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Abstract

The article discusses the effect of different particle fractions of prealloyed iron powder on the microstructure, density and hard-
ness of sintered material. Each particle fraction (apart from 160–200 µm, which is a trace fraction) was modified with boron, 
its contents being, respectively, 0.2 wt.%, 0.4 wt.% and 0.6 wt.%. Next, the powder mixtures were pressed under a pressure of 
600 MPa, and the final compacts were subject to sintering at 1200°C for 60 min in a hydrogen atmosphere. It was observed that 
the higher values of density and hardness were found in samples made from finer fractions of powder. A higher homogeneity of 
the microstructure and the highest degree of compactness was obtained in sinters from powder of 40–56 µm particle size, with 
0.4 wt.% B. Due to the use of small particle fractions of prealloyed powder, a higher degree of compactness in sinters was obtained 
with lower boron content. Also indicated was which particle fraction of Fe-Ni-Mo-Cu powder should be applied to obtain density 
in sinters with boron addition equal to almost 100% of the relative density of the analyzed alloy. The presented studies have both 
scientific and technological aspects.

Keywords: 

processing, powder metallurgy, Distaloy SA powder, activated sintering, particle fraction

1. INTRODUCTION

Powder metallurgy is a technology aiming at the production 
of bulk parts without reaching melting temperature, which in 
the case of iron mixtures is usually well above 1000°C. Thus, 
it provides the opportunity to introduce elements and com-
pounds with high melting points, as well as controlling the 
distribution of these phases. However, in order to successfully 
proceed in producing a bulk material from an iron-containing 
powder or powder mixture, there is a need for a liquid phase 
during sintering. It was observed by Madan and German [1] 
that boron addition acts sufficiently well as a liquid-forming 
element, improving sintering by lowering its temperature 
and forming eutectic regions on the inter-particle boundar-
ies. An explanation of the sintering mechanism for Fe-based 
alloys can be found in [2–7]. The thermodynamic approach, 
including regions of phase diagrams where various borides 
can be formed, are presented in [7, 8].

The formation of the eutectic regions in the sintered 
samples plays also an important role in decreasing porosi-
ty which may increase mechanical properties. The effect 
of porosity on mechanical properties in Fe-Mo-Ni alloys in 
tensile and fatigue tests is described in [9]. The addition of 
boron to iron based sinters (Fe-Mo-B) results in a change 
in the deformation behavior from ductile to brittle with the 

increase of boron content [10]. It was found that boron acti-
vates a sintering process through a liquid phase formation as 
a result of a reaction between matrix elements (Fe, Mo, Ni) and 
borides of the (Fe, Mo, Ni)2B type [4, 5, 7]. In alloys contain-
ing a sufficient amount of boron, the liquid phase may form as 
quickly as 1176°C. The amount of the liquid phase is affected 
by copper which may decrease the temperature of the liquid 
phase formation [7]. Both processes increase the consolida-
tion level and mechanical properties of the sintered samples. 
It has been proven that the chemical composition of Distaloy 
SA powder allows one to obtain appreciably higher mechani-
cal properties for sinters alloyed with a lower boron addition. 

 Additionally, to understand this sintering mechanism bet-
ter, a dilatometric study brings valuable information. The 
dilatometric study upon heating and cooling of Fe-Mo-B sin-
ters was presented in detail with respect to the composition 
of specimens and to a heating rate in [11]. This liquid sinter-
ing process increases the consolidation level and provides 
higher mechanical properties of the sintered samples. It has 
been proven that the chemical composition of the alloyed 
powders allows appreciably higher mechanical properties to 
be obtained [10, 12–18]. 

The mechanical properties of sintered steels with boron 
and borides were analyzed in [9–20]. In order to enhance the 
mechanical and surface properties, especially the hardness 
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and wear resistance of sintered alloys modified by boron, 
a heat and chemical treatment was applied [21, 22].

Moreover, applying finer particle fractions of alloyed pow-
ders makes it possible to acquire a higher consolidation level 
of sinters with a lower boron content. In this paper, the influ-
ence of different particle fraction of boron modified Fe-Ni-
Mo-Cu powders on the density, hardness and microstructure 
of sintered samples was analyzed.

2. MATERIALS AND METHODS

A prealloyed Distaloy SA powder supplied by the Höganäs 
company with the composition Fe 1.75%Ni-1.5%Cu-0.5%Mo 
was used in the studies. The particle size of Distaloy SA pow-
der (general particle fraction) is 20–180 µm. By means of 
screen analysis (PN-EN 24497, July 1999) using sieves with 
a mechanical shaker, the following particle fractions were de-
termined and are listed in Table 1.

Each particle fraction and a general one (20–180 µm) were 
modified with boron, respectively, and followed by mixing in 
a Turbula mixer for 15 minutes. The boron contents used in the  
studies were: 0.2 wt.%, 0.4 wt.% and 0.6 wt.%. It is worth 
noting here that 160–200 µm is a trace fraction, therefore it 
was not used in the further experiments. Additionally, boron-
free samples were prepared for reference for each particle 
fraction. Five specimens were prepared for each composition 
and fraction. In the next step, powder mixes were pressed 
under 600 MPa in a mechanical press, and the final compacts 
were subjected to sintering. No pressure was imposed on 
samples during sintering. The sintering took place in a tube 
furnace at a temperature of 1200°C for 60 min in a hydrogen 
atmosphere as established in [8, 23].

