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Abstract
Transmission conductor forms the essential pathway where electric power traverses from the generating centre station to the 
distribution sub-station. Some glitches in power delivery have been attributed to that occasioned by defective transmission 
conductors. Challenges accruing from transmission conductors can be handled proactively by designing and developing 
robust conductors. This review was aimed at studying the challenges witnessed in power transmission, ways of ameliorat-
ing them, and prospective conductors for future power transmission. In the study, it was observed that lightning, bush fire, 
short-circuiting, and grid overload are some of the challenges in the transmission grid. It was also observed that aluminium 
conductor composite core (ACCC) and aluminium conductor composite reinforced (ACCR) are the two best transmission 
conductors existing presently based on ampacity and efficiency. It was concluded that Al-based composites of CNTs, gra-
phene, BN, Si3N4, and TiC could perform more favourably than the existing transmission conductors. It was recommended 
that these new materials should be studied further to verify their applicability in transmitting electric power.
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1  Introduction

Electricity, which is the movement of charged particles 
(electrons and protons) via a conductor, can be categorized 
into three distinct strata as succinctly captured in Fig. 1a–1c. 
The categories include generation, transmission, and dis-
tribution. Electricity generation is the process of creating 
electric current from primary sources of power. These pri-
mary sources of energy are systematically processed to pro-
duce electricity which is transferred to the power grid for 
transmission and eventual distribution. The essential basis 
of electricity generation was founded by Michael Faraday 
in the late 1820s and early 1830s. The method involved the 
movement of a loop of wire, or Faraday disc, between the 

poles of a magnet. When alternating current (AC) was later 
invented, the establishment of central power stations became 
imperative where power transformers were situated to step 
up generated voltage. Power transformers are used to step 
up generated voltage and transmit the high voltage across a 
long distance encountering very low losses [1–5].

The second category of electricity strata is the transmission 
network. Electricity transmission is the bulk transfer of charged 
particles from the generating point to the electrical distribu-
tion substations (Fig. 1b). Electric power is transmitted over 
long distances at high voltages (in contrast with high current) to 
diminish losses accruing from eddy current (I2R). To minimize 
power loss drastically in a power grid, transmission conductor 
material must be of high quality; that is materials with high 
electrical and thermal conductivities, with minimal resistance to 
the flow of charges. Transformers are responsible for stepping 
up voltages in the power station and stepping down voltages 
in the substation to the level that can be distributed to the end 
users. So, they are just devices for regulating the magnitude of 
voltages in power grids. The voltage generated from the power 
station is about 11–33 kV. This is stepped up by a step-up trans-
former to 100–700 kV. This high voltage is transmitted over a 
long distance to the distribution substation. At substation, it is 
stepped down to distributable voltages of 2.4–34.5 kV [6–9].
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The basis of the contemporary electricity transmission 
grid started in 1882 when Thomas Edison’s Pearl Street Sta-
tion which used a direct current (DC) generator and radial 
line transmission system was commissioned and used prin-
cipally for lighting in New York City. The establishment of 
an alternating current (AC) transmission system started in the 
USA in 1885 when George Westinghouse acquired the pat-
ents for AC system which was developed by L. Gaulard and 
J. D. Gibbs of France. Both the AC and DC transmission sys-
tems at that time were made up of short radial lines between 
generators and loads, and this served the users in the immedi-
ate neighbourhood of the generation station. Thereafter, long-
distant transmission lines were developed [6]. Copper-based 
transmission conductors were in use at that period.

It was in the nineteenth century that the need arose for the 
transmission of electric power over a long-distance. Hitherto, 
the transmission of electricity was via copper-based conductors. 
However, the high cost of copper coupled with its high den-
sity increased the cost of electricity. So, its use as an overhead 
transmission conductor (TC) suffered great setback [9, 10]. In 
a quest to innovate and develop a better replacement for copper 
conductors, Al alloy came into play. Al’s acceptability over 
Cu was because it was more affordable, its density was 232% 
lower than Cu, it passivates more than Cu, and it had an apt 
electrical conductivity that was 200% above Cu by weight [11, 
12]. Even though monolithic Al conductor enjoyed all these 
superior characteristics over Cu in the transmission of electric-
ity, it still face with some functional deficiencies as follows: its 
strength can hardly withstand ice loads and wind vibrations; 
it sags at moderate loads which can obstruct Rights-of-Ways 
(ROW); its maximum operating temperature is below 100 °C; 
and it has limited ampacity due to its low temperature of opera-
tion and a high coefficient of thermal expansion (CTE). These 
limitations of monolithic Al alloy conductors necessitated the 
innovative development of conventional TC called alumin-
ium conductor steel reinforced (ACSR) in the early twentieth 

century. ACSR was made up of layers of 1350-H19 aluminium 
strands wrapped helically around a galvanized steel core. It has 
a higher load-carrying capacity (ampacity) than a monolithic 
Al conductor, and with the steel core, it can withstand a higher 
load than all Al conductors [13, 14].

Meanwhile, electricity distribution is the final strata of elec-
tricity. It involves the transfer of stepped-down voltage from 
the transmission grid to the consumers. Due to the scope of this 
study, electricity distribution will not be discussed much further 
here. A review of high-voltage transmission conductors abounds 
in the literature. But what is scarce is the analysis of possible 
robust materials which would be more affordable, more effi-
cient, and more functional than the existing transmission con-
ductors (TCs) and that which can replace them more favourably 
in the future. So, this study was aimed specifically at studying 
the existing TCs, their deficiencies, ways of solving those limita-
tions, and the presentation of robust materials which can replace 
the existing transmission conductors (TCs) more favourably. 
The study was divided into five (5) subtopics. Section 1 dealt 
with the introduction of the study. Section 2 discussed various 
TCs and their characteristics. Section 3 looked into the chal-
lenges of TCs. Section 4 discussed prospective robust materials 
for future transmission conductors, and Section 5 concluded the 
study with some recommendations. Figure 1 shows the three 
strata of power generation and distribution.

