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Abstract
The research paper presents the impact of the scandium additive and various conditions of the heat treatment on copper 
mechanical, electrical and heat resistance properties. The performed research works included manufacturing of CuSc0.15 and 
CuSc0.3 alloys through metallurgical synthesis with the use of induction furnace and following crystallization in graphite 
crucibles at ambient temperature. Additionally, a CuZr0.15 alloy was produced as a reference material for previously syn-
thesized Cu–Sc alloys. During research, the selection of heat treatment for the produced materials was conducted in order to 
obtain the highest mechanical–electrical properties ratio. Materials obtained in such a way were next subjected to thermal 
resistance tests. Parameters of thermal resistance test included temperatures from the range of 200–700 °C and 1 h of anneal-
ing time. The research has shown that CuSc0.15 and CuSc0.3 alloys have higher heat resistance after their precipitation 
hardening compared to the Cu–Zr alloy. The paper also presents microstructural research of the produced materials, which 
showed that alloying elements precipitates are mainly localized at the grain boundaries of the material structure.

1 Introduction

Due to its high electrical properties, copper and its alloys 
are widely used in every application where various electri-
cal connections in the form of cables, wires and electrical 
joints exist. A special case includes elements in which a 
high electrical conductivity of the material is required at 
the same time as its high mechanical properties at elevated 
temperatures. These are, among others electrical connectors, 
lead frames, switches, switch blade jaws, commutators for 
power transmitters, basses for power transmitters, rectifiers, 
soldering and welding tips, circuit breakers, spring contacts 
[1] and electronic circuits [2]. Considering pure copper, in 
order to obtain high mechanical properties, a strain harden-
ing effect needs to be achieved with the use of cold forming 
processes [3] in the case of precipitation hardening copper 
alloys; a heat treatment or thermo-mechanical treatment 
is often performed, which strengthens the structure of the 

material due to dispersion hardening phenomena. However, 
in order for the heat treatment process to be conducted, the 
alloy must meet two conditions which are a substantial solu-
bility of one component in the other at elevated tempera-
ture and solubility limit of alloying element that decreases 
along with temperature drop allowing to supersaturate the 
solution during rapid cooling of the alloy [4]. Confirmation 
of above-mentioned phenomena can be done by investiga-
tion of given alloy phase diagram which nowadays is often 
obtained with the use of CALPHAD method as shown in 
[5] where authors calculated Cu–Sc phase diagram system. 
An example of the copper alloys which can be subjected to 
the thermo-mechanical treatment is Cu–Zr alloy. Zirconium 
is a commonly used alloy additive which in case of cop-
per allows to increase its heat resistance, mechanical and 
exploitational properties [6]. Furthermore, the addition of 
Zr in the amount of 0.1–0.2 wt% provides a high increase 
in heat resistance with no significant decrease in electrical 
properties which is difficult to achieve in case of other alloy-
ing elements such as Cr, Mg, Ag, Ni or Ti. These alloys are 
characterized with decent formability during cold working 
like open die forging, extrusion or rolling. Cu–Zr alloys with 
0.05–0.15 wt% of Zr are mainly used in automotive indus-
try as switches and relays, contacts, connectors, terminals 
and parts of hybrid cars. Additionally, zirconium copper is 
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commonly used in the electrotechnical industry as electronic 
circuits, electrical connectors, lead frames, switches, switch 
blade jaws, commutators for power, transmitters, basses for 
power transmitters, rectifiers, soldering and welding tips, 
circuit breakers and high-temperature applications.

One of the most popular commercialized alloys used for 
the applications mentioned above is CuZr0.15. Depending 
on the structural state which is associated with the manu-
facturing technology, its functional properties may vary, i.e., 
UTS 255–490 MPa, YS 60–455 MPa, elongation 35–2%, 
hardness 70–110 HV10, and electrical conductivity is 
approx. 55 MS/m. The comprehensive properties data of the 
commercial CuZr0.15 alloy in different tempers are given 
in Table 1.

