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Abstract. The paper aims to investigate the influence of silver addition on the microstructure of CuNi2Si1 alloys. The investigated copper alloy
was cast and then supersaturated, plastically deformed on the Gleeble 3800 simulator and finally aged. Structural changes were examined using
optical microscopy, scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Orientation mapping was completed
with FEI Quanta 3D field emission gun scanning electron microscope (SEM) equipped with TSL electron backscattered diffraction (EBSD)
system. The effect of structural and microstructural changes on hardness and conductivity was also investigated. Based on the mechanical tests it
was found that the mechanical properties and conductivity are improved due to heat and plastic treatment. It was also found that the precipitation
hardening raises the hardness to the level of 40% whilst an increase in conductivity by 20% is observed.
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1. INTRODUCTION
Contemporary materials engineering responds to technologi-
cal progress and aims to develop alloys with good mechanical
properties and high conductivity. By applying heat and plastic
treatment, we can control these properties for some groups of
materials.

One of the groups of such materials that are of great interest
all over the world is copper alloys. Examples of research on
the modification and processing of copper alloys can be seen in
Japan [1–3], China [4,5], India [6–9], the USA [10–12], and the
EU [13–21].

beata.krupinska@polsl.plWhile analyzing individual groups
of copper alloys, beryllium copper is distinguished by the best
strength properties and, at the same time, high electrical con-
ductivity as well as corrosion and abrasion resistance [21]. Un-
fortunately, copper alloys with the addition of beryllium are
highly toxic. Comparatively, cadmium copper is also toxic;
however, it is used for the production of, for example, electric
traction cables. Nevertheless, the use of these materials is less
recommended. Therefore, intensive research is carried out on
copper alloys, in particular on Cu–Ni–Si systems. Their elec-
trical and mechanical properties are similar and comparable to
copper-beryllium alloys. These alloys are also used in the avia-
tion and electronics industries [15, 21–26].

The strength and hardness of the Cu–Ni–Si alloy can be con-
siderably increased by the precipitation of the δ -Ni2Si phase.
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On the other hand, Ag dissolves in the matrix and enables
also precipitation strengthening. The hardening in the alloy
tends to reduce the electrical conductivity of the Cu alloys
because distortion of the lattice increases the electron scatter-
ing [27–29]. The addition of Ag does not cause a significant
decrease in electrical conductivity [31, 32].

Therefore, the subject of interest of many research cen-
ters around the world is the modification of CuNi2Si1 alloys,
mainly by heat and plastic treatment, but also by modifica-
tion of chemical composition with chromium, silver, and rhe-
nium [16–20]. Large plastic deformation improves the mechan-
ical properties of the CuNi2Si1 alloy; however, the resistivity of
the alloy increases due to a large number of dislocations. This
in turn lowers the electrical conductivity. By using heat treat-
ment (solution heat treatment and aging), it is possible to influ-
ence the value of the conductivity to some extent [14, 21]. On
the other hand, using the rhenium modification, we obtain very
good mechanical properties and an optimal value of conductiv-
ity compared to the properties of CuNi2Si1 alloys [14–16, 22].
Additionally, by applying silver modification, good mechanical
properties and an increase in the conductivity value compared
to CuNi2Si1 alloys can be obtained [20, 31].

In this context, the given studies provide valuable informa-
tion on the effect of Ag addition on the hardening of heat-
treated and plastically deformed Cu–Ni–Si alloys. The study
shows the effect of silver addition with a mass concentration of
0.8% on the microstructure of CuNi2Si alloys. Overall, the re-
search is carried out in order to optimize the silver content and
heat treatment parameters.
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2. MATERIALS AND METHODS
A silver-modified Cu–Ni–Si alloy with the chemical compo-
sition given in Table 1 was used for testing. Ingots were cast
into thick-walled cylindrical cast iron molds. The alloy was pre-
pared with the use of an induction furnace. Pure ingredients
were introduced into the heated crucible (600◦C) and melted
under a protective argon atmosphere. Argon was also fed to the
stream during casting. The metal mold was preheated and the
temperature during casting was 1150◦C.