2 � Transmission conductors and their 
characteristics

2.1 � All aluminium conductor (AAC)/all aluminium 
alloy conductor (AAAC)

All aluminium conductor (AAC) and all aluminium alloy 
conductor (AAAC) were the first two Al alloy conductors 
developed to replace Cu conductors. They were developed 

Fig. 1   Illustration of electricity generation, transmission, and dis-
tribution. a Electricity generation (sources: fossil—35.4%; natural 
gas—23.4%; hydro—16.2%; nuclear—10.1%, bioenergy—2.6%, 
wind—6.0%, solar PV—3.1%, geothermal—0.4%, solar—0.05%, 
marine—0.004%); b transmission system (conductors and their 
temperature range: AAC—85  °C, AAAC—95  °C, ACSR—

100  °C, ACCR—210  °C, ACCC—130 to 200  °C, ACSS—250  °C, 
G-TACSR—210  °C, Z-TACIR—200  °C); c distribution network 
(conductors and their temperature range: copper—150 °C, cadmium 
copper—150  °C, aluminium—95 to 100  °C, steel core alumin-
ium—100 °C) [15]
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as an improvement over Cu alloy for overhead transmission 
conductors (TC) because of several factors like cost, weight, 
and availability of Cu. Its electrical conductivity is in the 
range of (33.499–35.346) (Ωm)−1 or 54% IACS. AAAC was 
developed from the Al 6XXX series comprising magnesium 
(0.6–0.9%) and silicon (0.5–0.9%) dispersed on Al to form 
Al6201 and fabricated into a TC. The traces of Mg and Si 
in Al gave the alloy better mechanical strength after heat 
treatment. The major advantages of this TC over Cu include 
as follows: (i) its better corrosion resistance than Cu, (ii) 
its reduced weight, (iii) its more affordable. The limitations 
of this conductor are strength and low operating tempera-
ture of 85 °C. It tends to sag at moderate loads because of 
low strength, low operating temperature, and high CTE of 
22.8 × 10−6 °C−1 [16]. This conductor is apposite for usage 
in distances on wood rods and transmission towers, where 
high tensile strength is not of essence. Usage of this conduc-
tor includes high-voltage (HV) transmission networks and 
sub-service distribution lines. It is the most economical bare 
overhead conductor because of its low density (2.7 g/cm3) 
[17]. Figure 2 shows an image of AAAC.

2.2 � Aluminium conductor steel reinforced (ACSR)

Aluminium conductor steel reinforced (ACSR) is the con-
ventional and most versatile TC to date. Hesterlee et al. [18] 
noted that ACSR is the traditional transmission conductor 
that was developed in 1900. It is made up of galvanized steel 
core arranged in strands (Fig. 3) and encircled with layers 
of Al 1350-H19 wire. The steel core provides the mechani-
cal support while the Al outer layer provides the electrical 
conductivity.

It is used in a long-distance crossing, such as long riv-
ers and hills because of the inherent strength provided by 
the steel core. The current-carrying capacity (ampacity) of 
ACSR is about 600 A which is somewhat higher than that of 
AAAC which is about 550 A at 50 °C. However, the sag of 
ACSR is also high since steel has a high coefficient of ther-
mal expansion (CTE). The steel core has a high density of 
7.9 g/cm3 and this contributes to the high cost of reconduc-
toring network grids with this conductor [14]. The following 
are the strengths of this TC over AAAC: (i) higher strength, 
(ii) higher operating temperature of 100 °C, (iii) utilized in 
long span crossing, (iv) higher ampacity of 600 A at 50 °C, 

and (v) it was developed to solve most of the limitations of 
AAAC. Limitations of ACSR include as follows: (i) the steel 
core is prone to corrosion, (ii) high density of steel core, (iii) 
high CTE (11.5 × 10−6 °C−1), and (iv) susceptible to sag at 
moderate load [20–22].

2.3 � Aluminium conductor composite reinforced 
(ACCR)

ACCR was fabricated with the quest to invent a TC 
that will solve the challenges inherent in AAAC and 
ACSR. This conductor is most often referred to as high-
temperature low sag (HTLS) conductor because of its 
inherent properties. It is made up of an outer layer of 
heat-resistant aluminium-zirconium (Al-Zr) wires and 
fibre-reinforced alumina core (Fig. 4). Strengths of ACCR 
include as follows: (i) alumina fibre core has a low CTE 
of 8.3 × 10−6 °C−1 which is lower than that of steel and 
Al, (ii) it operates at high temperature of about 210 °C, 
(iii) the CTE of the conductor is as low as 6 × 10−6 °C−1, 
(iv) at operating temperatures of 150–200 °C, its ampacity 
is in the range of 1500–1700 A, and (v) the densities of 
Al2O3 and Zr are low, and they are resistant to corrosion 
[21, 23, 24]. The following are some of the limitations of 
ACCR: (i) it sags at relatively high temperatures [25], (ii) 
the density of the core (3.0 g/cm3) is not as low as that of 
Al, thus requiring more tower supports, and (iii) Zr is not 
as affordable as Al.