CuZr0.15 alloy manufactured with traditional metallurgi-
cal synthesis followed by a heat treatment process and cold 
metal forming is characterized by high heat resistance in 1-h 
test up to 400 °C as shown in Fig. 1. Higher increase in the 
heat resistance of Cu–Zr alloys is possible through higher 
amount of Zr addition (up to 0.8 wt%) which was proved by 
authors in [7] by the use of powder metallurgy method dur-
ing production of the alloy which enables to rise the soften-
ing temperature even up 600 °C. This however significantly 
rises the final cost of the finished product, due to the used 
technology. Examples of the softening characteristics for 
various Zr content in copper are shown in Fig. 2.

The advantageous effect of zirconium additive is also 
noticeable in case of Cu–Cr alloys. Cu–Cr–Zr alloys with 
usually 0.6–1 wt% of Cr and 0.04–0.1 wt% of Zr are char-
acterized by high mechanical properties shown in [7–9] and 
improved wear properties shown in [10] as well as high heat 
resistance of up to 500 °C [7]. However, due to the content 

of alloy additive above 1 wt%, the electrical conductivity of 
this group of alloys is approx. 50 MS/m and lower which 
makes it necessary to increase the cross section of the final 
products in their electrical applications. In [9] and [11], 
authors showed that it is possible to increase both electri-
cal and mechanical properties through thermal and thermo-
mechanical processing of Cu–Cr–Zr alloys. In some cases, 
Zr was also found to increase electrical conductivity and 
refine structure of Cu–Ni–Si alloy as shown in [12].

Table 1  Functional properties of CuZr0.15 alloy [21–25]

Property Value Unit

Density 8.94 g/cm3

Specific heat capacity 385 J/(kg K)
Thermal coefficient of electrical 

resistance (0–100 °C)
3 10–3/K

Electrical conductivity 53–56 MS/m
Thermal conductivity 360 W/(m K)
Thermal expansion coefficient 

(20–300 °C)
17.6 10–6/K

UTS 255–490 MPa
YS 60–455 MPa
Elongation 35–2 %
Hardness 70–110 HV10
Young’s modulus 121 GPa
Kirchhoff’s modulus 46.4 GPa
Poisson ratio 0.3 –
Heat resistance 200–600 °C

Fig. 1  Graph presenting heat resistance as function of Vickers hard-
ness and annealing temperature in 1-h test for different alloys includ-
ing CuZr0.15 (ASTM C15100). Yield strength of each alloy before 
thermal exposure is shown in parentheses

Fig. 2  RB hardness measured at 20 °C as a function of annealing tem-
perature (1-h test) of various as-extruded (powder metallurgy) Cu–
Zr alloys, i.e., ZA-2—CuZr0.2, ZA-3—CuZr0.37, ZA-8—CuZr0.8, 
ZAC-1—CuCr0.32Zr0.1)—[7]
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According to one’s own analysis of the physicochemi-
cal properties of various elements, another alloy additive 
that favorably affects the copper softening temperature 
while maintaining its high electrical properties is scandium. 
However, during the literature analysis, it has turned out 
that research works done so far have not precisely defined 
the impact of the scandium additive to copper alloys on its 
mechanical, electrical, structural or heat resistance proper-
ties. Two of the few publications available in this field of 
expertise are works [13, 14] in which it has been proven that 
the scandium additive in the amount of 0.2 wt% and 0.4 wt% 
causes an increase in the hardness of the CuSc0.2 alloy from 
60 HV10 to 70 HV10 and of CuSc0.4 alloy from 65 HV10 to 
95 HV10 as a result of their artificial aging for 7 h at 400 °C. 
Research concerning other Cu–Sc alloys properties has not 
yet been published which limits the knowledge of the impact 
of Sc alloy addition on copper functional properties dur-
ing the metal forming, heat treatment, heat resistance, etc., 
per analogy; it is well-known that addition of scandium to 
aluminum increases its mechanical and technological prop-
erties. Research results presented in [15] show increase in 
yield strength after addition of Sc into Al–Cu alloy. In [16], 
authors presented that addition of scandium in SSA018 
alloy also allows to improve yield strength and the ultimate 
strength due to precipitation of the GP II zones and η′ phase 
particles. As shown in [17], mechanical properties of Sc-
modified 7075 aluminum alloy can be further improved by 
the use of equal-channel angular pressing technology fol-
lowed by the low-temperature aging process. In [18], authors 
found out that addition of Sc and Zr to Al–Cu–Mg alloy 
allows to increase corrosion resistance due to the change in 
cross-section morphology of tested samples.

