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Abstract 
The growing global need for energy-efficient electrical power systems has driven 
significant research into transformer core materials that minimize energy losses. 
Although conventional silicon steel cores are widely used and reliable, they face 
limitations in reducing hysteresis and eddy current losses, especially during no-load 
or light-load conditions. Recent developments in magnetic nanomaterials—such as 
nanocrystalline soft magnetic alloys, amorphous alloys, and magnetic nanofluids—
offer promising alternatives for improving transformer performance. These 
materials exhibit excellent magnetic characteristics, including high saturation flux 
density, low coercivity, high permeability, and lower core losses. This review 
provides an in-depth analysis of their magnetic behavior, synthesis techniques, 
relationships between structure and properties, and practical applications in power 
and distribution transformers. The factors contributing to their enhanced 
performance, such as suppression of eddy currents, improved magnetic flux 
conduction, and better thermal management, are explored. Additionally, challenges 
related to fabrication, cost, mechanical robustness, and long-term reliability are 
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discussed, along with potential approaches and future research directions to facilitate 
their broader adoption in energy-efficient transformer technologies. 
 
Keywords: Advanced magnetic materials, Energy-efficient transformers, Core loss 
reduction, Enhanced magnetic permeability, Thermal performance improvement. 

1.   INTRODUCTION 

Transformers are essential elements in electrical power distribution, enabling 
voltage regulation across transmission and distribution networks. The efficiency of 
transformers is largely determined by the properties of their core material, as core 
losses—including hysteresis, eddy current, and anomalous losses—represent a major 
fraction of total energy losses. Traditional materials such as grain-oriented silicon 
steel (GOES) and non-oriented silicon steel offer adequate mechanical strength and 
moderate magnetic performance. However, they are limited in their ability to reduce 
energy losses under light-load or no-load conditions, which negatively impacts 
overall transformer efficiency (Zhang et al., 2025; Singh, P. et al., 2024; Wang et al., 
2025). 

To address these shortcomings, magnetic nanomaterials have emerged as 
promising alternatives for transformer cores. These include nanocrystalline alloys, 
amorphous alloys, and magnetic nanofluids, each contributing distinct advantages 
toward enhancing core performance. Nanocrystalline alloys consist of ultrafine 
grains (~10–20 nm) embedded in a residual amorphous matrix, providing high 
saturation flux density (Bs), low coercivity (Hc), and elevated permeability, thereby 
reducing core losses (Zhang et al., 2025; Liu et al., 2024; Gupta, R. et al., 2025; Sharma, 
S. et al., 2025; Sharma, R. et al., 2024). Amorphous alloys, characterized by the 
absence of long-range atomic order, exhibit high electrical resistivity, fewer eddy 
current pathways, and reduced hysteresis losses, making them highly suitable for 
transformer applications (Singh, P. et al., 2024; Wang et al., 2025; Sharma, V. et al., 
2024). 

Magnetic nanofluids—suspensions of magnetic nanoparticles in dielectric carrier 
fluids—enhance thermal conductivity and suppress partial discharges within 
transformer insulation systems. This improved heat management and mitigation of 
localized overvoltages further contribute to transformer reliability and efficiency 
(Sharma, S. et al., 2025; Patel, M. et al., 2024; Rao et al., 2025; Singh, R. et al., 2024). 

Incorporating these advanced materials into power and distribution transformers 
has demonstrated considerable reductions in energy losses, improved thermal 
performance, and better load response (Kumar, A. et al., 2024; Kumar, S. et al., 2025; 
Gupta, N. et al., 2025). This review presents a detailed examination of the magnetic 
properties, synthesis methods, applications, mechanisms of efficiency enhancement, 
associated challenges, and future prospects of magnetic nanomaterials in 
transformer technologies (Verma, D. et al., 2024; Sharma, V. et al., 2024; Gupta, P. et 
al., 2025). 
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2.   MAGNETIC BEHAVIOR OF NANOMATERIALS 

2.1.   Nanocrystalline Alloys 

Nanocrystalline alloys, including Fe–Si–B–Nb–Cu (Finemet-type) and Fe–Co–B–Si 
(Nanoperm-type), demonstrate excellent soft magnetic characteristics due to their 
nanoscale grain structure (~10–20 nm) embedded within an amorphous matrix. This 
microstructure provides high saturation flux density (~1.2–2.0 T), low coercivity 
(~5–10 A/m), and elevated permeability (~10⁴–10⁵). The fine grains limit effective 
eddy current pathways, thereby reducing core losses, while the residual amorphous 
regions inhibit domain wall pinning (Zhang et al., 2025; Liu et al., 2024; Gupta, R. et 
al., 2025; Sharma, R. et al., 2024; Sharma, A. et al., 2025). 

These properties make nanocrystalline alloys particularly suitable for high-
frequency transformer applications, where traditional silicon steel cores experience 
higher eddy current losses and lower permeability. Research has shown that 
transformers using nanocrystalline cores can achieve a 50–70% reduction in core 
losses compared to conventional materials under similar operating conditions 
(Kumar, A. et al., 2024; Kumar, S. et al., 2025; Verma, D. et al., 2024). 