2.4 � Aluminium conductor composite core (ACCC)

Aluminium conductor composite core is another HTLS 
conductor developed to favourably replace conventional 
ACSR conductors. The core consists of a single piece of Fig. 2   All aluminium alloy conductor [17]

Fig. 3   Image of aluminium conductor steel reinforced [19]
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rod made of carbon/E-glass/epoxy composite which pro-
vides the mechanical support, and an outer conducting 
layer consists of fully annealed Al1350-O strands (Fig. 5). 
The conductor is fabricated via pultrusion process [27].

Advantages of ACCC over other conductors include as 
follows: (i) its density is as low as 1.935 g/cm3, (ii) its 
CTE is as low as 1.6 × 10−6 °C−1, (iii) it is resistant to 
corrosion, (iv) it exhibits very low sag because of its low 
CTE, and (v) it has a high ampacity range of 1600–1800 A 
at the temperatures of 150–200 °C [29, 30]. Some limita-
tions experienced in ACCC include as follows: (i) the C/E-
glass core does not provide adequate mechanical support 
that can withstand ice, wind, and other critical loads and 
(ii) it was reported that the core degrades at temperature 
above 130 °C [25].

2.5 � Aluminium conductor steel supported (ACSS)

Aluminium conductor steel supported (ACSS) was devel-
oped and fabricated by South Wire of GA, USA. Figure 6 
shows the configuration of the conductor. It is made up of 
annealed aluminium 1350-O strands that make up the elec-
trical conducting layers and strands of conventional steel 

that make up the inner core which provides the mechanical 
support [31]. Strengths of ACSS conductor include as fol-
lows: (i) very high operating temperature of 250 °C, (ii) 
its ampacity at 150–200 °C ranges from 1400 to 1550 A, 
and (iii) steel core provides high mechanical strength to 
support ice and wind loads. Limitations of ACSS include 
as follows: (i) the steel core is prone to corrosion, (ii) the 
density of ACSS is high due to the steel core, and (iii) 
the CTE is as high as 11.5 × 10−6 °C−1, so it experiences 
high sag.

2.6 � Gap‑type aluminium conductor steel reinforced 
(G‑TACSR)

This is another type of HTLS conductor designed to oper-
ate at high temperatures. It was designed in such a way 
that a small gap exists between the central core made 
of steel and the electric conducting outer layer made of 
trapezoidal-shaped aluminium strands. Its operating tem-
perature is 210 °C [33]. It is shown in Fig. 7. Advantages 
of G-TACSR include as follows: (i) it has a high operating 
temperature, (ii) high ampacity, and (iii) high strength to 
withstand ice and wind loads. Disadvantages include as 
follows: (i) steel core is prone to corrosion, (ii) its instal-
lation is more complex and labour demanding than ACSR, 
and (iii) the high density of steel undermines its afford-
ability for reconductoring.

2.7 � Zirconium‑type aluminium conductor Invar 
steel reinforced (Z‑TACIR)

Zirconium-type aluminium conductor Invar steel rein-
forced conductor was designed and fabricated by LS Cable 
of Korea [31]. Its configuration consists of a central core 
made of invar alloy (64% steel and 36% nickel). It can 
operate at a high temperature of 200 °C. Advantages of 
Z-TACIR include as follows: (i) high operating tempera-
ture, (ii) high ampacity, (iii) low CTE of 3.0 × 10−6 °C−1, 

Fig. 4   Image of aluminium conductor composite reinforced [26]

Fig. 5   Image of aluminium conductor composite core [28] Fig. 6   Image of aluminium conductor steel supported [32]
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and (iv) its ampacity at a temperature range of 150–200 °C 
is 1300–1500 A [19, 35]. Its weaknesses include as fol-
lows: (i) its tensile strength (1080 MPa) is 8% lower than 
galvanized steel used in ACSR. Figures 8 and 9 show the 
characteristic of existing transmission conductors.

From Fig. 8, ACCC possessed the highest ampacity 
across the whole operating temperature. This buttressed 
the fact that the ampacity of a conductor is a function of 
many factors. Even though AAAC had the least ampacity 
at 50 °C, its ampacity was higher than some other con-
ductors like G-TACSR and Z-TACIR at elevated tempera-
tures below its maximum operating temperature of 100 °C. 
What we are trying to establish is that material properties 
play a major role in the functionality and performance of 
conductors. Such essential properties include as follows: 
CTE, thermal conductivity, electrical conductivity, corro-
sion resistance, density, and strength. It can be seen from 
Fig. 9 that ACCC has very low CTE and low density which 
may have contributed to its high ampacity.

3 � Performance impediments in transmission 
conductors

Several challenges are ravaging the optimal functionality 
of transmission conductors. Accordingly, Zainuddin et al. 
[29] posited that grid overload, wildfire, lightning, harsh 
meteorological conditions, and short-circuiting are most 
of the factors militating against a conductor’s efficiency.

Grid overload occurs when excessive voltage passes 
across a transmission line culminating in grid distor-
tion and eventual collapse. Most often, grid overload 
is the cause of erratic power supply. It was discovered 
that too much demand for electricity occasioned by swift 

Fig. 7   Image of gap-type aluminium conductor steel reinforced [34]

Fig. 8   Ampacity profiles of transmission conductors [29, 36]

Fig. 9   Density and coefficient of 
thermal expansion of TCs [29]
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population explosion and increase in economic growth 
were the causes of grid overload [37]. To battle this chal-
lenge, new materials with high thermal stability and elec-
trical conductivity should be used in the development of 
TC to withstand the elevated temperature occasioned by 
increased load during peak hours. Alloying Al with such 
materials like graphene, CNTs, SiC, TiC, and BN that 
possess high melting temperature, robust thermal conduc-
tivity, and minute CTE is one of the ways of developing 
improved TC which can withstand excessive high tempera-
tures caused by grid overload [9, 21].