As demonstrated by one’s own pilot research, even a 
small scandium additive to copper alloys effectively con-
tributes to the increase in the copper softening tempera-
ture while maintaining its initial high electrical properties. 
Therefore, further research work was conducted on the char-
acterization of exploitational and technological properties of 
copper alloys with scandium additive up to 0.5 wt%. This 
research paper focuses on the study on manufacturing of 

CuSc0.15 and CuSc0.3 alloys and on the development of 
heat treatment process parameters optimized in a way to 
maximize mechanical and electrical properties of analyzed 
materials. In addition, the results of heat resistance tests of 
manufactured alloys in the temperature range of 200–700 °C 
in 1-h annealing tests are presented. The obtained test results 
were next compared with the CuZr0.15 reference material. 
In nowadays manufacturing industry, the Cu–Sc alloys are 
not commonly used because of the lack of both literature 
information and the possible uses of these alloys. They 
might potentially replace Cu–Zr alloys among the applica-
tions which require high set of mechanical and electrical 
properties and high resistance to softening.

2  Materials and methods

Based on the phase diagram, three intermetallic compounds 
were found in Cu–Sc alloy, i.e.,  Cu4Sc,  Cu2Sc and CuSc with 
the scandium content of 15, 25 and 42 wt%, respectively. 
Maximum solubility of scandium in copper was determined 
to be about 0.5 wt% at the temperature of 1130 K (Fig. 3). 
As shown in the literature, in the case of alloys with scan-
dium amount under 0.5 wt% in copper, during the artificial 
annealing of supersaturated solution, the dispersion phase 
of  Cu4Sc is precipitated which causes the hardening of the 
material [5, 19]. Due to above, two types of Cu–Sc alloys 
containing 0.15 wt% and 0.3 wt% of scandium were selected 
for further experimental research as well as the reference 
alloy Cu–Zr containing 0.15 wt% of zirconium.

All selected materials were next manufactured with 
the use of traditional metallurgical synthesis process in 
ϕ40 × 100-mm graphite crucibles using an induction fur-
nace. After melting, the molten metal homogenization 
processes was carried out at 1350 ± 10 °C temperature for 
30 min in a reducing atmosphere obtained through flake 
graphite addition on molten metal surface. Afterward, the 
crucibles were taken out from the induction furnace, which 
further resulted in their crystallization at ambient tempera-
ture within 2 min. Figure 4 shows all three types of obtained 

Fig. 3  Cu–Sc phase diagram 
[20]
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ingots prepared for further analysis. Table 2 presents the 
chemical composition of obtained casts produced with the 
X-ray fluorescence method.  

The obtained casts with diameter of 40 mm were next 
cut in their cross section into samples with a thickness of 
5 mm and subjected to heat treatment research carried out 
at 450 °C for up to 25 h for as-cast temper. After that, heat 
treatment samples were analyzed for their hardness and elec-
trical conductivity. After determination of the best artificial 
aging conditions for tested materials in terms of their highest 
possible electrical conductivity and hardness, heat-treated 
materials were subjected to a 1-h thermal resistance tests 
(softening curve) in the temperature range of 200–700 °C.

