3Ag alloy after cryodeformation
and annealing at 250 °C for 48 h. One of the detect-
ed precipitates is highlighted with an oval in Fig. 5, a.
The particle of the new phase has an elongated “lens-
like” shape, with a thickness of ~10 um and a length of
~45 um. The formation of such a large particle is
caused by so-called overaging, where prolonged heat
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Fig. 5. Microstructure of the Cu—1.5Pd—3Ag alloy after annealing (= 250 °C, T = 48 h) and air cooling

after cryodeformation by 90 %

a — an elongated silver precipitation is shown by an oval; b — area from which distribution maps of chemical elements were obtained (c)

Puc. 5. Mukpoctpyktypa cniaBa Cu—1,5Pd—3Ag nocie orxxura (= 250 °C, T = 48 4) u oxs1axkIeHW I Ha BO3yXe

nocie Kkpuoaedopmanuu Ha 90 %

@ — y4acTOK, Ha KOTOPOM OBAJIOM [TOKa3aHO BBITSIHYTOE BbleJIeHUE cepedpa
b — y4acToK, C KOTOPOTo ObUTH TOJYYEHBI KAPThI paclpeIeeHUs 10 XUMUIECKIM dJieMeHTaM (c)

treatment leads to the coalescence of small precipitates.
It is well known that at this stage, the strength proper-
ties of aging alloys significantly decrease [28]. Indeed,
as seen in the results in Fig. 3, b, the maximum micro-
hardness values are observed after annealing at 250 °C
for no more than 18 h.

The relatively large size of the precipitate allows for
the determination of its elemental composition (Fig. 5,
b, c¢). Energy-dispersive analysis performed using SEM
revealed the following chemical composition of the par-
ticle (wt. %): 54.8 Cu, 1.2 Pd, and 44.0 Ag. The high
copper content in the precipitated particle raises doubts
and is more likely due to electrons reflected from the Cu
matrix reaching the detector. Indeed, in a previous study
[26] using field ion microscopy, it was established that
in the Cu—50Pd—20Ag (at. %) alloy, Pd—Ag particles
precipitate during the atomic ordering of the Cu—Pd
matrix. Additionally, mathematical analysis of the X-ray
peak shapes performed in [12] suggested that after cryo-
deformation and annealing at 250 °C in the Cu—3Pd—
3Ag (at. %) alloy, two regions form: one enriched in sil-
ver and the other depleted.

Conclusions

1. Alloying copper with palladium (1.5 at. %) and sil-
ver (3 at. %) enhances the strength properties through
the combination of two mechanisms: solid-solution
strengthening and decomposition. Preliminary cryo-
deformation provides an additional strengthening effect
of about 10 %.

2. Annealing the Cu—I1.5Pd—3Ag alloy at tem-
peratures below 450 °C leads to the precipitation of
silver-based phase particles in the Cu matrix. The op-
timal combination of properties (high strength, ade-
quate ductility, and electrical conductivity) is observed
after annealing the preliminarily cryodeformed alloy at
250 °C for less than 18 hours. Prolonging the annealing
time results in overaging.

3. In its optimal structural state, the Cu—I1.5Pd—
3Ag alloy exhibits a yield strength of ~500 MPa, a
higher recrystallization temperature compared to cop-
per (by ~100 °C), and electrical conductivity of 50 %
IACS. The set of properties found in this alloy may be
of interest for practical applications.
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