Wildfire damages TCs. Oftentimes, aggressive wind 
velocity and dry wind cause explosive bush burning which 
has caused many network failures in sub-Saharan Africa, 
California, and Australia [38]. Wildfire is caused by natu-
ral and human activities. Natural causes of wildfires are 
not easily controlled because they are caused by harsh cli-
mate change. Transmission conductors attacked by wildfire 
are heavily damaged since flame heat goes up to the range 
of 1000–1200 °C, thereby impeding their optimal perfor-
mance [39, 40]. Excessive and long-term attacks of TCs 
by wildfire can cause a rise of line temperature by 50%. 
This results in untimely ageing of the TC. Aged metals, 
including TCs, exhibit reduced ultimate tensile strength, 
diminished hardness, and increased insulation because 
of the precipitated second phase, deteriorated thermal 
properties, and accelerated corrosion. An attack on these 
properties’ snowballs into depreciation of the conductor’s 
ampacity, robustness, and longevity. The effects of wild-
fire can be reduced by introducing fire retardant reinforce-
ments to composite conductor materials. This will increase 
the breakdown temperatures of TCs.

Lightning causes heavy havoc on TCs. A single attack 
of lightning on the transmission grid can produce a stroke 
current of about 200,000 A. If for instance the strike pro-
duced only 40,000 A of current, a temperature of 30 kK, 
and energy of 39550 J/ohm will be produced [41, 42]. 
Then imagine if it is 200,000 A that was induced by the 
lightning. The damage will be very devastating as can 
be seen in Fig. 10. Conductors attacked by lightning can 
never be the same again in terms of performance. As the 
lightning strikes the line conductor, the current due to 
the lightning will add up to the normal line current. The 
uppermost part of the outer layer gets the major brunt of 
the attack as seen in Fig. 10. In some cases, the whole 
line will get gutted by the heat induced by the combina-
tion of line current and lightning current [43]. Research 
has revealed that the level of temperature rise as a result 
of lightning is dependent on two factors including: the 
type of conductor material and the size of the conductor. 
When the conductor is made of material with high ther-
mal conductivity, it will withstand more lightning effects 
than the one with low thermal conductivity. On the other 

hand, a conductor with a smaller area experiences higher 
temperature rise than that with a larger area [44].

It is because of this that the telecommunication lines 
attacked by the same lightning gets damaged more than the 
transmission lines that received the same attack as the cross-
sectional area of the telecommunication lines is smaller than 
that of TC line. Lightning induces premature ageing on the TC 
lines. Unfortunately, ageing depreciates conductor efficiency 
and promotes voltage drop on the grid. To offset this challenge, 
materials with high thermal conductivities are encouraged to 
be alloyed into an Al matrix to enhance the swift conduction 
of heat away from the grid. Some of the materials with high 
thermal conductivities include CNTs and TiC [21, 45, 46].

Harsh meteorological conditions induce excessive con-
traction and expansion of conductors during temperature 
fluxes. During ordinary meteorological conditions, heat is 
readily conducted away to prevent destructive heat accumu-
lation and temperature rise in the TC. But in harsh mete-
orological conditions, the temperature of the conductor 
increases to the extent of initiating premature ageing of the 
conductor. Normally, in the summer or dry season, air con-
ditioners and other electrical appliances are put into maxi-
mum use; and this increases the power demand in the grid 
which subsequently induces creep and other thermal issues. 
But in winter or wet season, power requirement goes down 
and this induces TC line contraction which subsequently 
induces undue thermal stress too [47, 48]. Therefore, both 
the wet and the dry seasons or winter and summer have their 
peculiar negative impacts. Hence, improved materials that 
are resistant to excessive expansion and contraction of the 
TC network are advocated for. More so, high wind speed 
induces swift cooling of heated transmission conductors 
[49]. Windy ambient is more benign to transmission grids 
than humid ambient. Also of paramount importance is the 
direction of the wind [50]. The wind direction perpendicular 
to the periphery of the conductor has a higher cooling effect 
than the wind direction parallel to the surface. Therefore, 
TC’s type to be used in an area should consider the approach 
of wind to the grid. So, in summary, TC’s temperature is 
negatively affected by the following factors: high solar radia-
tion, high ambient temperatures, low wind speed, and paral-
lel wind direction to the conductor surface.

Meanwhile, short-circuiting is another impediment wit-
nessed in the TC grid. It occurs when a current which cannot 

Fig. 10   Outer layer of conductor damaged by lightning
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be contained by a conductor travels through it. It is most 
often instigated by unforeseen mishaps, failure of infrastruc-
ture, collapse of the insulating devices, bridging of close-
by conductors, etc. This challenge can culminate in a total 
breakdown of the transmission grid, the detonation of the 
cable, or explosive fire outbreak because the combination of 
current from the nearby transmission lines would overheat 
the grid. It was revealed that most bird cage defect expe-
rienced in transmission grids is caused by short-circuiting 
[51]. The over-heating propensity of the transmission grid 
affected by short-circuiting was investigated by Soulinaris 
et al. [52] and it was observed that temperature rises up to 
50%, and this rise can burn down conventional conduc-
tors like ACSR and AAAC which does have high thermal 
stability. The presence of fault currents of the magnitude 
of 10,000 A in the grid brings about short circuit as well. 
Normally, this abnormality occurs when a large current is 
transmitted to a high-voltage transformer which in turn gen-
erates too excessive current [53, 54]. To ameliorate the haz-
ards of short-circuiting, high-temperature low sag (HTLS) 
conductors like ACCR and ACCC which can withstand a 
temperature of over 200 °C (Figs. 8 and 9) are recommended 
for application on the grid. Nanomaterials that can with-
stand high temperatures like BN or graphene are equally 
recommended for the development of conductors that can 
withstand short-circuiting.