As part of the research program, an open die hot forg-
ing process was conducted on the samples with diameter 
of 14 mm and the height of 10 mm which were machined 
from obtained ingots. At first during these tests, CuSc0.15, 
CuSc0.3 and CuZr0.15 samples were annealed at 950 °C 
for 3 h and hot forged (from 950 °C) to the final height of 
3 mm which gives a total strain of approx. ɛ = 70%. After 
the forging process, all samples were cooled down using 
water in order to obtain ambient temperature. On all forg-
ings, the selection of artificial aging parameters at 450 °C up 
to 5 h was conducted. Per analogy to the initial heat resist-
ance research results made on the as-cast alloys the range of 
temperatures of between 300 °C and 700 °C was selected.

For all obtained samples, measurements of electrical con-
ductivity were conducted using the SigmaTest 2.069 device, 
while the hardness was measured using the Vickers method 
using the Tukon2500 device. Also as-cast materials were 
also subjected to microstructural analyses which were per-
formed with the use of scanning electron microscope Hitachi 

SU-70 in order to perform qualitative and quantitative analy-
sis of the precipitations.

3  Results

Firstly, microstructural analysis of the obtained copper alloy 
casts (CuSc0.15, CuSc0.3 and the reference alloy CuZr0.15) 
was carried out in which results are presented in Figs. 5, 6, 7, 
8, 9, 10, 11, 12, 13, 14, 15 and 16. The microstructural SEM 
observation included EDS mapping in order to determine the 
distribution of given alloying addition in copper.

Figures 17, 18 and 19 present the artificial aging char-
acteristics of the CuSc0.15, CuSc0.3 and CuZr0.15 alloys 
in their as-cast state at 450 °C, as hardness and electrical 
conductivity characteristics versus aging time. Figures 20, 
21 and 22 show the same set of results for the materials after 
hot open die forging process. In both cases, temperature of 
450 °C has been chosen as favorable due to previously con-
ducted pilot studies.

Figure 23 shows the results of the CuSc0.15, CuSc0.3 
and CuZr0.15 alloys softening tests in  the temperature 
range from 200 to 700 °C, while Fig. 24 shows the soften-
ing curves of these materials after hot metal forming and 
following artificial aging at the temperature range of 300 °C 
to 700 °C.

Fig. 4  General view of obtained copper casts: a CuSc0.15, b 
CuSc0.3, c CuZr0.15

Table 2  Chemical composition 
analysis of synthesized alloys 
performed with the use of XRF 
method

Materials Elements (wt%)

Cu Zn Pb Fe Si Mg Zr Cr Sc

CuSc0.15 99.77 0.01 0.01 0.02 0.01 0.01 0.01 – 0.16
CuSc0.3 99.64 – 0.01 0.01 0.02 0.02 0.01 0.01 0.28
CuZr0.15 99.76 0.01 0.01 0.01 0.01 0.01 0.18 0.01 –

Fig. 5  Microstructure of CuSc0.15 alloy after casting, magnifica-
tion × 2000
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4  Discussion

The microstructural analyses of the casts showed that in the 
case of the CuSc0.15 alloy (Fig. 3), the scandium is located 
on the grain boundaries creating oval shapes (eutectics) 
in the material structure. EDS analysis showed that only a 
small part of the Sc additive is located in the solution. From 

the microstructural analysis of the CuSc0.3 alloy (Fig. 4), a 
similar relation can be observed as in the case of the alloy 
with a lower content of scandium. The scandium is also 
located at the grain boundaries of the material, as shown 
by the EDS analysis. In the case of the CuZr0.15 alloy, the 
microstructural analysis (Fig. 5) shows similarities to scan-
dium. Zirconium is located mainly at the grain boundaries, 
with small amount remaining in the solution. The analysis 
of the precipitates indicates that both CuSc0.15 and CuSc0.3 
as well as CuZr0.15 casts in the selected structural state 
(as-cast) show multiphase structure with a visible eutectics. 
Morphology of these precipitates, their size (5–10 µm), 
shape and the fact that they are mainly located at the grain 
boundaries indicates that these are primary precipitates 
resulting from free crystallization of the ingots. Such pre-
cipitates in the structure of the alloy are unfavorable both 
from the point of view of susceptibility to artificial aging 
and the final functional properties of the alloy. Due to the 
size of these precipitates, they will be difficult to dissolve in 
the solid state during the high-temperature homogenization 
process. In order to reduce the occurrence of large primary 
precipitates in the analyzed alloys, it is advantageous to 
supercool the alloys during crystallization and quickly cool 
down to temperatures below 400 °C, where the precipitation 
processes are rapidly slowed down. The alloys produced in 
this way will certainly have a more favorable structure from 