In successive studies, the density of compacts and Distaloy 
powder sinters per each particle fraction were investigat-
ed. The density of compacts and sinters was determined 
by means of the Archimedes method (PE-EN ISO 2738, 
December 2001). Samples were polished using Struers pol-
ishing machine. A set of abrasive papers of grade 500 to 2000 
was used. The final polishing was with a cloth with a 1 μm 
diamond paste followed by etching with a HNO3 water solu-
tion. Additionally, hardness was measured with Brinell’s 
method (PN-EN ISO 65060-1, 2002). Structural observations 
were performed with an optical microscope Neophot 32. The 
effect of particle effect exerted upon the density, hardness 
and microstructure of boron-modified Distaloy SA sinters 
was analyzed.

3. RESULTS AND DISCUSSION

3.1. Density of green compacts and sinters

The determined densities of compacts and sinters made from 
various particle fractions of Distaloy SA powder (Table 1) 
with boron additions are shown in Figure 1a, b. According to 
the analysis of the density measurements of compacts mod-
ified with boron, irrespective of the boron content and parti-
cle fractions of the Distaloy SA powders, the density values 
of green compacts do not change and are about 6.9 g/cm3. 
An example of such measurements for two chosen fractions, 
general and 40–56 µm ones, are presented in Figure 1a, b. 
Instead, the densities of Distaloy SA sinters with boron addi-
tions showed that particle fractions substantially influenced 
the degree of compactness of the samples under investiga-
tion. In all of the particle fractions used, the degree of com-
pactness increased as boron contents rose (0.2–0.6 wt.%).

The density of boron-free samples after pressing and sin-
tering are comparable. The small drop of density is caused by 
the formation of smaller amounts of liquid phase based on 
copper (melting temperature 1084°C). On the other hand, in 
the case of lower boron contents (0.2 wt.% B), a thin layer of 
liquid eutectic is created at the particles’ boundaries, which 
influences the raise of density. The liquid eutectic consists of 
(Fe, Ni, Mo)-complex borides [7]. However, with higher boron 
contents, a tendency toward higher densification of sinters 

Table 1  
Sieve analysis of Distaloy SA powder

Sieve size  
[µm]

Retained  
[%]

Cumulative mass retained  
[%]

160–200 0.11 0.11
100–160 25.21 25.32
71–100 29.63 54.95
63–71 7.63 62.58
56–63 3.54 66.12
40–56 19.70 85.82
< 40 14.18 100.00

Fig. 1. Effect of particle fraction of powder and boron addition 
upon density of green compacts and sinters: a) 20–180 µm fraction;  
b) 40–56 µm fraction

Boron content, wt.%

Distaloy SA ‒ fraction:  20‒180 μm

Boron content, wt.%

Distaloy SA ‒ fraction:  40‒56 μm

a)

b)
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due to the larger amount of the liquid phase is observed [7]. 
This tendency is well illustrated in Figure 2.

In the case of Distaloy SA sinters made based upon coarse 
fractions (100–160 µm, 71–100 µm, 63–71 µm, 56–63 µm) 
and general fraction (20–180 µm) with 0.6 wt.% B, lower den-
sities were obtained if compared with sinters produced from 
fine fractions (40–56 µm and under 40 µm) with the same 
boron content (0.6 wt.% B) (Fig. 2).

During sintering the volume of samples decreases in rela-
tion to the green compacts. In the case of boron free sinters, 
the relative density is in a range of 85% to 89% for fraction  
under 40 μm and 100–160 μm, respectively. Due to addition 
of boron, the tendency is reversed and highest densities are 

achieved by finer powders; e.g. 99% and 98% for 40–56 μm 
fraction with 0.4 wt.% B or 0.6 wt.%, respectively.

The value of the relative density of Distaloy SA sinters 
with 0.6 wt.% B made from coarse fractions is 94% (fraction 
100–160 µm) and 96% (fractions 71–100 µm, 63–71 µm and 
56–63 µm and general fraction 20–180 µm); whereas, for 
fine fractions (40–56 µm and under 40 µm) – 98% (Tab. 2). 
In addition, it was observed that it is possible to get the high-
est densities at a lower boron level with decreasing particle 
size in sinters, viz. 0.4 wt.%. A conclusion from the analysis of 
the experiment results is that for each particle fraction used, 
the highest degree of compactness occurs at the increase in 
boron of contents from 0.2 wt.% to 0.4 wt.%. However, as the 
particle size of Distaloy SA diminishes at the same boron con-
tent of 0.4 wt.% B kept, the density values increase obtaining 
a value of 7.70 g/cm3 in case of 40–56 µm fraction (Fig. 1b). 
Nevertheless, a sinter made from fraction with particle size 
lower than 40 µm and also with 0.4 wt.% B presents a slightly 
lower density of 7.29 g/cm3, which corresponds to the relative 
density of 94% (Tab. 2, Fig. 2).