4 � Materials for future transmission 
conductors, processing challenges, 
and possible remedies

Research shows that all the limitations experienced in the 
transmission grid that hamper the optimal functioning and 
maximum efficiency of transmission conductors manifest 
majorly in excessively high temperatures. This excessive 
increase in the temperature instigates one or more problems 
of creep failure, fatigue, and ageing. It can thus be postulated 
that the solution to most of the challenges and limitations in 
the utility grid can be achieved through materials develop-
ment. For instance, conductors developed with flame-retard-
ant nanomaterials can withstand high flame temperatures 
emanating from wildfire. Creep-resistant nanomaterials 
which can be incorporated into the conductor will bequeath 
it with the creep-resistant property. Developing robust con-
ductors with refractory nanomaterials like graphene, BN, 
and CNTs will enable such conductors to conduct excessive 
heat generated by lightning swiftly at the instance of such 
mishap. New nanomaterials with little to zero coefficient of 
thermal expansion, when used in the development of con-
ductor material, will enable such conductors to expand less 
during the summer or dry season and contract less during the 
winter or wet season. When the expansion and contraction 

are thus very minute, sag occurrence will be minimal. The 
authors clarified earlier the reasons behind the acceptabil-
ity of Al-based conductors more than Cu-based conductors. 
Therefore, this section will dwell on possible Al-based com-
posite materials that would perform better than the existing 
TC materials in the future grid. Some Al composites that 
can perform more robustly in transmission conductors are 
discussed in Section 4.1.

4.1 � Robust materials for future transmission 
conductors

1.	 Al-CNTs: Carbon nanotubes (CNTs) have an excellent 
thermal conductivity of 4000 Wm−1 K−1, the gigantic 
elastic modulus of 1 TP, and very low coefficient of ther-
mal expansion of almost zero together with a low den-
sity of 1.7 g/cm3. These prominent properties of CNTs 
are readily bequeathed on Al alloy when it is reinforced 
with it. The report has it that during the synthesis of 
Al-CNT composite, thermal mismatch is one of its 
strengthening mechanisms since the two materials have 
a wide difference in their CTEs [55]. It was reported 
that CNTs not only improve the mechanical strength of 
Al alloy but also improve the tribology [56, 57], corro-
sion [58, 59], thermal, and electrical conductivities [60] 
of the Al matrix. Kumar et al. [61] studied the effect 
of CNTs reinforcement on Al alloy. It was discovered 
that the hardness was elevated together with the corro-
sion resistance. In another study, it was observed that 
the tensile strength increased by 129% with the addi-
tion of 5 vol% CNTs to Al alloy [62]. He et al. [63] 
recorded an increase in tensile strength by 184% and 
hardness by 333% when Al alloy was reinforced with 
6.5 vol% CNTs. In a study to investigate the effect of 
CNT reinforcement on Al alloy, Ujah et al. [64] reported 
a decrease in corrosion rate by 46% in NaCl solution 
and 47% in H2SO4 solution by the addition of 4 wt% 
CNTs in Al alloy. Improvement of tribological, electri-
cal, and thermal properties of Al using CNT reinforce-
ment was investigated in another study. The coefficient 
of friction got reduced by 52%, wear volume decreased 
by 23%, thermal conductivity increased by 35%, and 
electrical conductivity improved by 2% [65]. So, it is 
logical to state that Al-CNT composite is a prospective 
robust material for the development of high-performing 
transmission conductors going by all the aforementioned 
characteristics.

2.	 Al-BN: Boron nitride (BN) is a refractory ceramic with 
high thermal stability and good mechanical character-
istics (one of the stiffest materials besides diamond). 
Among other properties, it has high thermal conductiv-
ity (740 Wm−1 K−1), low CTE (2.7 × 10−6 K−1), high 
thermal shock absorber, transparent to microwaves, 
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non-toxic, readily machinable, non-abrasive, resistant to 
chemical attack, and cannot be wetted by most molten 
metals [66]. It is because of its excellent properties that 
researchers found it imperative to reinforce Al with BN. 
Many authors have reported improvements in Al alloy 
when reinforced with BN in mechanical, thermal, tribol-
ogy, and corrosion characteristics. Firestein et al. [67] 
obtained the following results in such a study. Tensile 
strength increased by 75%, yield strength increased by 
190%, followed by considerable plastic deformation 
when 4.5 wt% BN was added to the Al matrix. The 
addition of 4 wt% BN to Al alloy by Gostariani et al. 
[68] generated an increase in tensile strength from 212 
to 333 MPa and elevation of hardness by 90%. When 5 
wt% BN was added to Al matrix and processed via pow-
der metallurgy, the ultimate tensile strength increased 
by 130%. However, when the weight percent of BN was 
reduced to 4.5, the improvement was reduced to 50% 
[67, 69]. All these are evidence that Al-BN is a prospec-
tive robust material for the development of twenty-first 
century high-voltage TC.