Fig. 6  Microstructure of CuSc0.15 alloy after casting, magnifica-
tion × 10,000

Fig. 7  Quantitative analysis of 
the matrix and precipitations 
in the CuSc0.15 alloy (as-cast 
state)

Measurement Cu [% wt.] Sc [% wt.]

1 89.42 10.58

2 93.98 6.02

3 90.24 9.76

4 90.78 9.22

5 99.69 0.31

Fig. 8  Qualitative analysis of 
the chemical composition of the 
matrix and precipitations in the 
CuSc0.15 alloy (as-cast state)
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the point of view of their final properties obtained through 
artificial aging.

Heat treatment analysis of copper alloys covered by 
this article show that the CuSc0.15 alloy (Fig. 17) requires 
an artificial aging at 450 °C for 15 h to obtain the highest 
set of mechanical and electrical properties. The thermally 
activated precipitation processes resulted in the increase 
in the hardness from 43 HV to 62 HV, while the electrical 
conductivity increases from 43 to 52 MS/m. In the case of 
the CuSc0.3 alloy (Fig. 18), the highest set of properties is 
obtained after 20 h of artificial aging. The hardness of the 
alloy after 20 h increases from 55 HV to 70 HV, while the 
electrical conductivity increases from 38 to 50 MS/m. Anal-
ysis of the properties and characteristics of the CuZr0.15 
alloy shows that aging response of this alloy is much quicker 
than for the alloy with the addition of scandium. CuZr0.15 
alloy (Fig. 19) achieves the highest mechanical and electrical 
properties after 4 h, with hardness at 78 HV, and electrical 
conductivity of 55 MS/m. Figures 25 and 26 present compre-
hensive data regarding variations in hardness and electrical 
conductivity during artificial aging of the analyzed alloys, 
i.e., CuSc0.15, CuSc0.3 and the reference alloy CuZr0.15. 
The gradual overaging of the CuZr0.15 alloy resulting in 
the decrease in mechanical properties begins just after 4 h 
which is almost a quarter of the time needed to achieve the 
highest mechanical properties for the CuSc0.15 alloy and 
only one fifth of the time needed for the CuSc0.3 alloy. One 
point of view is that the shorter artificial aging time for the 
CuZr0.15 alloy at 450 °C is an advantage in technological 
terms; however, it directly indicates that the 450 °C tempera-
ture is dangerous from the point of view of possible overag-
ing of the alloy which may transfer to a much lower heat 
resistance than CuSc0.15 and CuSc0.3 alloys. Even though 
CuZr0.15 alloy after 4 h of annealing had almost two times 
higher hardness values than Cu–Sc alloys during longer heat 
treatment (in 20 h), CuZr0.15 has the same hardness value 
as CuSc0.3.

Based on the analysis of the mechanical properties of 
CuSc0.15, CuSc0.3 and CuZr0.15 alloys at various times 

Fig. 9  Microstructure of CuSc0.3 alloy after casting, magnifica-
tion × 1000

Fig. 10  Microstructure of CuSc0.3 alloy after casting, magnifica-
tion × 10,000

Fig. 11  Quantitative analysis of 
the matrix and precipitations in 
the CuSc0.3 alloy (as-cast state) Measurement Cu [% wt.] Sc [% wt.]