The highest relative densities were obtained for sinters from 
Distaloy powders SA, fractions 63–71 µm and 40–56 µm with 
0.4 wt.% B (97% and 99%, see Table 2). The increase in den-
sity for increased boron contents from 0.4 to 0.6% is appre-
ciably lower. The highest actual and relative density values for 
Distaloy SA sinters with 0.4 wt.% B were found for fine pow-
ders (viz. 40–56 µm and under 40 µm).

Table 2  
Density of Distaloy SA sinters with boron addition in respect to particle fraction of powder [16]

Fig. 2. Density of Distaloy SA sinters for all used powder fractions 
with boron addition in respect to particle fraction of powder 

Boron addition, wt.%

Particle fraction  
[μm]

Boron  
[wt. %]

Theoretical density 
[g/cm3]

Real density 
[g/cm3]

Relative density 
[%]

100–160

0.0 7.93 6.97 89
0.2 7.89 7.04 90
0.4 7.85 7.10 91
0.6 7.81 7.24 94

71–100

0.0 7.93 6.93 88
0.2 7.89 6.97 89
0.4 7.85 7.11 92
0.6 7.81 7.41 96

63–71

0.0 7.93 6.93 88
0.2 7.89 7.20 92
0.4 7.85 7.55 97
0.6 7.81 7.42 96

56–63

0.0 7.93 6.86 87
0.2 7.89 6.94 89
0.4 7.85 7.27 94
0.6 7.81 7.42 96

40–56

0.0 7.93 6.79 86
0.2 7.89 6.98 89
0.4 7.85 7.70 99
0.6 7.81 7.55 98

< 40

0.0 7.93 6.72 85
0.2 7.89 6.70 86
0.4 7.85 7.29 94
0.6 7.81 7.59 98

20–180

0.0 7.93 6.84 87
0.2 7.89 6.88 88
0.4 7.85 7.21 93
0.6 7.81 7.43 96

https://journals.agh.edu.pl/jcme
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3.2. Hardness of sinters

While analyzing the results of hardness for boron-modified 
Distaloy SA sinters vs. particle size of Distaloy SA powder, 
it was found that irrespective of the used fraction, as boron 
content in the samples under investigation increases, their 
hardness will also increase. Additionally, it was observed 
that the highest average hardness was obtained for the finest 
fractions, viz. 40–56 µm (145 HB at 0.2 wt.% B, 190 HB at  
0.6 wt.% B, see Fig. 3) and under 40 µm (152 HB at 0.2 wt.% B, 
and 223 HB at 0.6 wt.% B, see Fig. 3). 

It should be also underlined that sinters, made from the frac-
tion under 40 µm are characterized with appreciably higher 
hardness irrespective of boron contents; for example: sin-
ters from general fraction (20–180 µm) with 0.2 wt.% and  
0.6 wt.% B have the following average hardness values: 130 
and 160 HB (Fig. 3). Distaloy sinters made from general frac-
tion (20–180 µm) have appreciably lower hardness values 
than sinters from undersized fraction (Fig. 3). So, the hard-
ness value of sinters under investigation depends on boron 
contents and particle size (Fig. 3). As the Distaloy SA parti-
cle size decreases, and boron contents increase, the hard-
ness values in sinters under examination were considerably 
higher. The hardness of Distaloy SA sinters depends on their 
degree of compactness and the particle size of Distaloy SA 
powder used – the finer the particle fraction, the higher the 
density and hardness of the prepared sinters (Tab. 2, Fig. 3). 

3.3. Microstructure observations of sinters

Microscopic observations of boron-modified Distaloy SA sin-
ters showed that irrespective of the particle fraction of the 
powder used, the microstructure consists of an iron matrix 
with a solidified, non-homogeneous eutectic mixture visible 
upon iron particles boundaries. In addition, precipitates of 
fine borides were noticed in the ferrite matrix. 

On the other hand, porosity seems to quite noticeable in 
boron-free samples (Figs. 4a, 5a, 6a, and 7a) and also in the 
samples with lowest boron content (Figs. 4b, 5b, 6b, and 7b). 

Fig. 4. Microstructure of Distaloy SA sinters alloyed by boron for 20–180 µm particle fraction: a) 0.0 wt.% B; b) 0.2 wt.% B; c) 0.4 wt.% B; d) 0.6 wt.% B [7]

Fig. 3. Effect of powder particle fractions and boron contents upon 
the hardness of prepared sinters: fraction 20–180 μm, 71–100 μm, 
40–56 μm, and < 40 μm

Boron content, wt.%

50 μm

a)

50 μm

b)

50 μm

eutectic

pore

Distaloy AS particle

c)

50 μm

d)
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Fig. 5. Microstructure of Distaloy SA sinters alloyed by boron for 70–100 µm particle fraction: a) 0.0 wt.% B; b) 0.2 wt.% B; c) 0.4 wt.% B; d) 0.6 wt.% B