Table 1
Chemical composition of the investigated copper alloys

Alloys
Elements as compounds of the

modelled Cu casts, mass%

Ni Si Ag Cu

Cu–Ni–Si 2 1 – balance

Cu–Ni–Si–Ag 2 1 0.8 balance

The heat treatment of CuNi2Si1Ag0.8 alloys was performed
at the temperature of 770◦C; solution heat treatment and sub-
sequent ageing were performed at the temperature of 500◦C.
After solution heat treatment, a cold plastic deformation with
a 50% degree of thickness reduction was performed. The pa-
rameters of thermo-mechanical treatment are given in Table 2.
Parameters of the CuNi2Si1 alloys were selected on the basis of
the literature data [13–15]. On the other hand, CuNi2Si1Ag0.8
was determined as part of our own experiments.

Heat treatment and cold plastic deformation were carried
out with the application of a thermo-mechanical simulator

Table 2
Thermo-mechanical treatment parameters

CuNi2Si1

Solution heat
treatment

Plastic
deformation

Ageing

Processing
temperature

950◦C
room

temperature
500◦C

Time 1 h – 1 h

Cooling speed 20 s – –

Deformation rate – 100 s−1 –

CuNi2Si1Ag0.8

Solution heat
treatment

Plastic
deformation

Ageing

Processing
temperature

770◦C
room

temperature
500◦C

Time 1 h – 1 h

Cooling speed 20 s – –

Deformation rate – 100 s−1 –

from DSI (Dynamic System Inc.) Gleeble 3800. The additional
equipment of the Gleeble 3800 simulator was a direct resistance
heating system which assures the maintenance of the desired
temperature with an accuracy of ±1◦C. The use of the Gleeble
simulator allowed us to perform heat treatment at a strictly de-
fined temperature. It minimized errors that may have occurred
during heating, annealing and direct cooling with a jet of wa-
ter under pressure or compressed. A set of graphite and tan-
talum layers with a thickness of 0.1 mm was used to connect
the surfaces of the sample. Additionally, the anvils were coated
with nickel-based grease to protect the samples from joining the
tungsten carbide anvil. It improved the contact between the sur-
faces (it is of high importance in the case of resistance heating
carried out in the simulator and consisting of the flow of cur-
rent through the test sample), friction between the joint surface
of the test sample and the surface of the tungsten carbide anvil.

The following tests were performed:
• Microstructure analysis of the alloy was performed using

both a ZEISS optical microscope and image analysis soft-
ware. During preparation for the observation of the mi-
crostructure samples were subjected to grounding and me-
chanical polishing, then electropolishing and etching in an
electrochemical reagent (D2) or in a reagent composed of
iron chloride, hydrochloric acid and ethyl alcohol.

• The microstructure and chemical composition were exam-
ined by the EDS microanalysis method using: scanning
electron microscopes Zeiss Supra 25 and MEF4A as well
as on the Leco GDS 500A spectrometer.

• TEM studies were carried out with the application of the
S/TEM Titan 80–300 microscope fitted with a Cetcor Cs
probe corrector and an EDS and EELS spectrometer for
chemical composition analysis. Crystal Maker and Single
Crystal software (CrystalMaker Software Limited, version
10.4.1, Oxfordshire, Great Britain) were utilized to simulate
the crystal structure and diffraction patterns.

• The preparations for examination in the high-performance
transmission microscope were prepared in the SEM/Xe-
PFIB FEI Helios PFIB Microscope. The lamellas were pre-
pared by applying a protective layer of platinum and then
cut with a focused beam of xenon plasma ions (Xe-PFIB).
The samples were prepared by applying a protective layer
of platinum and then cut with a focused xenon plasma ion
beam (Xe-PFIB). Orientation mapping was organized with
the use of the FEI Quanta 3D field emission gun scanning
electron microscope (SEM); its additional equipment was
TSL electron backscattered diffraction (EBSD) system.

• Low-load hardness test was performed with a Vickers
Future-Tech hardness tester (FM-ARS 9000) with a load of
1000 gf for 10 s.

