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1. Overview

Electric power transmission plays a critical role in the social and economic development of a country. However, the long
distances between power plants and electricity consumers result in substantial energy losses, with approximately 8%—15% of
electricity lost across transmission and distribution networks worldwide [1]. Transformers are widely utilized in power
systems to allow the transmission of electric power at high voltages, which reduces loss due to wire heating [2]. Improving
transformer performance has been deemed an essential strategy for increasing the efficiency of energy transmission and
reducing greenhouse gas emissions. Grain-oriented electrical steel (GOES) serves as the critical raw material in the magnetic
core of a transformer and determines its efficiency and reliability [3]. GOES was invented by Norman P. Goss in 1935, and
its main characteristics include a high silicon content and a specific crystalline orientation {110}<001> along the rolling
direction (RD), known as a Goss texture [4]. Over time, the chemical composition and microstructure of GOES have been
tailored to produce a specific magnetic property—namely, a small hysteresis area, which results in a low power loss per cycle,
low iron loss, and high permeability—to improve the engineering performance of GOES and increase its energy transmission
efficiency.

With the belief that technological advances in GOES play a critical role in global energy transmission and conservation,
we would like to share our views on strategies to realize GOES with a high engineering performance—by pursuing low iron
loss, designing eco-friendly coatings, and developing novel GOES manufacturing processes—based on our many years of
experience. Fig. 1 provides a pictorial summary of our views.
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Fig. 1. Schematic illustration of our views on the GOES. RD: rolling direction, TD: transverse direction.

2. Pursuing lower iron loss

When the GOES laminates in transformers are subjected to a changing magnetic field, some of the power that is transferred
is inevitability lost or dissipated as heat or noise [5]. Core loss, commonly termed “iron loss,” serves as a key indicator of the
engineering performance of GOES, and pursuing lower iron loss has always been the utmost priority in GOES research.

From a microstructural perspective, GOES iron loss can be significantly reduced by increasing the silicon (Si) content and
improving the {110}<001> Goss texture alignment. From a manufacturing perspective, the production of thinner-gauge
material and the development of magnetic-domain-refining techniques have also been demonstrated to be effective
approaches for reducing iron loss.

Increasing the silicon content in GOES has proved to be the most direct method for improving the magnetic properties.
Recent advances in manufacturing technologies have enabled the development of GOES with a high silicon content of up to
6.5%, where the material exhibits superior engineering performance [6]. However, increasing the silicon content dramatically
lowers manufacturability, since the GOES becomes likely to undergo cracking during the rolling process [7]. Extensive
research efforts have been made to improve the manufacturability of high-silicon GOES through techniques such as
increasing the hot-rolling temperature, incorporating warm rolling into the cold-rolling process, or using direct powder
rolling. For example, Ros-Yailez et al. [8] realized a total cracking reduction of 95% by heating the slabs to 1150-1250 °C
during hot rolling. Lindemann-Geipel et al. [9] used a powder metallurgy approach to incorporate a high silicon content into
GOES that could not be realized using conventional techniques. However, both the high-temperature rolling and the powder
metallurgy approaches present challenges associated with geometric and economic boundary limitations. Tailoring the Goss
texture through secondary recrystallization is another approach for improving the magnetic properties of GOES. At present,
the magnetic induction (Bgg, measured at 800 A-m™") of a GOES with a 3.5% Si content, known as Hi-B, can exceed 1.96 T,
with a minimum iron loss (P;7/50, measured at 1.7 T and 50 Hz) reaching 0.61 W-kg™! in the laboratory; this is achieved by
sharpening the Goss texture (deviation <2°). However, the reason why the Goss texture develops selectively during the final
annealing stage remains unclear, requiring further in-depth investigations. Existing theories and arguments should also be
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double-checked to guide the development of annealing technologies and the determination of processing parameters [10].
Also, to achieve the same excellent performance in commercial Hi-B products, future advancements will require the
integrated development of compact strip production (CSP), novel composite inhibitors, high-temperature heat-treatment
methods, and other processes.

Magnetic-domain refinement is another important approach for improving the magnetic property of GOES. At present,
laser scribing is the most commonly used technique due to its non-contact nature and ease of incorporation into existing
manufacturing lines [11]. Previous research has shown that, under optimum laser-irradiation conditions, the core loss of
GOES can be reduced by about 10% at 1.7 T and 50 Hz [12]. Nevertheless, the fundamental mechanism responsible for
magnetic-domain refinement through laser—matter interactions remains unclear because of a lack of direct in situ observation.
Future research efforts should focus on developing advanced characterization techniques for uncovering this mechanism and
thereby proposing more effective laser scribing methods [13]. Another way to reduce the core loss of GOES sheets is to
reduce their thickness. However, reducing the sheet thickness introduces several problems that are difficult to avoid, including
instability of secondary recrystallization, an increase in hysteresis losses, and an increased possibility of physical damage to
the laminates. As a result, a thickness of 0.18 mm is considered optimal for GOES sheets, striking a balance between
manufacturing difficulty and customer usability.