Fig. 6. Microstructure of Distaloy SA sinters alloyed by boron for 40–56 µm particle fraction: a) 0.0 wt.% B; b) 0.2 wt.% B; c) 0.4 wt.% B; d) 0.6 wt.% B

40 μm

a)

40 μm

b)

40 μm
pore

Distaloy AS particle

eutectic

c)

40 μm

d)

50 μm

a)

50 μm

b)

50 μm

pore

Distaloy AS particle

eutectic

c)

50 μm

d)
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A small number of pores occurs in the microstructure of sin-
ters under observation with higher boron content (0.4 wt.% 
and 0.6 wt.% ) (Figs. 4c, d; 5c, d; 6c, d, and 7c, d). Thus, in gen-
eral, one may say that the more eutectics is formed, the low-
er porosity. Those are only spheroidal pores, in particular in 
sinters produced from finer powder fraction: 40–56 µm and 
under 40 µm (Figs. 6 and 7).

As particle fractions in Distaloy SA powders decreased and 
boron contents increased, a smaller non-homogeneity of fine 
borides was observed in the microstructure of sinters under 
investigation – uniform precipitations of fine borides inside 
particles (Figs. 5c, d; 6c, d, and 7c, d) and more uniform precip-
itations of eutectics between particles boundaries, especially 
for fractions 40–56 µm and under 40 µm (Figs. 6d, 7d). In all 
microstructures observed, there was discernible increase of 
particle size with boron concentration – the bigger the parti-
cle, the higher the boron contents in sinters (Figs. 4–7). Thus, 
the formation of a large amount of the liquid phase favors the 
growth of particles at the expense of the smaller ones.

  A characteristic feature for sintering Distaloy with boron is 
activated sintering resulting in the formation of eutectic con-
taining Fe2B and Fe3B phases [7, 19]. In the microstructures 
of Distaloy SA sinters with 0.6 wt.% boron produced from 
a general fraction (20-180 µm) and from a coarse fractions  
(100–160 µm, 71–100 µm, 63–71 µm) larger quantities of 
eutectic phase located upon grain boundaries were observed 
(Fig. 3 and 4) than in the microstructures of sinters produced 
from fine fractions (56–63 µm, 40–56 µm and under 40 µm) 
(Figs. 6a and 7). Besides, no appreciable grain growth was 

noticed in the microstructures of sinters made from Distaloy SA 
powders of many fractions: 100–160 µm, 63–71 µm, 56–63 µm 
and 40–56 µm, modified with 0.4 wt.% and 0.6 wt.% B, which 
results from eutectic uniformly distributed upon grain bound-
aries (Figs. 4c, d; 5c, d; 6c, d). While using finer particle size, the 
sintering process enables the formation of larger amounts of 
liquid phase which in turn improves densification. The smaller 
the particles, the larger the specific surface and thus sintering 
is enhanced.

It should also be stressed that the highest values of real den-
sity (7.55 g/cm3 and 7.70 g/cm3) and relative density (about 
97% and 99%) were noticed in Distaloy SA sinters produced 
from finer particle fractions viz. 63–71 µm and 40–56 µm with 
0.4 wt.% B content. 

The performed structural investigations showed that in 
sinters made from Distaloy SA powders of finer particle frac-
tions (63–71 µm, 56–63 µm, 40–56 µm and under 40 µm), the 
non-homogeneity inside ferrite grains decreased as the boron 
contents increased. Additionally, uniformly distributed borides 
and an eutectic all along the grain boundaries were observed. 
The changes noticed in the microstructures of sinters under 
investigation influenced the degree of their compactness and 
hardness – they both increased (Figs. 3, 5–7).

It should also be underlined that a smaller non-uniformity of 
the microstructure and the highest degree of compactness can 
be obtained in sinters from Distaloy SA powder with 0.4 wt.% B,  
which belongs to 40–56 µm fraction. Due to the use of small 
grain fractions of Distaloy SA, one can obtain a higher degree 
of compactness in sinters and already at lower boron contents.

Fig. 7. Microstructure of Distaloy SA sinters alloyed by boron for <40 µm particle fraction: a) 0 wt.% B; b) 0.2 wt.% B; c) 0.4 wt.% B; d) 0.6 wt.% B

50 μm

a)

50 μm

b)

50 μm

pore

Distaloy AS particle

eutectic

c)

50 μm

d)
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An additional scientific and technological achievement was 
the indication of the granular fraction of Distaloy SA powder 
in order to obtain almost 100% relative density of sinters 
from Distaloy SA powder with the addition of boron.

The experiments have shown that the application of 
Distaloy SA powder with a particle fraction of 40–56 μm 
allows a relative density of 99% to be obtained already at 
0.4 wt.% B (Tab. 2) together with high hardness (Fig. 3). The 
structural investigations reveal, that in Distaloy SA sinters 
made from finer fractions (40–56 µm), borides are regularly 
distributed in the structure while eutectic regions are homo-
geneously distributed on the grain boundaries (Fig. 6).