• The electrical conductivity was measured with a Sigmat-
est Foerster 2.069 device. Measurements were carried out
at ambient temperature with an operating frequency of 60
kHz. Sample testing was preceded by the calibration of the
device on a set of two standards with electrical conductiv-
ity values of 4.4 MS/m (8% IACS) and 58 MS/m (100%
IACS).
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3. RESULTS AND DISCUSSION

The microstructure of the CuNi2Si1 alloy with the addition of
Ag after solidification from the temperature of 1091◦C consists
of dendrites of the α Ni2Si phase and Ag phases in the inter-
dendritic spaces (Fig. 1).

After solution heat treatment and plastic deformation, numer-
ous deformation bands (Figs. 2a, 2b) and the fragmented Ni2Si
phase are visible. As can be seen in Figs. 2c, 3 and 4, silver is
dissolved in the matrix. The chemical composition analysis is
shown in Figs. 2d, 4 and 5.

During aging at the temperature of 500◦C, the silver pre-
cipitates in the matrix. The structure consists of recrystallized
grains of the α phase, Ni2Si phase and Ag precipitation. Uni-
form dissolution occurred after the analyzed CuNi2Si1Ag0.8
alloy was supersaturated silver in the ground mass. The Ni2Si
phases are long phases with different spatial orientations – it
is observed in the EDS analysis, the size of the precipitates is
about 500–1000 nm (Figs. 2–6).

The solution heat treatment took place on the Gleeble 3800
simulator, where the sample was compressed with minimal

force during treatment. This minimal force was used in order
to promote silver diffusion towards the grain boundary.

The solution heat treatment temperature during compression
cannot exceed the Cu–Ag eutectic temperature, i.e. 770◦C, be-
cause the eutectic regions may transform to a semi-solid state
by partial melting causing material flows (Fig. 2).

Table 3
Results of the EDS spectrum analysis for the areas from Fig. 1c (wt.%)

Element Point #1 Point #2

Si – 11.53

Ag 83.36 07.48

Ni – 34.24

Cu 16.64 46.76

Based on electron diffraction (Fig. 5), NiSi precipitates were
identified as Ni2Si (hexagonal crystal; space group: P 63 2 2;
reference code: 96-152-3552) [33].

Fig. 1. (a)–(c) Structure of CuNi2Si1Ag0.8 alloy, initial state (d); mapping structure CuNi2Si1Ag0.8
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Fig. 2. (a)–(c) Structure of CuNi2Si1Ag0.8 alloy: solution heat treatment at 770◦C; time 1 h, cooling in water (Ar); cold plastic deformation
50%; ageing 500◦C 1 h

Fig. 3. Structure of CuNi2Si1Ag0.8 alloy, solution heat treatment at
770◦C; time 1 h, cooling in water (Ar); cold plastic deformation 50%;

ageing500◦C 1 h

Table 4
Results of the EDS spectrum analysis for the areas

from Fig. 2c (wt.%)

Element Point #1

Si 04.97

Ag 02.61

Ni 18.10

Cu 74.32

Additionally, Ag precipitates were observed in the form of
fibers perpendicular to the direction of deformation located
mostly on the grain boundary of the α phase.

Analysis of the phase and crystallographic orientation of
grains (EBSD) by scanning electron microscopy along with
a map of the distribution of crystallographic orientations and
texture is presented in Figs. 7 and 8.
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Fig. 4. Structure of CuNi2Si1Ag0.8 alloy: solution heat treatment at 770◦C; time 1 h, cooling in water (Ar); cold plastic deformation 50%;
ageing 500◦C 1 h
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Fig. 5. Ni2S particle embedded in the substrate material: a) TEM image; b) EDS spectrum obtained for the area indicated at a); c) SAED electron
diffraction of Ni2Si on the zone axis and d) computer simulation of the electron diffraction solution of the of Ni2S in the [101]

Fig. 6. a) Structure of CuNi2Si1Ag0.8 alloy: solution heat treatment at 770◦C; time 1 h, cooling in water (Ar); cold plastic deformation 50%;
ageing 500◦C 1 h; b) analysis of point 1 made with energy-dispersive X-ray spectroscopy; c) analysis of point 2 made with energy-dispersive