2.2.   Amorphous Materials 

Amorphous soft magnetic alloys, such as Fe₈₀B₁₀Si₉Nb₁, possess a disordered atomic 
arrangement that effectively suppresses eddy currents and domain wall motion, 
leading to low hysteresis and eddy current losses. Their high electrical resistivity 
(100–150 μΩ·cm) significantly limits energy dissipation at typical distribution 
transformer frequencies (50–60 Hz). Studies have shown that amorphous cores can 
reduce no-load losses by 60–80% compared to conventional silicon steel cores 
(Singh, P. et al., 2024; Wang et al., 2025; Kumar, A. et al., 2024; Sharma, V. et al., 2024). 

2.3.   Magnetic Nanofluids 

Magnetic nanofluids, also known as ferrofluids, are composed of nanoparticles—such 
as magnetite (Fe₃O₄) or cobalt ferrite—dispersed in insulating transformer oils. 
These fluids improve thermal conductivity, facilitating more efficient heat dissipation 
and lowering hotspot temperatures by several degrees Celsius. Furthermore, 
magnetic nanofluids have been reported to suppress partial discharges (PDs) within 
transformer insulation systems, thereby enhancing long-term operational reliability 
(Sharma, S. et al., 2025; Patel, M. et al., 2024; Rao et al., 2025; Singh, R. et al., 2024; 
Verma, P. et al., 2025). 
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3.   SYNTHESIS AND PROCESSING OF MAGNETIC NANOMATERIALS 

3.1.   Nanocrystalline Alloys 

Nanocrystalline alloys are generally fabricated using rapid solidification methods, 
such as melt spinning, followed by precise annealing treatments. The annealing 
process facilitates the development of nanoscale grains within the amorphous matrix, 
enhancing the magnetic characteristics. Key factors such as grain size, alloy 
composition, and annealing conditions play a crucial role in determining coercivity, 
permeability, and saturation flux density (Zhang et al., 2025; Liu et al., 2024; Gupta, 
R. et al., 2025). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.  Nanocrystalline Alloys (e.g., Fe–Si–B–Nb–Cu, Fe–Co–B–Si). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.  Nanocrystalline alloys: Fe–Si–B–Nb–Cu (Finemet-type) and Fe–Co–B–Si (Nanoperm-type). (Wang 

et al., 2024). 
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3.2.   Amorphous Materials 

Amorphous ribbons are produced by rapidly quenching molten alloys onto a rotating 
copper wheel, resulting in thin ribbons with thicknesses of approximately 20–30 μm. 
This rapid solidification creates a disordered atomic structure that offers high 
electrical resistivity and low core losses. Fine-tuning the alloy composition can 
further improve magnetic softness and thermal stability (Singh, P. et al., 2024; Wang 
et al., 2025; Kumar, A. et al., 2024). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.  Amorphous Magnetic Materials (Metallic Glasses, e.g., Fe₈₀B₂₀, Fe₇₀Si₁₀B₂₀). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.  Amorphous Magnetic Materials (Metallic Glasses, e.g., Fe₈₀B₂₀, Fe₇₀Si₁₀B₂₀). 

3.3.   Magnetic Nanofluids 

Magnetic nanoparticles are typically prepared using methods such as co-
precipitation, sol-gel, or hydrothermal synthesis and are subsequently dispersed in 
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dielectric oils with surfactants to prevent particle aggregation. The thermal and 
dielectric properties of the resulting nanofluids are influenced by factors including 
nanoparticle concentration, particle size, and the nature of the surfactant coating 
(Sharma, S. et al., 2025; Patel, M. et al., 2024; Rao et al., 2025; Singh, R. et al., 2024). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.  Magnetic Nanofluids (Ferrofluids). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.  Magnetic Nanofluids (Fe₃O₄)(Alzaidy et al., 2025). 
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4.   RESULTS 

Table 1.  Comparison of Hysteresis Loss in Silicon Steel vs. Nanocrystalline vs. 
Amorphous Cores. 

CORE MATERIAL HYSTERESIS LOSS (W/KG)  
Silicon Steel  3.5 
Nanocrystalline 1.2 
Amorphous 0.9 

 
 
 
 
 
 
 
 
 
 

Fig. 7. Comparison of Hysteresis Loss. 

Table 2.  Magnetic Properties of Nanocrystalline vs. Amorphous Alloys. 

PROPERTY  NANOCRYSTALLINE ALLOY AMORPHOUS ALLOY 
Saturation Flux Density (T) 1.6 – 2.0 1.2 – 1.5 
Coercivity (A/m)  5 – 10 2 – 5 
Permeability (µ) 10⁴ – 10⁵ 5 × 10³ – 10⁴ 
Electrical Resistivity (µΩ·cm)  100 – 120 130 – 150 
Hysteresis Loss (W/kg)  1.2 0.9 
Eddy Current Loss (W/kg)  1.0 0.8 

Table 3.  Core Loss Reduction (%) in Different Transformer Materials. 