The application of the given particle fraction of Distaloy 
SA powder with 0.4 wt.% B will significantly decrease 
the production costs of sintered elements due to imple-
menting of conventional technologies of pressing and 
sintering allowing almost 100% relative density to be 
achieved, which in other cases can only be obtained by 
applying more expensive technologies of powder met-
allurgy (hot pressing, isostatic pressing, or finally SPS). 

The described method of conventional pressing and sin-
tering can be applied in the production of gearwheels with 
increased properties (density, hardness) on the basis of a giv-
en particle fraction of Distaloy SA powder with boron addi-
tions. Thus, the presented studies have both scientific and 
technological aspects.

4. CONCLUSIONS

The following conclusions were drawn from the research con-
ducted and observations:

• It was observed that the density and hardness of the mate-
rial depend strongly on the particle fraction of powder; with 
an increase in density, hardness also rises. Indeed, higher 
values of density and hardness were observed in samples 
made from the finer fraction of a Distaloy SA powder (espe-
cially 40–56 μm). 

• A smaller non-uniformity of the microstructure and the 
highest degree of compactness can be obtained in sinters 
from the powder of fraction 40–56 μm, with 0.4 wt.% B. 

• Due to the use of small particle fractions of prealloyed pow-
der, a higher degree of compactness in sinters was obtained 
with lower boron contents. 

• The hardness of sinters under investigation depends on bo-
ron contents and particle size. 

• During sintering, the volume of samples decreases in rela-
tion to the green compacts. 

• The liquid-phase enhances the sintering process for all frac-
tions but it is the most visible in case of 40–56 μm fraction 
with 0.4 wt.% and 0.6 wt.% B giving 99 and 98% of relative 
density.
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Abstract
The latest research work in the field of electric power systems focuses on the development of new wire materials which will 
allow the increase of the transmission capacity of power lines currently in use. The reason for this research was the often limited 
possibilities of continuous and failure-free transmission of electricity. In this paper, the authors present research on a new alu-
minium-based alloy dedicated for use as a conductive braid in the HTLS cable group. There are many technical solutions for this 
group of cables on the market, although they are solutions with a number of disadvantages, ranging from their high price, various 
operational shortcomings, complicated installation techniques, and ending with the risk of monopolistic practices, which is related 
to the inability to attract several competitive suppliers. The main aim of the research was to develop a new alloy based on alumin-
ium with the addition of silver and molybdenum dedicated for use in special overhead power cables. Experimental research on 
new materials focused on obtaining the necessary knowledge to produce an overhead wire from these alloys with higher current 
carrying capacity in relation to the currently used conventional wire materials based on aluminium.

Keywords:

aluminum, silver, molybdenum, continuous casting, drawing, wire, conductivity, thermal resistance, temperature coefficient of 
resistance, rheological properties, HTLS conductors

1. INTRODUCTION

Any material dedicated to wire applications should meet 
a number of requirements, including high electrical and ther-
mal conductivity, high tensile strength and high permissible 
operating temperature [1–3]. This material should also be 
corrosion resistant, while the relatively low cost of material 
used for the conductor is also important [4, 5]. The modern 
power industry expects new, dedicated aluminum based 
alloys with non-standard properties, including increased 
resistance to temperature [6, 7]. Analyzing the examples of 
solutions patented in recent years, two trends in the field of 
electric power systems can be observed [8–10]. The first one 
focuses on the search for high-strength wire materials and 
the second on the search for alloys with increased thermal 
resistance, which is closely related to the development of 
high temperature cables. The thermal resistance of the con-
ductor material is the rate of permanent degradation of the 
macroscopic strength properties of the material (hardness, 
tensile strength, yield point) in the work-hardened state as 
a result of exposure to elevated temperatures. The slower 
the rate at which the strength properties of the material de-
grade as a result of increased temperatures proves the higher 
heat resistance of such a material. Materials with higher heat 
resistance enable increases in the operating temperature of 
power cables made from them, thus increasing their current 

carrying capacity. The most frequently used additive and 
most widely tested is zirconium, which has a strong influence 
on increasing the temperature recrystallization of aluminum. 
There are four types of heat resistance wires made of alumi-
num-zirconium alloy with working temperatures between 
150°C to 230°C without decreasing their properties [11, 12].  
The properties of these types of alloys are shown in Table 1.

High-temperature cables are usually bimaterial, with the 
core of the cable made of steel, invar or a composite, and 
the conductive layer uses special aluminium alloys with 
increased heat resistance in the hard state (most often 
AlZr alloys) or technical purity aluminium after recrys-
tallization [13–17]. Based on research on the synthesis of 
aluminium alloys with various additives, the addition of 
silver and molybdenum were selected in order to design 
a material dedicated for use in overhead power cables 
[18–22]. Molybdenum, similarly to zirconium, whose effect 
on increasing the heat resistance of aluminium is widely 
known, belongs to the group of transition elements. Both 
metals also belong to the same 5th period of the periodic 
table, which indicates the similar properties of the two ele-
ments. The choice of the silver addition is dictated by its 
effect on increasing the recrystallization temperature and 
rheological properties and also reducing the temperature 
coefficient of resistance after adding it to copper (CuAg  
alloys) [23–25].
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2. MATERIALS AND METHODS

The study was carried out on an aluminium alloy with sil-
ver (0.15 wt.%) and one with molybdenum (0.05 wt.%) ad-
ditives. Cast-rods of 14 mm diameter were obtained using 
a laboratory workstation for continuous casting. The ref-
erence material was high purity aluminium (99.99 wt.%). 
During the continuous casting process, parameters such as 
the temperature of the liquid metal, speed, and sequences of 
continuous casting, conditions of cooling in the crystallizer 
and macrostructure of ingot were recorded. The continuous 
casting parameters are presented in Table 2.