3. Eco-friendly coating designs

Insulating coatings play a significant role in the reliability and longevity of transformers by improving the magnetic
properties and corrosion resistance of GOES [14]. Eddy current loss can be effectively reduced by the use of an insulating
coating to separate the GOES sheets [15]. Moreover, beneficial tensile stress can be introduced to GOES during the baking
of the coating at a high temperature, resulting in magnetic-domain refinement and anomalous loss reduction [16]. However,
currently used coatings often contain chromium (Cr) and other highly toxic elements, which are environmentally unfriendly.
Therefore, developing high-performance, stable, eco-friendly, and Cr-free coatings has become a research focus. However,
most Cr-free coatings exhibit an undesirable hot-rolling performance in comparison with their Cr-containing counterparts,
due to their low thermal stability [17]. Moreover, Cr-free coatings are more susceptible to corrosion, degrading the
engineering performance of transformers.

To develop high-performance and eco-friendly insulating coatings for GOES, future research directions could focus on the
development of high-temperature binders, such as Al(H,PO,);, and silica sol coatings that can simultaneously maintain high-
temperature resistance and good corrosion resistance [18]. In addition, it has been reported that incorporating finely powdered
Si0,, AL, O3, and TiO, into a phosphate coating can significantly improve coating integrity and thermal stability [19]. The
introduction of nano materials into coatings has also been demonstrated to be an effective approach for improving the
magnetic properties of GOES [20]. The influence of component characteristics—including the particle size and composition
of additives and fillers—on the overall performance of coatings should be investigated to enable composition and process
optimization. In this regard, another important research direction in the field of GOES could involve optimizing coating
design in terms of chemistry and process technologies.

4. Novel manufacturing processes

Although GOES manufacturing technologies were first invented over 70 years ago, the further development of GOES
manufacturing processes remains an exciting field for industrial and academic research, driven by two main disadvantages
during traditional manufacturing processes: () exaggerated high slab-reheating temperatures and @) very long manufacturing
processes. Innovations in future manufacturing processes should be focused on reducing both manufacturing costs and carbon
emissions in order to stay competitive on the market. Thin-strip casting and additive manufacturing may be two promising
technologies.

(1) Thin-strip casting. This technology combines casting and rolling processes by rolling the continuously cast slab
directly after maintaining it at a certain temperature in a soaking furnace without cooling. Thin-strip casting can directly
produce as-casted strips with a thickness close to that of a conventional hot-rolled strip [21]. This technology offers other
benefits in addition to shortening the process: Firstly, continuous slab reheating in a soaking furnace is more homogeneous
than the static reheating of a thick slab in a walking beam furnace, leading to a reduced-temperature gradient between the
surface and the center of the slab. Therefore, the slab-reheating temperature can be much lower than 1400 °C that is typically
used in the conventional manufacturing process and can jeopardize the formation of inhibitors. Moreover, reducing the
temperature permits higher dimension preciseness by reducing fluctuations in slab geometries. In addition, greater inherent
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inhibition can be obtained during the strip-casting process, resulting in GOES with a broader range of primary grain sizes,
which can be adjusted during post-processing [22].

(2) Additive manufacturing. Additive manufacturing technology is regarded as a remarkable paradigm for the production
of high-performance components for energy, automotive, acrospace, and medical applications [23]. Traditional metal additive
manufacturing processes can be categorized into four groups: powder bed fusion, binder jetting, direct energy deposition, and
sheet lamination [24]. These techniques allow the fabrication of parts with complex and customized geometries and can be
applied to GOES manufacturing. One particular advantage of additive manufacturing for GOES is its capability to produce
high-silicon (up to 6.5%) GOES with higher electrical resistivity, near-zero magnetostriction, and lower magnetocrystalline
anisotropy than traditional GOES [25]. Moreover, the print-on-demand nature of additive manufacturing can offer high
flexibility for tailoring the crystallographic texture of GOES with novel microstructures [26]. Despite the capabilities and
versatility of additive manufacturing methods, utilizing additive manufacturing to produce GOES on a large scale still
presents many manufacturing, research, and economic challenges. For example, the size of additively manufactured GOES
sheets is often limited to a scale of about 10 cm, which cannot meet critical demands for transformer applications. Moreover,
printing strategies and parameter optimization must be further explored to eliminate structure porosity, reduce microstructure
heterogeneity, and improve the overall magnetic properties [27]. Furthermore, additive manufacturing remains a costly option
for producing GOES, largely due to expensive raw materials, high machine costs, and low building speed.

5. Conclusions

As a soft magnetic material, GOES serves as the core material in electric transformers. Despite nearly 70 years of
technological development, extensive research efforts are needed in GOES design, fabrication, and processing to achieve
superior energy efficiency and environmental performance. This paper proposed our views on future research directions for
GOES in terms of pursuing lower iron loss, designing eco-friendly coatings, and developing novel manufacturing processes.
Scientific and technological gaps associated with these directions were also discussed. With advancements in gaining a deep
scientific understanding of the material and novel technological innovations, GOES could play an increasingly prominent
role in conserving energy and reducing greenhouse gas emissions throughout society.
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