3.	 Al-TiC: Titanium carbide (TiC) or cermet is a ceramic 
notable for enhancing the properties of most metal alloys. 
When TiC is incorporated into Al alloy, its thermal, 
mechanical, tribological, and corrosion properties are 
usually improved. Raviraj et al. [70] researched the effect 
of TiC addition on Al alloy. The authors observed that 
when 5 wt% TiC was incorporated into the Al matrix, the 
following improvements were recorded. The yield stress 
increased by 88%, elastic modulus increased by 21.6%, 
hardness increased by 20.3%, and elongation increased by 
52.4%. Subsequently, Bauri et al. [71] studied the effect of 
TiC reinforcement on the Al matrix when the composite 
was consolidated with double-pass friction stir process-
ing (FSP). The authors observed that the ultimate tensile 
strength increased by 40% while the hardness increased 
by 52.6%. The addition of 7.5 wt% TiC into the Al matrix 
improved the composite’s tribology wholesomely [72]. 
The yield stress, ultimate tensile strength, and elongation 
of Al-0.5 wt% TiC composite were increased by 117.3%, 
40%, and 81.3%, respectively [73]. Since the deficiencies 
of monolithic Al alloy are readily augmented by TiC, the 
development of high-performing TC with Al-TiC com-
posite is not only resourceful but timely.

4.	 Al-SiC: silicon carbide (SiC) is a ceramic notable for 
its high electrical, mechanical, and thermal properties. 
Hence, reinforcing Al alloy with SiC not only improves 
its electrical properties but that of its thermal and 
mechanical properties. Porter and Davis [74] reported 
that SiC possesses excellent thermal properties (high 
thermal conductivity and low CTE) and excellent elec-
trical conductivity. In research to investigate the effect of 
SiC reinforcement on the Al matrix, the incorporation of 

5 wt% SiC into the Al matrix enhanced the microhard-
ness by 32%, wear resistance by 40%, and COF by 6% 
[75]. Kamrani et al. [76] added 7 vol.%SiC to the Al 
matrix. An increase in yield strength by 64%, an increase 
in compressive strength by 48.3%, and an increase in 
microhardness by 90.4% were achieved. More so, Yag-
hobizadeh et al. [77], in their experiment, reinforced the 
Al matrix with 18 wt% SiC and obtained the following 
improvements: ultimate tensile strength (90%), hard-
ness (31.6%), tensile strength (71.4%), and compressive 
strength (42.9%). These showcased characteristics of Al-
SiC composite are the reason why it is being projected 
as a potential TC material in the coming century.

5.	 Al-B4C: Boron carbide (B4C) is regarded as one of the 
stiffest ceramics just below diamond and cubic boron 
nitride. Its prospective application in the development 
of robust transmission conductors is because it has high 
strength with a low density of 2.52 g/cm3. Boron carbide 
possesses a covalent bond and exhibits a high melting 
temperature of 2427 °C which makes it stand out for 
high-temperature application. Its high Vickers hardness 
of 3770 HV, excellent toughness, and good fatigue resist-
ance make it good for strength-demanding applications 
[78]. A lot of researchers have investigated thoroughly 
the effect of B4C addition to Al alloy. Tayebi et al. [79] 
in their study used a hot pressing method to consolidate 
Al-25%B4C. The presence of B4C reinforcement lowered 
the CTE of the composite to 8 ppm/°C. This property 
makes it a good material for heat sinks and high-voltage 
conductor. In another study, the microhardness and ten-
sile strength of Al-B4C increased by 1.1 and 1.2 times 
higher than that of monolithic Al alloy [80]. From the 
literature, the addition of B4C reinforcement into Al alloy 
decreased the CTE, reduced the wear volume, increased 
wear resistance, increased the hardness, enhanced the 
fracture toughness, and all the strength of the resulting 
composite [81, 82]. Therefore, it is imperative to develop 
and characterize this composite further and ascertain its 
applicability in high-voltage transmission conductors.

6.	 Al-TiN: Titanium nitride (TiN) is a widely used ceramic 
due to its hands-on properties such as top-notch hard-
ness, high corrosion resistance, excellent heat resistance, 
and impressive wear resistance [83, 84]. Due to the 
excellent properties exhibited by TiN, a lot of research 
has been conducted on it. Some of them are discussed as 
follows. Hashemi and Hussain [85] studied the tribologi-
cal characteristics of TiN-reinforced Al alloy. Using a 
friction stir processing (FSP) technique to consolidate 
the Al-TiN composite, the authors observed that its wear 
resistance increased by 60% while the friction coeffi-
cient reduced by 45% as compared to the unreinforced 
Al alloy. The improvement was attributed to the high 
hardness and grain refinement impacted on the compos-
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ite by the TiN. Kgoete et al. [86] worked on the thermal 
improvement of Ti6Al4V using TiN reinforcement. The 
composite was consolidated with spark plasma sintering. 
It was observed after characterization that the oxidation 
resistance increased considerably with the addition of 
TiN reinforcement. There was a formation of thin film 
on the surface of the material which prevented thermal 
decomposition of the composite at high temperature. 
Thermal oxidation of the composite at high tempera-
tures resulted in the increment of surface hardness from 
601.49 to 838.24 HV due to the formation of a tough and 
fracture resistant oxide layer. It was equally discovered 
that the addition of TiN on metal matrices improves the 
corrosion properties of the composites. It was reported 
that the incorporation of 5 wt% TiN into Ti6Al4V matrix 
improved the polarization resistance of the composite 
from 989 to 6210 Ω, and reduced the corrosion rate from 
0.99 to 0.14 mm/year. The TiN reinforcement equally 
increased the hardness from 300 to 700 HV [87]. From 
the properties exhibited by TiN reinforcement, TiN is a 
prospective material for the development of robust high-
voltage transmission conductors.