The obtained cast-rods were tested in terms of their chem-
ical composition and heat treatment. The chemical com-
position of Al cast-rods was tested on the SPECTROTEST 
spectrometer, while the new AlAg0.15Mo0.05 alloy was 
tested on an emission spectrometer with inductively excit-
ed plasma OPTIMA 7300 DV by Perkin Elmer. Materials in 
an as-cast state and after homogenization were subjected to 
hardness and electrical conductivity tests. The hardness of 
the obtained alloys was determined using the Vickers meth-
od, the electrical conductivity was carried out using the eddy 
current method. The obtained bars were drawn to the diam-
eter of the wire rod (ϕ = 9.5 mm), then the homogenization 
procedure was carried out (temperature 600°C, time 100 h,  
cooling to water) and then these bars were drawn to the 
final diameter ϕ = 2.4 mm. Electrical properties, rheological 
properties and heat resistance of the wires were tested. The 

electrical properties of the wires were tested at an ambient 
temperature using the Thomson bridge method. The tem-
perature coefficient of resistance were determined for wires 
in the deformation-hardened state (after drawing) and in an 
annealed state (after recrystallization), wires with a diameter 
of 2.4 mm were placed in the measuring rail of the Thomson 
bridge and placed in a heating chamber at temperatures of 
40, 60, 80 and 100°C (for wires in the recrystallized state, 
additionally at 120 and 140°C). After the thermal state of the 
wires was stabilized, their electrical resistance was meas-
ured. Accurate reading of the temperature of the wires was 
possible due to the placement of a thermocouple on the sur-
face of each of them. The measuring base of the wire samples 
was 0.3 m. From the point of view of the application of the 
tested materials for the purpose of electric power, a material 
with high electrical conductivity and a correspondingly low 
temperature coefficient of resistance has a beneficial effect 
in increasing the current carrying capacity of the conductor. 
The next step was to test the stress relaxation of aluminium 
alloy wires, with the test was carried out at on initial stress 
level of 100 MPa for 14 h at a stabilized temperature of 21°C, 
the measuring length of the wire between the jaw clamps 
was l = 600 mm. The heat resistance test was examined for 
materials heated at 250°C for the following time intervals: 
0.3; 1; 3; 10; 24 and 100 h. The uniaxial tensile test was then 
carried out on a Zwick Roell Z020 testing machine. The meas-
uring base of the wire was 50 mm, and the test was carried 
out with a tensile speed of 10 mm/min.

Table 1  
Coparison of the properties for standard conductive materials and for higher heat resistance materials [26]

Table 2  
The continuous casting parameters of AlAg0.15Mo0.05 and Al cast-rods

Material AT1  
(Al-Zr)

AT2 
(Al-Zr)

AT3 
(Al-Zr)

AT4 
(Al-Zr)

A1 
(Al)

Density [g/cm3] 2.703 2.703 2.703 2.703 2.703
Resistivity [nΩ∙m] 28.735 31.347 28.735 29.726 28.264

Temperature coefficient of resistance [°C‒1] 0.00400 0.00360 0.00400 0.00380 0.00403
Tensile strength [MPa]* 159–171 225–248 159–176 159–169 160–200

Elongation [%]* 2.0–1.3 2.0–1.5 2.0–1.5 2.0–1.5 –**
Coefficient of linear expansion [K−1] 23×10−6 23×10−6 23×10−6 23×10−6 23×10−6

Maximum operating temperatures for forty years [°C] 150 150 210 230 80–90
Maximum operating temperatures in 400°C 180 180 240 310 –**

  * value depends on the wire cross-section
** non-normalized property

Parameter Al AlAg0.15Mo0.05
Feed [mm] 10 15

Standstill [s] 10 10
Casting speed [mm/s] 10 10

Liquid metal temperature [°C] 775 811
Cast temperature [°C] 154 168

Water temperature T1* [°C] 7.6 8.3
Water temperature T2** [°C] 13.5 10.9

Primary cooling velocity [min‒1] 0.66 0.72
Secondary cooling velocity [min‒1] 0.31 0.20

   * temperature of the cooling medium before entering the crystallization system
** temperature of the cooling medium after leaving the crystallization system
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3. RESULTS AND DISCUSSION

The chemical compositions of the obtained alloy Al99.9 and 
AlAg0.15Mo0.05 and are presented in Table 3 and Table 4, 
respectively. The chemical composition of the materials is at 
the expected level. The actual silver and molybdenum con-
tent in the alloys was close to the assumed nominal value, 
proving that there are no disturbances in the technological 
process of casting materials.