X-ray spectroscopy; d) analysis of point 3 made with energy-dispersive X-ray spectroscopy

6 Bull. Pol. Acad. Sci. Tech. Sci., vol. 71, no. 2, p. e145683, 2023



Thermoplastic hardened Cu–Ni–Si–Ag alloy

Fig. 7. a) (111), (200), (220) pole figures of CuNi2Si1Ag0.8 alloy in
the cast state; b) (111), (200), (220) pole figures of CuNi2Si1Ag0.8 al-
loy: solution heat treatment at 770◦C; time 1 h, cooling in water (Ar);
cold plastic deformation 50%; ageing 500◦C 1 h. Compression direc-

tion on the top

The orientation map shown in the figure presents the mi-
crostructure with deformed grains after compression with
a 50% deformation degree in the Gleeble 3800 simulator. More-
over, the grains have a texture with (111) plane parallel to the
compression direction.

The cold compaction produces deformed microstructure with
deformation bands visible also after aging at the temperature of
500◦C. The deformed and aged alloy is additionally reinforced
by the precipitation of Ni2Si phases. This process is stimulated
by plastic deformation providing preferential sites for nucle-
ation.

Fig. 8. a) Electron backscatter diffraction (EBSD) images of the structure of CuNi2Si1Ag0.8 alloy in the cast state; b) Electron backscatter
diffraction (EBSD) images structure of CuNi2Si1Ag0.8 alloy: solution heat treatment at 770◦C; time 1 h, cooling in water (Ar); cold plastic

deformation 50%; ageing 500◦C 1 h

As a result of the precipitation process of Ni2Si, but also
the precipitation of fine Ag phases, the hardness of the
CuNi2Si1Ag0.8 alloy after treatment is 195 HV, which is ap-
proximately 40% higher than for the CuNi2Si1 alloy (Fig. 8).
After the heat and plastic treatment, the conductivity in the
CuNi2Si1Ag0.8 alloy also increases by about 20% compared
to the alloy without the addition of Ag (Fig. 9). The basic con-
ductivity of the CuNi2Si1Ag0.8 alloy is slightly higher than the
one of the CuNi2Si1 alloy.

The hardness measurements at low load were made at 20 test
points on 4 samples. The changes in hardness at low load force
and conductivity are shown in Fig. 9. One can observe that the
alloy with Ag addition after heat treatment and plastic deforma-
tion is characterized by a higher hardness of about 45 HV and
higher conductivity of about 4 Ms/m.

In the further part of the research on the alloys, they will
focus on the influence of heat treatment time and temperature,
plastic working in the form of rolling and drawing, and Ag con-
tent on the mechanical properties and conductivity.

Fig. 9. Hardness and conductivity of CuNi2Si1 and CuNi2Si10Ag0.8
alloys (HT+CPD – after heat treatment plus cold plastic deformation)
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4. CONCLUSIONS
The investigation of CuNi2Si1 alloys modified with Ag at the
level of 0.8% mass showed that:
1. The addition of silver combined with the thermo-plastic

treatment on the Gleeble simulator causes an increase in
hardness by 40% (the hardness of the thermo-mechanically
treated CuNi2Si1 alloy was 150 HV, after adding silver it is
193 HV).

2. The conductivity for the thermo-plastically treated Ag mod-
ified alloy is 18 Ms/m which is about 20% higher than for
the non-modified alloy.

3. Aging of the supersaturated and previously deformed
CuNi2Si1Ag0.8 alloy causes precipitation of Ni2Si phases.

4. Modification of the chemical composition with silver at
a concentration of 0.8% mass causes an increase in hard-
ness and an increase in conductivity.

5. The Ni2S precipitate particles confirmed by TEM analysis
occur in a longitudinal needle-formed shape of a length of
ca. 500 nm, improving the strengthening of the alloy due to
similar size compared to the EBSD revealed grained/sub-
grained microstructure.
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