7.	 Al-TiB2: Titanium diboride (TiB2) is an exceptionally 
hard ceramic with apt heat conductivity, high oxidation 
resistance with excellent wear resistance. Its high elec-
trical conductivity endears it for use in the development 
of electrical conductors such as cathode material in 
aluminium smelting and electrical discharge machining 
[88, 89]. Hence, it can be applied in high-voltage trans-
mission conductors when dispersed on an Al matrix. 
However, the wider application of this ceramic is limited 
by economic factors, especially the cost of densifying 
a material with such a high melting temperature [90]. 
However, the discovery of modern consolidation/den-
sification techniques like SPS has made this less of a 
problem. Research on the effect of TiB2 reinforcement 
on Al alloy has been reported widely in recent times. An 
increase in ultimate tensile strength and yield strength 
by 61% and 67% respectively was recorded when 12 
wt% TiB2 was added to Al alloy. The fracture exhibited 
by the composite was a mixed brittle-ductile fracture 
due to the presence of the hard reinforcing phase of 
TiB2 [91]. Tee et al. [92] used a stir casting technique to 
fabricate Al-TiB2. The authors discovered that the wear 
loss decreased when the volume fraction of the rein-
forcement increased. By incorporating 4 wt% TiB2 into 
an Al matrix, it was observed that the tensile strength 
increased to 135 MPa while the percentage elongation 
increased to 12.5 also; the wear resistance got elevated 
too [93]. So, as the properties of Al reinforced with TiB2 
is very enticing and robust, it is recommended that this 
composite will perform creditably in high-voltage trans-
mission conductor.

8.	 Al-Graphene: Graphene is an allotrope of carbon made 
of one-layered (2-D) carbon atoms consisting of a hex-
agonal lattice configuration. It is notably popular for its 
high toughness, high flexibility, extremely lightweight, 
with high resistance to shock and abrasion. Research 
shows that graphene is 200 times more resistant to 
indentation and shock than steel, and five times less 
dense than aluminium. It is because of these properties 
that graphene is applied in energy, structures, construc-
tion, electronic, and electrical sectors [94]. The light 
weight of graphene, high strength, and high thermal/
electrical properties have made it a research focus of 
many authors. Studies on the effect of graphene addi-
tion on the properties of Al alloy have been undertaken 
by many researchers. An increase in elastic modulus by 
45%, tensile strength by 52%, and a reduction of density 
by 11% were recorded when 2 wt% graphene was used to 
reinforce the Al matrix [94]. Graphene has been associ-
ated with the capability of inducing grain refinement 
and active load transfer. It was these characteristics that 
Niteesh Kumar et al. [95] opined were responsible for 
an increase in Vickers hardness from 35 to 74 VHN, 
yield strength from 145 to 265 MPa, ultimate tensile 
strength from 185 to 270 MPa, and a reduction of elon-
gation from 15 to 13% when 1 wt% graphene was dis-
persed on Al matrix. When mechanical milling of the 
powders was undertaken before the consolidation of the 
Al-graphene composite, a record achievement of a 105% 
increase in hardness and 85% increase in compressive 
yield strength was obtained [96]. Besides load transfer 
and grain refinement strengthening, Orowan strength-
ening was responsible for hardness increase of 115.1% 
when Al-1 wt% graphene was consolidated via mechani-
cal milling [97]. When the graphene layer is embed-
ded systematically to form a network of pristine-Al/Gr/
pristine-Al structure, an electrical conductivity that is 
70 times higher than the conductivity of the Al matrix 
is achieved [98]. These enumerated characteristics of 
Al-graphene composite form the basis for projecting it 
as a substantial robust material for the development of 
new-generation TC.

9.	 Al-Si3N4: Silicon nitride (Si3N4) is another important 
ceramic with high oxidation resistance, high thermal 
stability, low thermal expansion coefficient, high frac-
ture toughness, and high strength required for struc-
tural application [99]. The excellent compressive and 
yield strengths of Si3N4 have been a major pointer in its 
use in engineering applications. This was observed by 
Senel et al. [100] who carried out a comparative study 
of Al-SiC and Al-Si3N4. The authors discovered that SiC 
improved hardness more while Si3N4 performed bet-
ter in the compressive strength of the composite. Since 
Si3N4 is a good electric insulator, with the resistivity of 



4132	 The International Journal of Advanced Manufacturing Technology (2024) 130:4123–4136

about 1015 Ω cm, but has high thermal stability (very low 
CTE), with good compressive strength, it is a good mate-
rial for conductor core. The characteristic requirement of 
the conductor core is high strength and low CTE. It is 
the core that provides the TC system with mechanical 
support and thermal stability. In a quest to establish the 
properties inherent in Al reinforced with Si3N4 reinforce-
ment, Mohanavel et al. [101] studied the mechanical and 
tribological properties of Al alloy reinforced with Si3N4. 
The following improvements were recorded when 3 wt% 
Si3N4 was incorporated into the Al matrix. Microhardness 
increased from 67 to 94 VHN; tensile strength increased 
by 57.89%; wear rate decreased substantially; mode of 
wear was abrasive as against adhesive wear mode of Al 
alloy; and the fracture experienced was brittle-ductile 
fracture. So, Si3N4 not only improved the mechanical 
properties of the alloy but also enhanced the tribologi-
cal properties. In a similar study, microwave sintering 
was used in consolidating Al-3wt% Si3N4. The authors 
observed the differences between the properties of mono-
lithic Al alloy and Si3N4-reinforced Al alloy as follows: 
ultimate compressive strength increased from 305 ± 3 to 
364 ± 2 MPa; microhardness increased from 38 ± 3 to 
77 ± 2 HV; and yield strength increased from 70 ± 4 to 
127 ± 4 MPa [102]. It is because of these observed prop-
erties of Al-Si3N4 composite that it is being projected as 
TC core material for the next generation.