The results of the Vickers hardness and electrical conduc-
tivity tests are shown in Figures 1 and 2. On the basis of the 
results obtained for the samples in the as-cast condition, 
there is an increase in hardness for the aluminium alloy 
with Ag and Mo additions (20 HV5) compared to the refer-
ence aluminium sample (18 HV5). After homogenization, 
the hardness of the AlAg0.15Mo0.05 slightly decreased to 
19.7 HV5. Molybdenum in the tested amount may be locat-
ed, depending on the conditions of heat treatment, in a solid 
solution or in a separate phase. Based on the Al-Ag and Al-Mo 
binary equilibrium systems and on the results of the electri-
cal conductivity tests, it is postulated that both components 

are deposited in an aluminium solid solution after homogeni-
zation. The heat treatment slightly lowers the electrical prop-
erties of the material. AlAg0.15Mo0.05 alloy in the as-cast 
state generally have acceptable electrical properties (their 
resistivity does not exceed the level of 29 nΩ∙m), although the 
electrical conductivity of the ternary alloy is slightly above 
the expected maximum limit. Heat treatment causes a slight 
decrease in the electrical properties of the material.

 Table 5 shows the results of the tested electrical proper-
ties of aluminium alloy wires in the deformation-hardened 
state (after drawing). Electrical properties of heat-resistant 
wires AlZr type AT1 according to Table 1 are at the level of 
28.735 nΩ∙m (before the drawing process, this value oscil-
lates around the level of 28.1 nΩ∙m), while the resistivity of 
the new alloy AlAg0.15M0.05 is higher than expected and 
amounts to 29.48 nΩ∙m.

Table 3  
Chemical composition of the Al99.9, wt.%

Al Si Fe Cu Mn
99.94 0.00486 0.01720 0.01150 0.00127

Mg Zn Cr Ni Ti
<0.00010 0.00232 0.00557 0.00189 <0.00020

Be Ca Li Pb Sn
<0.00010 0.00197 0.00013 0.00067 <0.00050

Sr V Na Bi Zr
0.00101 <0.00050 0.00456 <0.00080 <0.00050

B Ga Cd Co Ag
0.00022 <0.00040 <0.00010 <0.00020 0.00093

Hg In Sb P As
<0.0005 <0.0005 <0.0050 <0.0020 <0.0030

Ce La Mo
<0.00100 0.00107 <0.00200

Table 4  
Chemical composition of the AlAg0.15Mo0.05, wt.% 

Al Si Fe Cu Mn
99.74 0.00524 0.01300 0.00690 0.00128

Mg Zn Cr Ni Ti
<0.00010 0.00071 0.00435 0.00128 0.00020

Be Ca Li Pb Sn
<0.00010 0.00219 0.00013 0.00113 <0.00050

Sr V Na Bi Zr
0.00101 <0.00050 0.00416 <0.00080 <0.00050

B Ga Cd Co Ag
0.00030 <0.00040 <0.00010 0.00023 0.15520

Hg In Sb P As
<0.00050 0.00086 <0.00500 <0.00200 <0.00300

Ce La Mo
<0.00100 0.00103 0.04900

Fig. 1. Vickers hardness results in the as-cast state and after heat treat-
ment (homogenization and cooling to water) of the AlAg0.15M0.05 
alloy 
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Fig. 2. Results of the electrical conductivity in the as-cast state and 
after heat treatment (homogenization and cooling to water) of the 
AlAg0.15M0.05 alloy
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Alloy Resistivity
[nΩ∙m]

Electrical 
conductivity

[MS·m‒1]

IACS
[%]

Al 27.96 35.77 61.67
AlAg0.15Mo0.05 29.48 33.93 58.49

Table 5  
Electrical properties of the wire
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Figures 3 and 4 show the results of the temperature coeffi-
cient of wire resistance test for both materials, while the test 
results are summarized in Table 6. The angle of slope of the 
line is the temperature coefficient of resistance. Based on the 
research, it is worth noting that the synergistic effect of Ag 
and Mo allowed the temperature coefficient of resistance to 
be reduced by approx. 10%. This is a reduction that is benefi-
cial from a utilitarian point of view.

Figure 5 presents the results of the thermal resistance test 
of wires in a graphic form, while the obtained values are also 
summarized in Table 7. 

The tensile strength of the deformation-hardened wires is 
respectively 116 MPa for the aluminium wire and 120 MPa  
for the AlAg0.15Mo0.05 wire, which shows a signifi-
cantly higher stability of the strength properties. The 
AlAg0.15Mo0.05 alloy shows significantly higher stability in 
terms of strength properties, after holding at 250°C for 100 h,  
it showed a decrease in tensile strength by 17% (100 MPa) 

compared to the wire in the hard state (120 MPa). The refer-
ence aluminium wire with a purity of 99.9% is characterized 
by a decrease in strength properties by 24%. The achieved 
result proves the significantly higher heat resistance of the 
developed three-component aluminium alloy compared to  
the reference aluminium. Therefore, it can be concluded that 
the AlAg0.15Mo0.05 wires show about a 1.5 times lower 
strength decrease compared to pure aluminium wires.