1 100 -

2 89.11 10.89

3 88.62 11.38

4 95.58 4.42

5 96.01 3.99

6 88.48 11.52
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of the artificial aging process, i.e., for 1, 4, 10, 15, 20 and 
25 h as shown in Table 3, conclusions can be made that 
CuSc0.15 and CuSc0.3 achieve the highest values of the 
mechanical properties at 15 h and 20 h of heat treatment, 
respectively, and CuZr0.15 alloy at 4 h may be made. Such 
a significant difference in aging time needed to obtain the 
maximum values of mechanical properties, as shown by 
the research, proves that CuSc0.15 and CuSc0.3 alloys 
have a much higher heat resistance than CuZr0.15 in terms 
of 1-h annealing process at 200–700 °C.

Considering the alloys after the hot open die forging 
process, it is visible that the precipitation hardening occurs 
much quicker than in the case of the ingots. Figures 27 
and 28 present the comprehensive hardness and electri-
cal conductivity characteristics for tested materials in the 
function of their artificial aging time.

Analyzing the results of the research on the artificial 
aging of the alloys after the hot metal forming can be con-
cluded that these alloys reach the extremum of the mechan-
ical properties after 45 min of aging at 450 °C. After this 
time, the hardness gradually decreases for every analyzed 
alloy. The hardness of CuSc0.15 alloy increases from the 
value of 87 HV after forging to 95 HV after 45 min of 
aging, whereas the electrical conductivity increases from 
38 to 44.3 MS/m. Considering the CuSc0.3 alloy, the hard-
ness after 45 min of aging increases from 90 HV to 109 
HV, and the electrical conductivity increases from 30 to 
44 MS/m. The highest amount of scandium additive in the 
alloy provides higher value of hardness (by 14 HV) with 
the same electrical conductivity after 45 min of aging. 
Analysis of CuZr0.15 alloy properties after forging and 
aging show that the hardness of this alloy increases from 
84.5 HV to 89 HV and the electrical conductivity from 
45 to 53.4 MS/m. In conclusion, the conducted research 
works show that the alloys with zirconium additive show 
the lowest susceptibility to hardening through hot metal 
forming and aging than the alloys with scandium addi-
tive. Table 4 shows the changes in hardness of the tested 
materials after various times of artificial aging at 450 °C. 

Fig. 12  Qualitative analysis of 
the chemical composition of the 
matrix and precipitations in the 
CuSc0.3 alloy (as-cast state)

Fig. 13  Microstructure of CuZr0.15 alloy after casting, magnifica-
tion × 2000

Fig. 14  Microstructure of CuZr0.15 alloy after casting, magnifica-
tion × 5000
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On the basis of the conducted softening tests of the mate-
rials after heat treatment under the indicated conditions 
(CuSc0.15—15 h, CuSc0.3—20 h, CuZr0.15—4 h), it can 
be concluded that copper with the addition of scandium has 
much higher softening temperature in a 1-h annealing pro-
cess in the temperature range from 200 to 700 °C than the 
copper–zirconium alloy. Figure 23 presents the softening 

curves of CuSc0.15, CuSc0.3 and CuZr0.15 alloys in the 
temperature range of 200 °C to 700 °C during 1 h of heat 
treatment. Figure 24 shows the softening curves of the mate-
rials after hot metal forming and artificial aging for tempera-
ture range from 300 to 700 °C during 1 h of heat treatment 
process. The percentage change in the hardness of CuSc0.15, 
CuSc0.3 and CuZr0.15 alloys as a result of softening being 

Fig. 15  Quantitative analysis 
of the matrix and precipitations 
in the CuZr0.15 alloy (as-cast 
state)

1 - -

2 83.91 16.09

3 88.40 11.60

4 83.43 16.57

5 86.93 13.07

6 90.55 9.45

7 86.57 13.43

8 99.86 0.14

9 100 -

Fig. 16  Qualitative analysis of 
the chemical composition of the 
matrix and precipitations in the 
CuZr0.15 alloy (as-cast state)

Fig. 17  Characteristics of hard-
ness and electrical conductivity 
for the CuSc0.15 alloy during 
artificial aging at 450 °C
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Fig. 18  Characteristics of hard-
ness and electrical conductivity 
for the CuSc0.3 alloy during 
artificial aging at 450 °C