4.2 � Material processing challenges and possible 
remedies

	 I.	 Non-homogenous dispersion of reinforcement on Al 
matrix: It is very common to observe agglomeration 
of reinforcements in the microstructure when an Al 
matrix is reinforced with CNTs or graphene. These 
two materials are very difficult to disperse because of 
their long aspect ratios and poor wettability due to high 
chemical inertness. So, the fabrication of Al-CNTs or 
Al-graphene composites suffers high agglomeration 
that leads to inhomogeneous microstructure, the evo-
lution of micropores, and depreciation of prospective 
properties. To reduce their agglomeration, several 
practices are recommended: (a) high-energy ball mill-
ing of the composite powder before heat treatment can 
enhance homogenous dispersion. (b) Ultrasonication 
can help in the disentanglement of CNTs or graphene 
and increase their homogenous dispersion. (c) Func-
tionalization of CNTs or graphene will help in the dis-
persion of CNTs [103–105].

	 II.	 Chemical stability of CNTs and graphene in Al matrix: 
Pristine CNTs are very unreactive with most metals, 
especially Al. So, this makes their bonding very weak, 
and prospective properties fall below average. To ame-

liorate this challenge, it is recommended that they are 
functionalized to introduce moieties, carboxylic acid 
or hydroxyl groups which help as the reaction sites for 
any material they are introduced to [106, 107].

	 III.	 High production cost: The cost of producing CNTs, 
graphene, and most nanomaterials is still very exorbi-
tant. So, the development of future transmission con-
ductors with these materials is not yet cost-effective. 
To remedy this situation, sustainable production of 
CNTs from biowastes is highly recommended.

	 IV.	 Evolution of detrimental intermetallic phase during 
the production of Al-TiN composite: Processing of 
Al-TiN via sintering or heat treatment in any form 
leads to the evolution of TiAl3 intermetallic com-
pounds [108]. Close contact of Al with TiN during 
processing leads to the formation of this intermetal-
lic phase which has a high melting point but is very 
brittle, and leads to the deterioration of mechanical, 
electrical, thermal, and tribological properties of 
the composite [109]. To remedy this challenge, the 
addition of remedial elements like silicon is recom-
mended. This will help in forming a stable compound 
with Ti and obstruct a reaction between Al and TiN. 
Another method is by using two step sintering routes 
where the TiN powder is sintered at a low temperature 
that does not favour the formation of the intermetal-
lic, then followed by sintering the Al matrix at a high 
temperature and bonding them together thereafter.

	 V.	 Poor wettability of B4C in Al matrix: The production 
of Al-B4C composite for high power transmission is 
challenged by low wetting out of B4C reinforcement in 
the Al matrix. This is occasioned by the high surface 
energy of the reinforcement [110]. The poor wettability 
leads to poor metallurgical bonding of the two materi-
als. Hence, the composite lacks superior mechanical, 
electrical, and thermal properties requisite of robust 
conductor. The process that can remedy this challenge 
is the use of surface treatment such as plasma spray-
ing, chemical vapour deposition, and sol–gel methods. 
By adopting these methods, the wettability as well as 
bonding of the two materials will be improved.

5 � Conclusion and recommendation

A study of high-voltage conductors has been successfully 
conducted and the following conclusions have been drawn:

1.	 Among all the studied conductors, ACCC has the high-
est ampacity followed by ACCR. However, ACCC is 
still ravaged by low strength while ACCR is challenged 
by relatively high CTE.
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2.	 Al-based conductors are preferably used in overhead 
conductors instead of Cu-based conductors because of 
cost, availability, and density.

3.	 The existing transmission conductors are challenged by 
a number of natural and artificial hazards like wildfire, 
lightning, and short circuit. To solve these challenges, 
new robust materials are proposed as the better replace-
ment for the existing TCs.

4.	 Al-based composites of CNTs, BN, graphene, TiC, and 
Si3N4 are projected as better replacements for HTLS 
conductors for future grids.

5.	 Fire retardant reinforcements should be incorporated 
into conductor materials to ameliorate the effects of 
lightning and bush fire.

6.	 Al-CNTs and Al-graphene composites are challenged by 
agglomeration during processing. So, it was advised to dis-
perse them with high-energy ball milling before sintering. 
Al-TiN composite is prone to generating a TiAl3 interme-
tallic phase which is deleterious to the mechanical prop-
erties of the composite. So, it was advised that two-step 
sintering should be adopted for producing the composite.

7.	 The production of Al-B4C composite for high-power trans-
mission is challenged by low wetting out of B4C reinforce-
ment in the Al matrix which leads to weak metallurgical 
bonding of the composite. The process that can remedy this 
challenge is the use of surface treatment such as plasma 
spraying, chemical vapour deposition, and sol–gel methods.

8.	 It is recommended that the new materials projected for 
future TCs should be fabricated, drawn into wire, and 
test run to verify their prospects in replacing the existing 
conductors.
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