TRANSFORMER 
MATERIAL 

CORE LOSS 
REDUCTION (%) 

SOURCE REFERENCE  

Silicon Steel 
(Baseline) 

0 (Zhang et al., 2025; Singh, P. et al., 2024) 

Nanocrystalline Alloy 50 – 70 
(Kumar, A. et al., 2024; Kumar, S. et al., 
2025; Verma, D. et al., 2024) 

Amorphous Alloy 60 – 80 
(Singh, P. et al., 2024; Wang et al., 2025; 
Kumar, A. et al., 2024) 

Nanocrystalline + 
Ferrofluid 

65 – 85 
(Sharma, S. et al., 2025; Patel, M. et al., 
2024; Rao et al., 2025; Singh, R. et al., 
2024) 
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5.   APPLICATIONS IN POWER AND DISTRIBUTION TRANSFORMERS 

5.1.   Core Loss Reduction 

Nanocrystalline and amorphous cores offer a significant decrease in no-load losses, 
which is especially important for distribution transformers operating under light-
load conditions. Research indicates that these materials can reduce core losses by 50–
80%, resulting in considerable energy savings over the operational life of the 
transformer (Kumar, A. et al., 2024; Kumar, S. et al., 2025; Verma, D. et al., 2024; 
Sharma, R. et al., 2024). 

5.2.   High-Frequency Transformers 

In high-frequency power electronics applications, nanocrystalline alloys outperform 
both silicon steel and ferrites by providing higher saturation induction and lower core 
losses. This makes them ideal for compact, efficient transformers used in inverters, 
converters, and smart grid systems (Patel, S. et al., 2024; Kumar, R. et al., 2025; Verma, 
S. et al., 2024; Sharma, A. et al., 2025). 

5.3.   Thermal Management and Partial Discharge Suppression 

The incorporation of magnetic nanofluids into transformer cooling systems has been 
shown to improve thermal conductivity, resulting in reduced hotspot temperatures. 
Additionally, these nanofluids help suppress partial discharges, thereby enhancing 
insulation reliability and prolonging the operational life of transformers (Sharma, S. 
et al., 2025; Patel, M. et al., 2024; Rao et al., 2025; Singh, R. et al., 2024; Verma, P. et 
al., 2025). 

6.   MECHANISMS UNDERLYING EFFICIENCY IMPROVEMENTS 

1. Suppression of Eddy Currents: The fine-grained structure of 
nanocrystalline alloys and the disordered atomic arrangement of amorphous 
materials restrict eddy current paths, thereby reducing dynamic core losses 
(Sharma, R. et al., 2024; Sharma, V. et al., 2024; Sharma, A. et al., 2025). 

2. Enhanced Magnetic Permeability: Materials with high magnetic 
permeability enable more efficient flux conduction, which helps minimize 
hysteresis losses (Kumar, J. et al., 2025; Singh, R. et al., 2024; Verma, P. et al., 
2025). 

3. Improved Thermal Conductivity: Magnetic nanofluids enhance heat 
dissipation within transformers, preventing thermal degradation of 
insulation and improving overall system reliability (Gupta, M. et al., 2024; 
Sharma, N. et al., 2025; Kumar, D. et al., 2024). 
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7.   CHALLENGES AND LIMITATIONS 

1. Manufacturing Complexity: The production of nanocrystalline and 
amorphous alloys requires advanced fabrication techniques, which increases 
manufacturing costs (Patel, R. et al., 2024; Sharma, K. et al., 2025; Verma, A. 
et al., 2024). 

2. Mechanical Fragility: Thin ribbons and composite cores can be brittle, 
making handling and assembly more challenging (Patel, R. et al., 2024; 
Sharma, K. et al., 2025). 

3. Long-Term Stability: Ensuring the stability of magnetic nanofluids over 
extended operation is critical to maintaining consistent performance 
(Verma, A. et al., 2024). 

8.   FUTURE PROSPECTS 

1. Hybrid Core Materials: Layering amorphous and nanocrystalline materials 
can optimize transformer performance while potentially lowering costs 
(Zhang et al., 2025; Liu et al., 2024; Gupta, R. et al., 2025). 

2. Advanced Cooling Solutions: Development of next-generation magnetic 
nanofluids with customized properties can further improve thermal 
management in transformers (Sharma, S. et al., 2025; Patel, M. et al., 2024; 
Rao et al., 2025). 

3. Smart Transformers: Incorporating sensors and real-time monitoring 
systems can enhance efficiency, reliability, and predictive maintenance 
capabilities (Verma, D. et al., 2024; Gupta, N. et al., 2025; Sharma, V. et al., 
2024). 

9.   CONCLUSION 

Magnetic nanomaterials—including nanocrystalline alloys, amorphous alloys, and 
magnetic nanofluids—offer substantial potential to enhance transformer efficiency, 
minimize energy losses, and extend operational lifetime. Although challenges such as 
manufacturing complexity, mechanical fragility, and long-term stability remain, 
ongoing research is paving the way for broader application of these materials in 
power and distribution transformers. Their adoption supports the global shift toward 
more energy-efficient and sustainable electrical power systems. 
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