Fig. 19  Characteristics of hard-
ness and electrical conductivity 
for the CuZr0.15 alloy during 
artificial aging at 450 °C

Fig. 20  Characteristics of hard-
ness and electrical conductivity 
for the CuSc0.15 alloy after hot 
metal forming during artificial 
aging at 450 °C



 Archives of Civil and Mechanical Engineering (2020) 20:28

1 3

28 Page 10 of 15

Fig. 21  Characteristics of hard-
ness and electrical conductivity 
for the CuSc0.3 alloy after hot 
metal forming during artificial 
aging at 450 °C

Fig. 22  Characteristics of hard-
ness and electrical conductivity 
for the CuZr0.15 alloy after hot 
metal forming during artificial 
aging at 450 °C

Fig. 23  Softening curves 
for CuSc0.15, CuSc0.3 and 
CuZr0.15 alloys
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presented in Figs. 29 and 30 was determined according to 
the following rule:

where Hd—percentage hardness decrease in the materials 
in relation to the initial value, Hx°C—hardness of the mate-
rial at the given annealing temperature (200–700 °C) and 
H20°C—hardness of the material at 20 °C.

The CuSc0.15 alloy maintains a stable hardness up to 
450 °C, while the CuSc0.3 alloy up to 500 °C. In the case 
of CuZr0.15 alloy, although initially (after artificial aging) 
it has the highest hardness, when subjected to elevated 

(1)H
d
= 100 ×

(

1 −
H

x◦C

H
20◦C

)

temperature, the gradual decrease in its hardness occurs 
even at the temperatures above 250 °C. Table 5 presents 
the values of the hardness percentage decrease in CuSc0.15, 
CuSc0.3 and CuZr0.15 alloys after 1-h annealing process in 
300 °C, 400 °C and 500 °C according to which CuSc0.15 
and CuSc0.3 alloys mechanical properties at 300 °C do 
not decrease. Meanwhile at 300 °C, CuZr0.15 hardness 
decreases by 5%. At 500 °C, CuSc0.3 hardness decreases 
by less than 2%, while CuSc0.15 decreases by 5%. CuZr0.15 
alloy at 500 °C decreases its hardness values by 16.5%.

The conducted research results presented in Table 6 show 
that in the case of CuSc0.15 alloy, the mechanical properties 
maintain stability up to 500 °C of artificial aging where the 
percentage decrease in hardness is equal to 1.8% in reference 

Fig. 24  Softening curves 
for CuSc0.15, CuSc0.3 and 
CuZr0.15 alloys after hot metal 
forming and following artificial 
aging

Fig. 25  Comprehensive hard-
ness characteristics for as-cast 
materials
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to the starting material. The same situation is visible consid-
ering CuSc0.3 alloy where the value of percentage decrease 
in hardness is only 0.6% at 500 °C. CuZr0.15 alloy maintains 
its stability of mechanical properties up to 450 °C of artifi-
cial aging. After aging at 500 °C, the percentage decrease 
in hardness is equal to 3.5% which is twice the value of the 
decrease in CuSc0.15 alloy.

5  Conclusions

Based on the results of the research, the following conclu-
sions were made:

Fig. 26  Comprehensive electri-
cal conductivity characteristics 
for as-cast materials

Table 3  Comprehensive 
hardness data in various 
artificial aging times

Alloy Vickers hardness HV10

1 h 4 h 10 h 15 h 20 h 25 h

CuSc0.15 52 53.5 58 63 61.5 61
CuSc0.3 53.5 57 64 68 70 68.5
CuZr0.15 77 79 72 72 70 68

Fig. 27  Comprehensive hard-
ness characteristics for the 
materials obtained in the hot 
open die forging process
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1. Free crystallization and slow self-cooling of copper–
scandium alloys results in the formation of large primary 
precipitates of Cu–Sc in its structure, which because of 
their shape, size and location on the grain boundaries 
are disadvantageous from the point of view of the final 
properties obtained as a result of artificial aging.