Figure 6 shows the stress relaxation of the aluminium alloy 
wires test results. The relaxation test was carried out at on ini-
tial stress level of 100 MPa, the test was carried out for 14 h  
at a stabilized temperature of 21°C, the measuring length 
of the wire between the jaw clamps was l = 600 mm. The 
obtained test results showed the higher rheological resistance 
of the AlAg0.15Mo0.05 alloy wires than wires made of pure 
aluminium.

Fig. 6. Stress relaxation test results

Fig. 3. Temperature coefficient of resistance of the tested materials in 
the deformation-hardened state
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Fig. 4. Temperature coefficient of resistance of the tested materials in 
the annealed state
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Table 6  
Temperature coefficient of resistance of the tested materials in 
the deformation-hardened/annealed state

Alloy

Temperature 
coefficient of 

resistance
[K−1] 

(deformation-
-hardened state)

Temperature coeffi-
cient of resistance 

[K−1]
(annealed state)

Al 0.0040 0.0041
AlAg0.15Mo0.05 0.0036 0.0039

Fig. 5. Thermal resistance of Al99.99%wt. and AlAg0.15Mo0.05 
wires

Table 7  
Thermal resistance of Al99.99%wt. and AlAg0.15Mo0.05 wires

Heat treatment 
time [h]

Material
Al AlAg0.15Mo0.05

UTS [MPa]

0 116 120
0.3 112 116
1 108 112

3.1 102 108
10 98 105
24 98 103

100 88 100
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4. CONCLUSIONS

Currently, the braids of high-temperature cables are made of 
aluminium-zirconium alloys, with four types of such wires 
having been developed so far (AT1-AT4). These alloys are 
a solution to current electricity problems – they allow for 
a significant increase in the transmission capacity of power 
lines. The addition of zirconium increases the heat resistance 
of aluminium by increasing its recrystallization temperature 
(heat-resistant AlZr alloys allow for the working temperature 
of the wires to be increased up to 230°C), while the permissible 
long-term working temperature of commonly used aluminium 
and steel-aluminium wires is +80°C. AlZr alloys, despite many 
advantages, also have a number of drawbacks, ranging from 
their high price, various operational shortcomings, complicated 
installation techniques, and ending with the risk of monopolistic 
practices, which is associated with the inability to acquire several 
competing suppliers. It is these shortcomings, together with the 
deficit of the transmission capacity of the currently used systems, 
that have become the inspiration to look for new, alternative 
aluminium-based alloys in recent years that will be able to 
meet the growing operational requirements.

As part of the research, alloys with nominal alloying addi-
tions of silver (0.15 wt.%) and molybdenum (0.05 wt.%) were 
produced by continuous casting in laboratory conditions with 
the use of 99.9% pure aluminium matrix (this aluminium was 
also produced as a reference material). The quality of the cast-
ings was satisfactory. The tested materials in the as-cast state 
generally have acceptable electrical properties (their resistivi-
ty does not exceed 29 nΩ∙m), although the electrical conductiv-
ity of the ternary alloy is slightly above the expected maximum 
– the preferred value in the pre-drawing condition is a maxi-
mum of 28.1 nΩ∙m (as for AT1 reference material). No effec-
tive increase in the strength properties of the material was 
observed due to the addition of Mo and Ag in the tested range 
in the as-cast state, although a similar situation occurs in the 
case of the high-temperature AlZr alloys – AT1 and AT3, which 
are used in practice. The heat resistance of the wires with the 
addition of Mo and Ag is higher than pure aluminium wire, 
it can be postulated that this resistance is comparable to the 
heat resistance of AlZr0.05 (AT1). Alloy additions in the form 
of silver and molybdenum lower the temperature coefficient of 
resistance, which reduces the increase in the resistance of the 
conductor along with its temperature increase resulting from 
the heat balance, allowing a favourable current carrying capac-
ity of the target high-temperature conductor to be achieved. 
The lower temperature coefficient of the AlAgMo material 
resistance in the annealed state compared to aluminium wire 
has potential advantages from the point of view of using such 
material in low-sag high-temperature ACSS cables, where the 
braid is made of recrystallized aluminium. The developed 
AlAg0.15Mo0.05 alloy shows higher rheological resistance 
than pure aluminium. On the basis of the conducted research, 
it is possible to design an AlAgMo alloy with a resistivity sim-
ilar to AlZr (AT1) wires currently used for high temperature 
low sag conductors. 

Cables made of the new alloy AlAg0.15Mo0.05 would enable 
the increase of their current carrying capacity and the opera-
tion of cables at elevated temperatures without the risk of the 

degradation of their strength properties. Based on the knowl-
edge obtained during the research, it is possible to design 
a high-temperature cable with a braid made of the new mate-
rial and to simulate its operation in an overhead power line.
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