2. Precipitates with a high amount of Sc, with the size of 
5–10 µm and multiphase structure will be very difficult 
to dissolve in the Cu–Sc matrix during the homogeniza-
tion process which will result in a limited susceptibility 
to the artificial aging.

Fig. 28  Comprehensive electri-
cal conductivity characteristics 
of the materials obtained in the 
hot open die forging process

Table 4  Comprehensive 
hardness data obtained for 
various artificial aging times

Alloy Vickers hardness HV10

0.25 h 0.5 h 0.75 h 1 h 2 h 3 h

CuSc0.15 86 88 95 91 88 91
CuSc0.3 103 108 109 105 102 102
CuZr0.15 85 88 89 84 85 85

Fig. 29  Percentage decrease 
in the hardness of CuSc0.15, 
CuSc0.3 and CuZr0.15 alloys 
during thermal resistance tests
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3. Achieving the highest properties of CuSc0.15 and 
CuSc0.3 alloys as a result of artificial aging at 450 °C 
requires a long exposure time, i.e., 15 and 20 h, respec-
tively, while for the reference alloy, i.e., CuZr0.15, it is 
only 4 h.

4. Considering the artificial aging of CuSc0.15, CuSc0.3 
and CuZr0.15 alloys after hot metal forming their 
extremum of hardness is reached after 45 min of heat 
treatment.

5. The addition of scandium in the copper alloy causes a 
favorable increase in the softening temperature of Cu–
Sc alloys. Scandium addition in the amount of 0.15% 
wt. in copper and artificial aging of the as-cast material 
directly after its crystallization provides thermal stabil-
ity of the alloy up to a temperature of 450 °C after 1-h 
annealing, and an increase in the content of the scan-
dium to 0.3% wt. causes a further increase in the thermal 

stability of the alloy by 50 °C, i.e., up to 500 °C (for 
1 h). A cast containing 0.15% wt. of Zr produced in an 
analogous manner has thermal stability up to 250 °C. 
On the basis of the conducted research, it was shown 
that the scandium additive of 0.15–0.3 wt% to copper 
has a positive impact on the increase in the softening 
temperature to 450 °C and 500 °C, respectively, during 
1 h of annealing.

6. The research on the heat resistance of the materials 
after how metal forming and heat treatment during 1 h 
of annealing proved that the mechanical properties of 
Cu–Sc alloys maintain stable up to 500 °C, whereas 
CuZr0.15 alloy maintains the stability of its mechanical 
properties only up to 450 °C.

7. The conducted research has shown that addition of scan-
dium can be an alternative to a typically used zirconium 
alloys, favorably affecting their functional properties, 

Fig. 30  Percentage decrease 
in the hardness of CuSc0.15, 
CuSc0.3 and CuZr0.15 alloys 
(after hot metal forming process 
and artificial aging) during 
thermal resistance tests

Table 5  Comprehensive data 
concerning the hardness of 
materials after annealing in 
400 °C, 500 °C and 600 °C 
in terms of the hardness 
percentage decrease

Alloy Vickers hardness HV10 Hardness decrease (%)

300 °C 400 °C 500 °C 300 °C 400 °C 500 °C

CuSc0.15 70 69.5 67 1 2.3 5
CuSc0.3 78 78 77.5 1 1 1.9
CuZr0.15 81.5 75.1 72 5 12.5 16.5

Table 6  Comprehensive data 
concerning the hardness of 
materials (after hot metal 
forming and artificial aging) 
after annealing in 300 °C, 
400 °C and 500 °C in terms 
of the hardness percentage 
decrease

Alloy Vickers hardness HV10 Hardness decrease (%)

400 °C 500 °C 600 °C 400 °C 500 °C 600 °C

CuSc0.15 95 94 85 0.6 1.8 11
CuSc0.3 108 108 98 0.3 0.6 9
CuZr0.15 88 86 81 0.6 3.5 8.5
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in particular increasing mechanical properties and their 
heat resistance with a slight decrease in the electrical 
properties of the alloys.
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